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The lipocalin mouse 24p3 has been implicated in diverse
physiological processes, including apoptosis, iron trafficking,
development and innate immunity. Studies from our laboratory
as well as others demonstrated the proapoptotic activity of 24p3
in a variety of cultured models. However, a general role for the
lipocalin 24p3 in the hematopoietic system has not been tested
invivo. To study the role of 24p3, we derived 24p3 null mice and
back-crossed them onto C57BL/6 and 129/SVE backgrounds.
Homozygous 24p3~'~ mice developed a progressive accumula-
tion of lymphoid, myeloid, and erythroid cells, which was not
due to enhanced hematopoiesis because competitive repopula-
tion and recovery from myelosuppression were the same as for
wild type. Instead, apoptotic defects were unique to many
mature hematopoietic cell types, including neutrophils, cyto-
kine-dependent mast cells, thymocytes, and erythroid cells.
Thymocytes isolated from 24p3 null mice also displayed resist-
ance to apoptosis-induced by dexamethasone. Bim response to
various apoptotic stimuli was attenuated in 24p3~'~ cells, thus
explaining their resistance to the ensuing cell death. The results
of these studies, in conjunction with those of previous studies,
reveal 24p3 as a regulator of the hematopoietic compartment
with important roles in normal physiology and disease progres-
sion. Interestingly, these functions are limited to relatively
mature blood cell compartments.

Lipocalins are a family of secreted proteins that can bind
small molecular weight ligands (1, 2) and have diverse molecu-
lar recognition properties and functions (reviewed in Ref. 1).
The lipocalin mouse 24p3 (also called lipocalin 2 (LCN2)) can
mediate either apoptosis or iron uptake in cells expressing the
24p3 cell surface receptor, 24p3R (also called SLC22A17) (3).
The ability of 24p3 to induce either apoptosis or iron uptake
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depends upon its iron status. Iron-loaded 24p3 binds to 24p3R,
is internalized, and releases its bound iron, thereby increasing
intracellular iron concentration without promoting apoptosis.
By contrast, following association with an intracellular sidero-
phore, iron-lacking 24p3 chelates iron and transfers it to the
extracellular medium, thereby reducing intracellular iron con-
centration, which induces expression of the proapoptotic pro-
tein Bim, resulting in apoptosis (3). In addition, agents that
reduce intracellular iron levels increase Bim expression. Most
importantly, intracellular iron delivery blocks induction of Bim
expression and apoptosis resulting from the loss of IL-3, the
addition of 24p3, or an iron chelator. Therefore, induction of
Bim in response to decreased intracellular iron levels is an
important aspect of 24p3-induced cell death, and it is required
for apoptosis resulting from the addition of 24p3 (3).

We have previously shown that the withdrawal of interleu-
kin-3 (IL-3) induces expression of 24p3 in IL-3-dependent
murine pro-B lymphocytic FL5.12 cells and that conditioned
medium (CM) from IL-3-deprived FL5.12 cells contains 24p3
and induces apoptosis in naive FL5.12 cells (4). Moreover, 24p3
induces apoptosis in a variety of hematopoietic cells. Based
upon these results, we have proposed that IL-3 withdrawal
results in 24p3 transcription, leading to synthesis and secretion
of 24p3, which induces apoptosis in cells expressing 24p3R
through an autocrine/paracrine pathway.

To study the biological functions of 24p3 in a more physio-
logical context, we have generated mutant mice bearing a
homozygous deletion in the 24p3 gene. Our data demonstrate a
critical role for 24p3 in diverse apoptotic pathways that are
relevant to hematopoietic cells. Remarkably, 24p3 was uniquely
required for maintenance of survival in committed hematopoi-
etic cells and was not essential for early hematopoiesis.

EXPERIMENTAL PROCEDURES

Generation of 24p3~"~ Mice—129/SVE embryonic stem cells
were electroporated with a linearized targeting construct in
which exons 1-5 of the 24p3 gene were replaced with a phos-
phoglycerol kinase-neomycin cassette; the construct contained
1.8 kb of 5'-flanking and 3.5 kb of 3’-flanking sequence homol-
ogy. Following transfection, embryonic stem cells were selected
with G418 (Invitrogen) and 1-(2-deoxy-2-fluoro-B-p-arabino-
furanosyl)-5-iodouracil for 14 days. Recombinants were identi-
fied by PCR and confirmed by Southern blot analysis with
BamHI-digested genomic DNA hybridized to an external
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probe. Positive clones were injected into C57BL/6 blastocysts.
Germ line-transmitting male chimeric mice were intercrossed
with female C57BL/6 mice to generate heterozygous F1 prog-
eny, which were then intercrossed to derive 24p37/ ~ mice. The
resulting hybrids were successively back-crossed for at least six
generations to either 129/SVE or C57BL/6 wild type mice (Jack-
son Laboratories). Routine genotype analysis of offspring was
carried out by multiplex PCR analysis of genomic DNA
obtained from tail snips using primers P1 (5'-TGTACTGGC-
AATTACTTCATGGCTTCC-3'), P2 (5'-CAGGGATCAAG-
TTCTGAGTTGAGTCC-3'), and P3 (5'-TATGGCTTCTGA-
GGCGGAAAGAACC-3'). Immunoblot analysis of proteins
extracted from concentrated urine samples of 24p3*'",
24p3™'~,and 24p3~'~ mice was performed using an anti-24p3
antibody (Santa Cruz Biotechnology, Inc.).

Hematological Profile Analysis—Bone marrow cells were
flushed from femora and tibia of 8 —12-week-old mice, and total
cellularity was enumerated by hemocytometer. To assess cell
composition, bone marrow cells were stained with fluores-
cently labeled antibodies against Gr-1, Mac-1, B220, or Ter-119
(BD Biosciences or eBioscience) or matching isotype control
antibodies (BD Biosciences) in phosphate-buffered saline (PBS)
containing 10% bovine serum albumin for 20 min on ice. Cells
were then washed twice and fixed in PBS containing 1% formalde-
hyde (Sigma). Labeled cells were analyzed on a FACSCalibur
or FACScan cytometer at the UMMS Flow Cytometry Core Lab-
oratory or Case Flow Cytometry Core Facility and analyzed using
CellQuest and FlowJo software.

