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Normal production of RBCs requires that the antiapoptotic protein
Bcl-xI be induced at end stages of differentiation in response to
erythropoietin (Epo) signaling. The critical proapoptotic pathways
inhibited by Bcl-xl in erythroblasts are unknown. We used gene
targeting in the mouse to evaluate the BH3-only factor Nix, which
is transcriptionally up-regulated during Epo-stimulated in vitro
erythrocyte differentiation. Nix null mice are viable and fertile.
Peripheral blood counts revealed a profound reticulocytosis and
thrombocytosis despite normal serum Epo levels and blood oxygen
tension. Nix null mice exhibited massive splenomegaly, with
splenic and bone marrow erythroblastosis and reduced apoptosis
in vivo during erythrocyte maturation. Hematopoietic progenitor
populations were unaffected. Cultured Nix null erythroid cells
were hypersensitive to Epo and resistant to apoptosis stimulated
by cytokine deprivation and calcium ionophore. Transcriptional
profiling of Nix null spleens revealed increased expression of cell
cycle and erythroid genes, including Bcl-xl, and diminished expres-
sion of cell death and B cell-related genes. Thus, cell-autonomous
Nix-mediated apoptosis in opposition to the Epo-induced erythro-
blast survival pathway appears indispensable for regulation of
erythrocyte production and maintenance of hematological ho-
meostasis. These results suggest that physiological codependence
and coordinated regulation of pro- and antiapoptotic Bcl2 family
members may represent a general regulatory paradigm in
hematopoiesis.

apoptosis | Bcl2 proteins | erythropoietin | polycythemia vera

he mammalian hematopoietic system replaces blood elements

as they age and in response to physiological demands, and
homeostasis is maintained by balancing stem cell proliferation with
commitment to and differentiation of hematopoietic lineages.
Hypoxia is the major physiological stimulus for RBC production
(erythropoiesis), stimulating production of erythropoietin (Epo) by
the adult kidney and fetal liver. Epo controls erythrocyte produc-
tion (1) by preventing apoptosis (2, 3) through activation of Janus
kinase 2 (JAK2) and Stat5 (4), which induce expression of the
antiapoptotic Bcl2 family member Bel-xl (5). Epo/Bcl-xl-dependent
survival is both necessary and sufficient for terminal erythroid
differentiation (6). Consequently, in mouse models, absence of Epo
or its receptor (1, 7), the Epo effector, Stat5 (5), or the Epo/Stat5
target, Bel-x1 (8, 9), results in apoptosis of erythrocyte progenitors
and anemia.

Increased Epo levels (10) or receptor mutations that cause
hypersensitivity to Epo (11) cause human erythropoietic disorders.
Polycythemia vera, the prototypical erythopoietic disease, is asso-
ciated with various somatic mutations of JAK2 (12-14). Other
hallmarks of polycythemia vera include increased Bcl-xl expression
and Epo-independenterythroblastgrowth (15). Because the antiapo-
ptotic effects of Bcl-xl occur by sequestration and inhibition of
proapoptotic BH3-only proteins that activate Bax and Bak (16-18),

6794-6799 | PNAS | April 17,2007 | vol. 104 | no. 16

one or more proapoptotic BH3-only proteins may be involved in
erythropoiesis.

Peripheral blood cells undergoing Epo-induced erythroid differ-
entiation exhibit concurrent transcriptional up-regulation of antiapo-
ptotic Bel-xl and the proapoptotic BH3-only-like protein Nix (19).
Because Bcl-xl can bind to and inhibit Nix (20), we hypothesized
that Nix-mediated cell death signaling could regulate erythropoiesis
in opposition to survival signaling by Epo and Bcl-xl. Accordingly,
we used gene ablation of Nix in mice and found that Nix is a specific
and essential negative regulator of erythropoiesis through modu-
lated apoptosis.

Results

Nix Causes Mitochondrial Outer Membrane Permeabilization, But Not
Opening of the Permeability Transition Pore. Nix causes mitochon-
drial pathway apoptosis in transfected cells (21, 22) and is inhibited
by Bcl-xl (20). A proapoptotic factor acting in opposition to Bcl-x1
in erythropoiesis must be able to initiate mitochondrial pathway
apoptosis. We compared the ability of Nix to promote mitochon-
drial outer membrane permeabilization and opening of the mito-
chondrial permeability transition pore to that of Bax (18) and to an
inactive C-terminal truncation mutant of Nix, sNix, that is not
targeted to mitochondria (22). Cytochrome ¢, which activates
caspases in combination with cytosolic factors (23), was released
from mitochondria by recombinant GST-Nix, but not mitochon-
drial