For peripheral blood analysis, total leukocyte counts were
performed using the Unopette system (BD Biosciences), and
differential leukocyte counts were determined by staining
with Diff-Quick (Dade-Behring). Hematological parameters
were determined using a Hemavet 950FS apparatus (Drew
Scientific).

Single cell suspensions of spleen were made by mincing the
spleen tissue and straining the minced tissue through a 40-pum
sieve (BD Biosciences). The spleen total cellularity was enumer-
ated by hemocytometer. All animal experiments were per-
formed in accordance with the Institutional Animal Care and
Use Committee guidelines.

In some experiments, mice were treated with 200 mg/kg
5-FU to induce myelosuppression. On day 7 following treat-
ment, blood counts were analyzed by a hematology analyzer,
bone marrow total cellularity was counted by a hematocytom-
eter, and the c-kit-positive, lineage-negative, and sca-1-positive
(KLS) fraction of cells was determined by flow cytometry.

Analysis of Apoptosis in Primary and Cultured Bone Marrow
Cells—Bone marrow cells were isolated as described above and
cultured in the presence of a cytokine mixture comprising 20
ng/mlIL-3 and 50 ng/ml each IL-6,IL-7, and stem cell factor (all
from Peprotech), and at various time points the total cell counts
and cell subset composition were analyzed by flow cytometry as
described above. For spontaneous apoptosis assays, cultured
Gr-1" bone marrow cells were stained with annexin V-FITC
(BD Biosciences) and analyzed by FACS.

Isolation, Purification, and Analysis of Neutrophils—
24p3*’" and 24p3~’~ mice were injected intraperitoneally
with 1 ml of 9% casein (Sigma), and 8 h later, mice were sacri-

JUNE 10,2011 +VOLUME 286+NUMBER 23

Hematopoietic Cell Death in 24p3~'~ Mice

ficed, and the blood was drawn from the retro-orbital plexus
into heparinized tubes. Peritoneal cells were harvested into 5 ml
of PBS plus 1% BSA, washed, layered onto a three-step Percoll
(Amersham Biosciences) gradient (1.07, 1.06, and 1.05 g/ml),
and centrifuged at 400 rpm for 30 min at 4 °C (5). The neutro-
phil band was aspirated, the total number was determined by
hemocytometer, and the neutrophil purity was determined by
FACS analysis using a Gr-1 antibody. Cells were suspended at
10° cells/ml in PBS plus 1% BSA. Elicited polymorphonuclear
leukocytes (PMNs)* from mice (1 = 5) were pooled for further
analysis. Unelicited bone marrow PMNs were obtained by
flushing cells from femora of 24p3™'" and 24p3~'~ mice (n =
5) and centrifugation through Percoll as described above.
PMN:ss in peripheral blood were separated by lysing RBC with a
lysis buffer (Gentra Systems). The percentage of PMNs in
peripheral blood was determined by Gr-1 staining. To deter-
mine neutrophil apoptosis, elicited PMNs from 24p3"'" and
24p3~'~ mice were cultured in RPMI (Invitrogen) with or with-
out granulocyte colony-stimulating factor (G-CSF) (25 ng/ml,
Peprotech) for the indicated time periods. Apoptosis was deter-
mined by annexin V-FITC staining.

Myeloid Progenitor Colony Formation Assays—Bone marrow
cells (4 X 10°) were isolated as described above and cultured in
medium containing 0.9% methylcellulose (Methocult M3234,
Stem Cell Technology) in IMDM supplemented with 1% BSA,
100 mm 2-mercaptoethanol, 2 mm L-glutamine, 15% FBS, 10
mg/ml bovine pancreatic insulin, 200 mg/ml holotransferrin
(all from Invitrogen), and 10 ng/ml recombinant murine IL-3 or
100 ng/ml G-CSF (Peprotech). Colonies were counted 7-10
days postculture.

Analysis of Apoptosis in IL-3-dependent Primary Bone Mar-
row Cells—IL-3-responsive primary cells were derived from
bone marrow as described previously (6, 7). Briefly, bone mar-
row cells were aseptically flushed from femora of 8 ~12-week-
old 24p3™'" or 24p3~'~ mice (1 = 3) into RPMI medium con-
taining 10% FBS. Red blood cells were lysed with a lysis solution
(Gentra Systems), and unlysed cells were washed three times
with RPMI plus 10% FBS. Cells were then suspended in RPMI
supplemented with 10% FBS, 3 ng/ml IL-3 (Peprotech), 50 mm
2-mercaptoethanol, 25 mm HEPES, 1 mm sodium pyruvate, 4.5
g/liter p-glucose, 0.1 mg/ml streptomycin, 100 units/ml peni-
cillin, and 2 mm glutamine (all from Invitrogen). Two days later,
the non-adherent cells were collected and cultured for an addi-
tional 14 days in the above medium with periodic changes of
medium. The culture was then enriched in IL-3-responsive
mast cells as judged by toluidine blue staining (>90% positive)
and surface staining with CD34, FceRlI, and c-Kit antibodies
coupled to fluorochromes (BD Biosciences). To determine
apoptosis, cells were washed three times with RPMI and 10%
FBS (lacking IL-3) and recultured in the wash medium. Cell
death was then determined by annexin V-FITC staining (BD
Biosciences). Stained cells were analyzed by flow cytometry in
CD34-gated or ungated cells. Cells were supplemented with

“The abbreviations used are: PMN, polymorphonuclear leukocyte; G-CSF,
granulocyte colony-stimulating factor; BMMC, bone marrow-derived mast
cell; GC, glucocorticoid; Dex, dexamethasone; 5-FU, 5-fluorouracil.
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exogenous iron by the addition of 50 um FeCl, (Sigma). CM was
prepared as described previously (4).

Analysis of Thymocyte Apoptosis—Freshly isolated thymo-
cytes from 6 —8-week-old 24p3™'" or 24p3~'~ mice were cul-
tured in RPMI supplemented with 10% heat-inactivated FBS, 10
mm HEPES, 50 mMm 2-mercaptoethanol, 0.1 mg/ml streptomy-
cin, 100 units/ml penicillin, and 2 mm glutamine (all from Invit-
rogen) in the presence or absence of 1 um dexamethasone
(Sigma). The percentage of apoptosis was determined by
annexin V-FITC (BD Biosciences) staining.

For in vivo experiments, 8-12-week-old 24p3*'* or
24p3~'~ mice were injected intraperitoneally with 125 mg of
dexamethasone dissolved in normal saline containing 20
mg/ml propylene glycol (EMD Sciences) or with normal saline
as control. Thymi, spleens, and bone marrow samples were har-
vested 20 h postinjection, and the total cellularity was enumer-
ated by hemocytometer. Single cell suspensions from bone
marrow, spleen, and thymus were surface-stained with CD4 or
CD8 antibodies conjugated to FITC or PE (BD Biosciences) and
analyzed by flow cytometry.

Bone Marrow Transplantation Experiments—Bone marrow
was flushed from femora and tibia of 8 -12-week-old male
donor mice. Bone marrow cells were enumerated by hemocy-
tometer, and 2 X 10° cells were injected via the tail vein into
female recipient mice that had been lethally irradiated (1100
rads in two split doses). Recipient mice were analyzed at time
points beginning 4 weeks and up to 12 months after transplan-
tation. The success of transplantation was confirmed by PCR
analysis for the presence of a Y chromosome-specific gene,
Smcy, using primers SMC4-1 (5'-CTGAAGCCTTTGGCTTT-
GAGCAAGCTAC-3’) and SMCX-1 (5'-CAAAGAATTTG-
GCAGCGGTTTCCCT-3') (8). For competitive repopulation
studies, donor engraftment was measured using the CD4.1/
CD45.2 ratio as described (9). Differential leukocyte and red
blood cell counts were determined using a Hemavet 950FS
counter (Drew Scientific).

Antibodies and Immunoblotting—A rabbit polyclonal anti-
Bim antibody that recognizes all splice variants was purchased
from Calbiochem. Anti-tubulin antibody was from Santa Cruz
Biotechnology, Inc. Bim analysis in bone marrow-derived mast
cells (BMMCs) and thymocytes was performed as described (3).

RESULTS

Targeted Disruption of the 24p3 Gene in Mice—To assess the
proapoptotic role of 24p3 in vivo, we derived homozygous mice
bearing a deletion in the 24p3 gene. The targeting vector was
designed to replace exons 1-5 of the 24p3 coding sequences
with a phosphoglycerate kinase-neomycin cassette (Fig. 14).
The targeting construct was transfected into murine embry-
onic stem cells, and neomycin-resistant colonies were analyzed
by Southern blot hybridization and PCR to identify those that
harbored the homologously targeted integrand. Three positive
embryonic stem cell clones carrying the mutant 24p3 allele
were injected into C57BL/6 blastocysts to generate chimeric
mice. Heterozygous 24p3*/~ mice originating from one of the
clones were intercrossed to produce F2 progeny. Routine geno-
typing of the mice was carried out by PCR amplification of
genomic tail DNA (Fig. 1B).
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To confirm that the targeted knock-out successfully abol-
ished 24p3 expression, we performed immunoblot analysis on
concentrated urine samples from wild type (24p3*'"),
heterozygous (24p3"'~), and homozygous (24p3~'~) mice
using an anti-24p3 antibody. As expected, 24p3 was present in
the urine of 24p3™'" mice, reduced in 24p3*’~ mice, and
absent in 24p3~'~ mice (Fig. 1C).

We derived congenic 24p3~'~ mice on various genetic back-
grounds by sequentially back-crossing F2 progeny to 129/SVE
or C57BL/6 mice (see below). Mice deficient for 24p3 on 129/
SVE, C57BL/6, or the mixed genetic background (129/SVE X
C57BL/6) were analyzed in this report. In all three strains,
24p3~'~ mice were normal in appearance and size, displayed
no overt physical abnormalities, developed normally, exhibited
normal growth, and were fertile.

24p3~"" Mice Have an Abnormal Hematological Profile—
Based on the proapoptotic activity of 24p3 in a variety of hema-
topoietic cells (4), we hypothesized that 24p3~/~ mice would
display an accumulation of bone marrow cells. To test this idea,
we first determined the total cellularity of the bone marrow of
24p3™'" and 24p3~'~ mice. The results, presented in Table 1,
demonstrated that the total number of cells in the bone marrow
of 24p3~'~ mice was ~1.6-fold higher than that of 24p3*/*
littermates.

To assess the cell composition of the bone marrow, we per-
formed flow cytometry with various lineage-specific markers,
including Gr-1/Mac-1 (a myeloid marker), B220 (a B cell
marker), and Ter-119 (an erythroid marker). The results
revealed that the increase in bone marrow cell number in
24p3~'~ mice was due to an abnormal accumulation of Gr-1*/
Mac-1" myeloid cells, as well as Ter-119" and B220" cells
(Table 1).

Immature B cells that have passed checkpoints in the bone
marrow emigrate to the spleen, where they undergo further
transitional stages to become mature B cells. These transitional
B cells express the surface marker B220 among others. Consist-
ent with the findings of BM, the proportion of B220™ splenic
cells in 24p3~'~ mice was ~1.5-fold higher when compared
with control splenic samples (Table 1). The Ter119™ cells in the
spleen of 24p3~/~ mice was also higher (~3-fold increase), and
these results are consistent with the fact that 24p3 regulates
mouse erythropoiesis (Table 1) (10).

Next we compared the hematological profile of peripheral
blood in 24p3~'~ and 24p3™'" mice (Table 1). Analysis of total
leukocyte counts showed that the number of white blood cells
was elevated ~1.96-fold in 24p3~'~ mice. Analysis of differen-
tial leukocyte counts revealed that, with the exception of baso-
phils, all leukocyte cell types were increased in 24p3~/'~ mice.
Furthermore, compared with 24p3™/" mice, the peripheral
blood of 24p3~’~ mice contained an increased number of
mature red blood cells, resulting in an elevated hematocrit. By
contrast, the number of platelets in the peripheral blood of
24p3~'~ and 24p3™'* mice was similar.

To determine whether the hematological abnormalities
were cell-intrinsic, bone marrow from 24p3*/* or 24p3~/~
male mice was transplanted into either 24p3™'" or 24p3~'~
female mice (Fig. 2A4), and the hematological profile of recipient
mice was analyzed 12 months after transplantation. PCR anal-
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FIGURE 1. Generation of 24p3~'~ null mice. A, targeting strategy. Schematic diagram of the WT 24p3 gene (top), the targeting construct (middle), and the 24p3
KO allele (bottom). After homologous recombination, the targeting vector replaces exons 1-5 (indicated by gray boxes) with the phosphoglycerate kinase-
neomycin resistance gene (PGK-neo) cassette. The external 5'-flanking probe is indicated, as are the positions of PCR primers for detecting WT (P7 and P2) and
mutant KO (P7 and P3) alleles. The position of the external 5’-flanking probe used for Southern blot analysis is indicated, as are the BamHl sites (denoted by the
letter B). B, multiplex PCR analysis for genotype identification of 24p3*/*, 24p3*/~, and 24p3~/~ mice by multiplex PCR analysis for WT and mutant alleles.
Genomic DNA was prepared from tail snips of 24p3™/*,24p3*/~,and 24p3~/~ mice and amplified with P1, P2, and P3 primer pairs (P1 and P2 or P1 and P3) as
described in A (P1 and P2 are for the WT allele, and P1 and P3 are for the mutant allele). A PCR product of 264 bp represents the WT allele, whereas a product
of 164 represents the targeted KO allele. C,immunoblot analysis of proteins extracted from monitoring the presence of 24p3 in concentrated urine samples of
from 24p3™/*, 24p3*/~, and 24p3~’~ mice. Immunoblot analysis was performed using specific antisera directed against 24p3 (Santa Cruz Biotechnology, Inc.).
An immunoreactive band migrating at the size expected for 24p3 was detected in urine samples from 24p3™/* and 24p3™/~ mice but not in the urine sample

from 24p3~/~ mice. An asterisk indicates a contaminating band that serves as a loading control.

ysis using a Y chromosome-specific marker confirmed the suc-
cess of transplantation (Fig. 2B). We found that 24p3™'" or
24p3~'" mice transplanted with bone marrow from 24p3~/~
mice developed severe leukocytosis with increased numbers of
both neutrophils and lymphocytes, whereas mice transplanted
with bone marrow from 24p3™" mice retained a relatively nor-
mal hematological profile (Table 2). Interestingly, we have also
noticed a milder monocytosis in mice transplanted with bone
marrow from 24p3~/~ mice (~2.5-fold increase in group 3
when compared with group 1). These results are consistent
with the previous findings that 24p3 is a regulator of monocyte/
macrophage growth (10, 11). Thus, the hematological abnor-
malities of 24p3~'~ mice are cell-intrinsic.

24p3~"" Mice Develop Neutrophilia in Late Age That Is Not
Due to Enhanced Mpyelopoiesis—Given the potential role of
24p3 in regulating hematopoietic system homeostasis, we aged
24p3~'~ mice on the 129/SVE background up to 18 months
and compared their hematological profiles with age-matched
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control 24p3™*’* mice. We did not observe any differences in
the mortality rates of 24p3"'" and 24p3~’~ mice during this
period (n = 30). After 18 months, there was pronounced leu-
kocytosis in 24p3~/~ mice (Table 3). In particular, the number
of circulating neutrophils was ~4.3-fold higher in 24p3~ /"
mice compared with 24p3*/" mice. In addition, these mice also
displayed a moderate increase in the number of circulating
monocytes (~1.75-fold increase in 24p3 ™/~ mice), thus further
confirming the two previous reports that 24p3 suppresses the
growth of monocytes/macrophages (10, 11). These results fur-
ther demonstrate that 24p3 regulates homeostasis of the mye-
loid compartment.

Because defects were observed in the myeloid compartment,
we next examined whether the increase in neutrophils was due
to increased hematopoiesis along the myeloid lineage. This was
measured in two ways. First, bone marrow cells were isolated
from 24p3*'" or 24p3 ™/~ mice (CD45.2) and were mixed at a
1:1 ratio with BoyJ competitor cells (CD45.1), followed by com-
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petitive repopulation in lethally irradiated recipient mice. Anal-
ysis of the transplanted mice 9 weeks later showed normal
reconstitution of the total white blood cells, and multilineage
analysis (performed 6 months post-transplantation) did not

TABLE 1
Hematologlcal profile of bone marrow, peripheral blood, and spleen
from 24p3™/* and 24p3~'~ mice

Numbers represent the mean =+ S.D. per mouse of # > 6 mice for bone marrow and
spleen analysis and # = 9 mice for peripheral blood analysis. For peripheral blood,
values are given per ul of blood. For bone marrow and spleen, the cell subset com-
position was expressed as the percentage relative to the total cell population. All
mice were on the 129SVE genetic background.

24p3+'* 24p3~'~ p value
Bone marrow
Bone marrow (X 107) 4.05+070 636*120 <0.01
Gr-1*/Mac-1" cells (%) 4610+ 112 5137 123 0.0018
B220" cells (%) 22.80 = 2.00 27.22*1.10 0.028
Ter-119" cells (%) 17 + 1.08 21 *+ 2.48 0.017
Peripheral blood
Leukocytes
White blood cells (X 10%) 4.75 = 0.92 9.32 £0.65 0.006
Lymphocytes (X 10%) 323*£0.64 512*094 0.05
Neutrophils (X 10°) 119+ 047 356=0.34  0.002
Eosinophils (X 10%) 0.03 £0.025 0.19 *0.14 0.079
Monocytes (X 10%) 028 +0.11 042 *0.1 0.176
Basophils (X 10°) 0.007 = 0.009 0.005 = 0.01 0.788
Erythrocytes
Red blood cells (10%/ul)  7.61 = 2.64 894 +1.09 0.393
Hematocrit (%) 3245+ 1.72  39.06 = 4.66 0.343
Mean corpuscular 1217 £1.39 1428 = 0.28 0.073
hemoglobin (pg)
Platelets 1733 = 750 1092 = 63.69 0.102
Spleen
Splenocytes (X 107) 12.00 £ 0.70 13.50 =3.20 <0.01
B220™" cells (%) 46.00 = 1.00 53.00 =2.00 <0.05
Ter-119" cells (%) 570 +1.82 1642 +232 3.26 X 1075
A 24p3+/+
Male donor
Irradiated

female recipient

24p3+/+ 24p3-+-
Donor: 4p3+/* 4p3-/-
B 24p3+/+  24p3
Recipient: ++ -/~ +4+ -/~
341 — Smex
312- Smey

show any bias toward the myeloid lineage when comparing
24p3~'" with 24p3*'" groups (Figs. 3, A and B). Similarly,
5-FU treatment of 24p3*/* or 24p3~/~ mice resulted in com-
parable declines in bone marrow cells (Fig. 3C). Although the
impact of 5-FU was mild on the Sca-1*Lin™ fraction (Fig. 3D),
there was clearly no increased recovery in the 24p3~/~ group;
rather, these cells were modestly lower (p = 0.033). Therefore,
24p3 does not promote myelopoiesis through an affect on early
hematopoietic progenitor cells.

The 24p3/24p3R Pathway Controls Neutrophil Apoptosis—
To determine whether the abnormal hematological profiles
observed in 24p3~’~ mice resulted from an apoptotic defect,
we performed a series of in vitro experiments. Bone marrow
cells from 24p3~'~ and 24p3™'" mice were cultured in the
presence of a cytokine mixture comprising IL-3, IL-6, IL-7, and
stem cell factor, and at various time points, the total cell counts
and cell subset composition were analyzed by flow cytometry.
Consistent with the in vivo results (Table 1), we observed an
increase in the total number of cells (Fig. 44) and the percent-
age of Gr-1"/Mac-1" cells (Fig. 4B) in bone marrow cultures
derived from 24p3~/~ mice.

To determine whether the increased number of Gr-17 cells
was due to resistance of 24p3~ '~ cells to apoptosis, we first
analyzed spontaneous apoptosis of cultured Gr-1* bone mar-
row cells by annexin V-FITC staining. The results of Fig. 4C
show that Gr-1* 24p3~/" cells had a reduced rate of spontane-
ous apoptosis compared with Gr-1" 24p3™*/* cells.

We also analyzed apoptosis induction following cytokine
deprivation in peritoneal neutrophils. Fig. 4D shows, as

24p3+

YN

%%%

24p3+/+ 24p3--

FIGURE 2. Control experiments confirming the success of bone marrow transplantation. A, schematic representation of the experimental strategy for bone
marrow transplantation experiments. B, PCR analysis confirming the success of transplantation. Bone marrow cells isolated from recipient mice were analyzed by PCR
for the presence of a Y chromosome-specific gene, Smcy (represented by the 312 bp band). The primers also amplify a homologous gene on the X chromosome, Smcx,
due to intronic differences, (represented by the 341-bp band; ref. 8). Both donor and recipient mice were on the 129/SVE genetic background.

TABLE 2

Hematological profile of 24p3*/* and 24p3~'~ mice following bone marrow transplantation

Numbers represent the mean = S.D. per mouse, and are given per ul of blood.

Donor 24p3*'* Donor 24p3~'~

Recipient 24p3*'+ Recipient 24p3~'~ Recipient 24p3*'+ Recipient 24p3~/~ p value (Group 1

(Group 1) (n = 3) (Group 2) (n = 6) (Group 3) (1 = 6) (Group 4) (n = 4) versus Group 3)
White blood cells (X 10%) 3.63 £0.35 3.70 £ 1.31 10.64 £ 0.7 11.52 £ 0.67 0.05
Lymphocytes (X 10°) 2.46 + 0.35 2,60 + 0.43 464+ 0.26 5.45 = 0.53 0.0126
Neutrophils (X 10°) 1.52 £ 0.19 0.82 = 0.65 4.94 * 0.65 5.39 = 0.35 0.05
Monocytes (X 10%) 0.29 = 0.07 0.28 £ 0.02 0.73 £0.07 0.83 £0.17 0.04
Red blood cells (X 10°) 7.78 £ 0.8 5.60 = 0.50 7.92 £0.16 8.75 £ 0.70 0.807
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TABLE 3
Hematological profile of aged 24p3*/* and 24p3~'~ mice

Mice were aged 18 months. Numbers represent the mean = S.D. per mouse of n =
6 24p3*'* mice and n = 8 24p3~'~ mice. Values are given per ul of blood. All mice
were on the 129SVE genetic background.

24p3*'+ 24p3~'~  pvalue
White blood cells (X 10°) 9.18 +1.01 23.6*025 0.039
Lymphocytes (X 107) 532+051 615*051 045
Neutrophils (X 10%) 3.8£0.19 16.28 = 1.13 0.04
Monocytes (X 10%) 042 =003 024 +001 001
Red blood cells (X 10°) 841 *+0.07 593 *0.58 0.09
Hematocrit (%) 50.75 +4.31 455 +*438 055
Mean corpuscular hemoglobin (pg) 16.35 = 1.00 18.8 = 4.1 0.58
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FIGURE 3. Role of the 24p3/24p3R pathway in stress hematopoiesis.
A, bone marrow cells were harvested from both hind limbs of either 24p3 ™/~
or control WT mice (both on C57BL/6 background CD45.2 +) and mixed with
competitor Ly-5.1 BoyJ) bone marrow cells (CD45.2") at a ratio of 1:1. The
mixed bone marrow cells were injected into lethally irradiated (11 Gy (1100
rads)) Ly-5.1 BoyJ recipient mice at a ratio of 1 donor equivalent to five recip-
ients. The percentage of donor-derived CD45.2 chimerism in the peripheral
blood of each recipient mouse was determined by flow cytometry. The donor
engraftment was analyzed 9 weeks or later after the transplantation. Results
shown are mean = S.D. (error bars) from two independent transplantations
with a total of 10 mice in each group. B, percentage of donor-derived chime-
rism in Gr-1- and B220-positive populations in the peripheral blood of each
recipient mouse. The donor engraftment was analyzed 6 months post-trans-
plantation. Results shown are mean + S.D.from 24p3™/* (n = 7)and 24p3~/~
(n = 8). Cand D, 5-FU was injected intraperitoneally (200 mg/kg), and at 0
days (before injection) and 7 days (after injection), mice were euthanized, and
bone marrow from hind limbs (femur and tibia) was collected. The bone mar-
row counts are shown for total white blood cells (C) and for the Sca-1"Lin~
fraction (D).

expected, that removal of G-CSF resulted in a substantial
induction of apoptosis in 24p3"'" Gr-1" cells. By contrast,
24p3~'~ Gr-1" cells were largely resistant to apoptosis result-
ing from G-CSF deprivation.

Finally, we measured granulocyte precursor frequencies by
colony formation in bone marrow cell cultures supported by
cytokines. The results of Fig. 4E indicate that the number of
colony-forming units from bone marrow cells from 24p3~/~
mice was substantially higher than that from 24p3™/* mice. In
addition, the size of the G-CSF-dependent colony was much
larger in 24p3~'~ mice than that from 24p3*/" mice.

The 24p3/24p3R Pathway Modulates Apoptosis Induction in
IL-3-dependent Mast Cells—Prolonged culture of bone marrow
cells in IL-3-containing medium results in a uniform popula-
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FIGURE 4. 24p3/24p3R proapoptotic pathway regulates neutrophil
apoptosis. A, total number of cells in bone marrow cultures derived from
24p3*/* and 24p3~'~ mice. B, percentage of Gr-1*/Mac-1" cells in bone mar-
row cultures derived from 24p3*/* and 24p3~/~ mice. C, apoptosis assays.
Cultured Gr-1" bone marrow cells from 24p3™/* and 24p3~/~ mice were
analyzed by annexin V-FITC staining. D, cultured Gr-1* bone marrow cells
from 24p3™/" and 24p3~’~ mice were analyzed for apoptosis by annexin
V-FITC staining following the removal of G-CSF. E, colony formation assay in
bone marrow cell cultures from 24p3™/* and 24p3~'~ mice. CFU-GM, colony-
forming units, granulocyte and macrophage; CFU-GEMM, colony-forming
units, granulocyte, erythroid, macrophage, and megakaryocyte. Error
bars, S.D.

tion of bone mucosal mast cells, which are commonly referred
to as BMMCs (6, 12, 13). When IL-3 is removed from the cul-
ture medium, BMMCs undergo apoptosis. Therefore, these
cells serve as model to study IL-3 deprivation-induced apopto-
sis in primary cells (7, 14).

Previous studies have suggested that the 24p3/24p3R path-
way hasarole in inducing apoptosis in IL-3-dependent cell lines
and primary cells following cytokine deprivation (4). Fig. 54
shows that following cytokine deprivation, BMMCs from
24p3™'" mice underwent efficient apoptosis, as expected. Sig-
nificantly, in 24p3~/~ BMMCs, apoptosis following cytokine
deprivation was substantially reduced.

We have previously shown that 24p3 induces apoptosis
through a pathway culminating in decreased intracellular iron
levels (3). If 24p3 is responsible for apoptosis induction in cyto-
kine-deprived 24p3*/" BMMCs, then supplementation with
exogenous iron should prevent cell death. In support of this
possibility, Fig. 5A shows that, following IL-3 deprivation, the
addition of FeCl, substantially reduced apoptosis in 24p3*/*
BMMCs.

24p3 is a secreted protein, and CM from cytokine-deprived
IL-3-dependent cell lines, such as FL5.12 cells, induces apopto-
sis following the addition to naive cells (4). Fig. 5B shows that
the CM from IL-3-deprived 24p3™'" BMMCs or, as a control,
FL5.12 cells efficiently induced apoptosis when added to naive
BMMCs. By contrast, the CM from cytokine-deprived 24p3~'~
BMMCs was substantially less effective in inducing apoptosis.
As expected, apoptosis induction was suppressed by the addi-
tion of FeCl,.
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The 24p3/24p3R Pathway Mediates Thymocyte Apoptosis
and Glucocorticoid-mediated Apoptosis—Glucocorticoids
(GCs), produced by cortical cells of the thymus, are physiolog-
ical inducers of thymocyte apoptosis. The 24p3 promoter con-
tains a glucocorticoid-response element, and accordingly, 24p3
is transcriptionally activated by glucocorticoids (15). We have
previously shown that 24p3 can induce apoptosis in primary
thymocytes and that 24p3 expression correlates with the levels
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FIGURE 5. The 24p3/24p3R proapoptotic pathway is critical for apoptosis
induction in IL-3-dependent mast cells. A, apoptosis assays. BMMCs were
cultured in the presence or absence of IL-3 or in the absence of IL-3 with the
addition of FeCl; and analyzed for apoptosis by annexin V-FITC staining.
B, naive BMMCs were treated with CM from BMMCs cultured in the presence
or absence of IL-3, or in the absence of IL-3 with the addition of FeCl;. As a
control, BMMCs were treated with CM from IL-3-deprived FL5.12 cells. Error
bars, S.D.

24p3++ 24p3--

1
» 12 :
2 '2 8l d DSpoqtaneous
5 2 : O Dex-induced
& 9o 604 : H H
g : H H iR
< s C : i
s § 40 P
I3} o H I
~ $ 2 ﬂ s
o 1
6 12 6 12
Hours
E Spleen
24p3v+  24p37
” —_——
g 5
& !
Q ax
9 oy
< “6=
a o
3) 3
- Qo
8 £3
5 z
o

of spontaneous or GC-induced apoptosis (4). These consider-
ations prompted us to analyze the role of 24p3 in thymocyte
apoptosis.

To assess the role of 24p3 in spontaneous thymocyte apopto-
sis, we first analyzed freshly isolated thymocytes from 24p3™/*
or 24p3~’~ mice by annexin V-FITC staining. As shown in Fig.
6A, apoptosis in primary thymocytes from 24p3~'~ mice was
markedly reduced compared with that of 24p3™*’" thymocytes.
Thymocytes undergo spontaneous apoptosis when cultured in
vitro 16, 17). Fig. 6B shows that the level of apoptosis in cultured
24p3*'" thymocytes was higher than that in 24p3~/~
thymocytes.

We next asked whether 24p3™/" and 24p3~/~ thymocytes
are also differentially sensitive to GC-induced apoptosis. Fig. 6B
shows that treatment with the synthetic GC dexamethasone
(Dex) resulted in a level of apoptosis in 24p3™/" thymocytes
that was higher than that in 24p3~/" thymocytes.

To evaluate the contribution of 24p3 to GC-induced apopto-
sis in vivo, 24p3™*'" or 24p3~'~ mice were injected intraperito-
neally with Dex. After 20 h, mice were sacrificed, and thymi,
spleens, and bone marrow samples were collected and analyzed
for cellularity and cell subset compositions. Fig. 6C shows that,
following Dex treatment, total thymic cellularity was decreased
in 24p3*'* compared with 24p3~'~ mice. As expected, the
percentage of apoptotic cells in thymi from Dex-treated
24p3*’" mice was substantially higher than that from Dex-
treated 24p3~’~ mice (Fig. 6D). CD4"/CD8" immature thy-
mocytes are very sensitive to the effects of GCs (18). FACS
analysis demonstrated that, following Dex treatment, there was
a substantial increase in the number of CD4"/CD8™" thymo-
cytes in 24p3~'~ mice compared with 24p3™/" mice (Fig. 6F).
Mature lymphocytes are also sensitive to GCs, albeit to a lesser
extent than CD4*/CD8™ thymocytes. Therefore, we also eval-
uated the effect of Dex on the survival of mature splenic lym-
phocytes. Fig. 6F shows that the number of splenic lymphocytes
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FIGURE 6. The 24p3/24p3R proapoptotic pathway is required for glucocorticoid-mediated apoptosis in thymocytes. A, analysis of spontaneous
apoptosis in primary thymocytes from 24p3*/* and 24p3~/~ mice. B, analysis of spontaneous and Dex-induced apoptosis in cultured thymocytes from
24p3™/* and 24p3~'~ mice. C, total thymic cellularity in 24p3*/* and 24p3~/~ mice following systemic administration of Dex or, as a control, saline. D, analysis
of apoptosis in thymocytes in 24p3*/* and 24p3~/~ mice following systemic administration of Dex. £, FACS analysis monitoring the percentage of CD4*/CD8™*
thymocytes in 24p3*/* and 24p3~/~ mice. F, analysis of splenic lymphocyte number in 24p3*/* and 24p3~/~ mice following systemic administration of Dex.
G, analysis of B220™ bone marrow-derived pre-B cells in 24p3™/* and 24p3~'~ mice following systemic administration of Dex. Error bars, S.D.
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FIGURE 7. The 24p3/24p3R proapoptotic pathway regulates apoptosis in
erythroid cells. A, analysis of Ter-119" cells in peripheral blood (left), bone
marrow (middle), and spleen (right) from 24p3™/* and 24p3~/~ mice. B, apo-
ptosis assays in bone marrow and spleen from 24p3™/* and 24p3~'~ mice.
G anal)/sis of apoptosis in Ter-1197 cells in bone marrow and spleen from
24p3*/* and 24p3~/~ mice. D, in vitro colony formation assay monitoring the
number of BFU-E colonies from peripheral blood, bone marrow, and spleen
from 24p3*/* and 24p3~'~ mice. Error bars, S.D.

(either CD4™ or CD8™") was higher in Dex-treated 24p3~/~
mice than in Dex-treated 24p3™/" mice. Likewise, following
Dex treatment, the number of B220" bone marrow-derived
pre-B cells was significantly higher in 24p3~/" mice than their
24p3™'* counterparts (Fig. 6G). Collectively, these results indi-
cate that 24p3 is an important target gene involved in GC-me-
diated apoptosis of lymphocytes and other hematopoietic cell
types.

The 24p3/24p3R Pathway Controls Apoptosis Induction in
Erythroid Cells—The hematological profiles described above
(see Table 1) raised the possibility that 24p3~/~ mice would
have abnormalities in erythropoiesis. To investigate this issue
more carefully, we quantified Ter-1197 cells in 24p3™/* and
24p3~'" mice. The results of Fig. 7A show that there was a
greater number of Ter-119" cells in peripheral blood, bone
marrow, and spleen of 24p3~’~ mice compared with 24p3™/™"
littermates. Likewise, there was a greater number of annexin
V-positive cells (Fig. 7B), and annexin V' /Ter-1197 cells (Fig.
7C) in bone marrow and spleen of 24p3*/* mice compared
with 24p3~/'~ mice. Finally, we analyzed erythroid precursor
frequencies using an in vitro colony formation assay. The
results of Fig. 7D indicate that peripheral blood, bone marrow,
and spleen from 24p3~'~ mice yielded more burst forming
unit-erythroid colonies (the earliest known erythroid precursor
cells) than the corresponding samples from 24p3"/* mice.

Influence of Genetic Background on the Role of 24p3—In sev-
eral previous studies (e.g. see Refs. 19 and 20), 24p3~/~ mice
were derived and analyzed, but a significant hematologic effect
was not reported. In these previous studies, all of the experi-
ments were performed in a mixed genetic background, whereas
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our studies were performed in back-crossed mice (129/SVE and
C57BL/6 genetic backgrounds). To analyze the role of genetic
background, we compared apoptosis in cytokine-deprived
BMMCs derived from 24p3*’" and 24p3~'~ mice on three
genetic backgrounds: 129/SVE (back-crossed at least 10 gener-
ations), C57BL/6 (back-crossed 9 generations), and the mixed
genetic background (129/SVE X C57BL/6).

As expected, IL-3 deprivation efficiently induced apoptosis
in BMMCs derived from 24p3"/* mice on all three genetic
backgrounds (supplemental Fig. 14). Moreover, on all three
genetic backgrounds, the level of apoptosis in 24p3~'~ BMMCs
was lower than that in 24p3"/* BMMCs. However, this differ-
ence was the greatest on the 129/SVE background and least on
the mixed 129/SVE X C57BL/6 background. Collectively, these
results indicate that the genetic background of mice can mod-
ulate the effects of 24p3 deficiency.

We have previously shown that the 24p3 proapoptotic path-
way is regulated through intracellular iron concentration, and
an important aspect of this apoptotic mechanism is induction
of the proapoptotic Bim protein in response to decreased intra-
cellular iron (3). Bim is required for apoptosis resulting from
IL-3 deprivation or the addition of 24p3 (3, 21) (reviewed in Ref.
22). We hypothesize that the resistance to IL-3 deprivation-
induced cell death in 24p3~’~ BMMCs may be related to vari-
ation in Bim induction. To test this prediction, we analyzed Bim
levels in BMMCs by immunoblotting. Results presented in sup-
plemental Fig. 1B show that levels of Bim (Bim is spliced alter-
natively into two predominant isoforms: Bim extra long
(Bim-EL) and Bim long (Bim-L)) remain unchanged despite the
loss of IL-3 in 24p3~'~ BMMCs from mice on 129/SVE or
C57BL/6 backgrounds, and in contrast, a modest increase in
Bim levels was noticed in cells obtained from mice on the mixed
129/SVE X C57BL/6 genetic background. As expected, Bim
expression levels were robustly induced following the loss of
IL-3 in BMMCs of 24p3™’" mice on all three genetic back-
grounds (supplemental Fig. 1B).

Bim also plays an important role in GC-induced cell death
(23, 24). We next analyzed Bim levels in thymocytes derived
from 24p3™/* and 24p3~’~ mice. As expected, GC treatment
induced Bim (both isoforms) in thymocytes obtained from
24p3™’* mice on all genetic backgrounds. Residual Bim-L
expression in untreated cells perhaps reflected spontaneous
apoptosis (see Refs. 4 and 16). Interestingly, only Bim-EL was
moderately induced in GC-treated thymocytes obtained from
24p3~'~ mice on 129/SVE or C57BL/6 backgrounds. In con-
trast, induced Bim levels in thymocytes from 24p3~/~ mice on
the mixed 129/SVE X C57BL/6 genetic background were com-
parable with those observed in 24p3™'" mice (supplemental
Fig. 1C). Collectively, these results suggest that 24p3 is required
for efficient induction of Bim.

Based on these findings, we propose a model (supplemental
Fig. 1D) in which IL-3 loss or GC treatment leads to the synthe-
sis and secretion of 24p3, which then induces cell death in an
autocrine/paracrine pathway by lowering intracellular iron lev-
els (3,4). An important aspect of this process is the induction of
the proapoptotic protein, Bim (3). Abrogation of Bim by RNAi
suppresses cell death resulting from either the addition of 24p3
or the loss of IL-3 (3, 21). Consistent with these findings, here
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we show that the induction of Bim following the loss of IL-3 or
GC treatment in cells obtained from 24p3~'~ mice is severely
reduced. Therefore, variations in Bim induction upon IL-3
withdrawal or GC treatment in 24p3 '~ cells may explain the
resistance to the ensuing apoptosis.

DISCUSSION

Several previous studies have reported that 24p3 can induce
apoptosis in cultured cell lines (4, 10). Here for the first time we
show that 24p3 is an important regulator of multiple hemato-
poietic lineages in vivo. The progressive accumulation of lym-
phocytes, monocytes, and erythrocytes in 24p3~'~ mice dem-
onstrates the importance of 24p3 in the regulation of
homeostasis of hematopoietic cells in adults. Strikingly, regula-
tion of hematopoietic cell homeostasis was related to the ability
of 24p3 to induce apoptosis in mature hematopoietic cells. For
example, hematopoietic cells prepared from 24p3~/~ mice dis-
play increased resistance to multiple death stimuli, including
cytokine deprivation and GC treatment. We have previously
shown that induction of apoptosis by 24p3 is due, at least in
part, to up-regulation of Bim, a proapoptotic BCL-2 family
member (3). In this regard, it is notable that, like 24p3~'~ mice,
bim null mice are also resistant to steroid-induced cell death
(23).

The genetic background onto which a targeted allele is
placed can result in a significant variation in the phenotype due
toincomplete penetrance and variable expressivity (reviewed in
Ref. 25). Strain-dependent modifiers are known to influence the
phenotype of mice bearing deletions in genes that regulate cell
death (reviewed in Ref. 22). For instance, similar to what we
have found for 24p3, the effect of Bim, Bcl-2, or caspase-3 defi-
ciency is highly dependent upon the genetic background
(reviewed in Refs. 22 and 26).

24p3 is a direct target gene of STAT5-mediated repression
(27) and its down-regulation might be expected to confer
improved survival. Reciprocally, 24p3 is induced by Foxo3a
downstream of the PI3K pathway (28). Therefore, it is regulated
by pathways that are critical in early hematopoietic develop-
ment. In these studies, we determined that regulation of blood
cell counts was not due to improved hematopoiesis along mul-
tiple lineages. This was tested by both competitive repopulation
and 5-FU-induced myelosuppression, both of which were nor-
mal in mice lacking 24p3. Therefore, the increase in lympho-
cytes, monocytes, and erythrocytes was the result of an alterna-
tive mechanism that is active in relatively mature committed
progenitors and precursor cells.

Studies from our laboratory and others involving cultured
cells, mouse models, and patient samples have shown that mis-
regulation of 24p3 expression can contribute to certain hema-
topoietic diseases, in particular chronic myelogenous leukemia
(3, 29, 30). However, those studies did not examine the stage of
hematopoiesis in which 24p3 was active. The results presented
here, in conjunction with those of previous studies, reveal 24p3
as aregulator of hematopoietic cell survival and suggest that the
impact of survival via this pathway may be unique to the differ-
entiated progeny. The implications of this finding for diseases
such as CML will require further study.
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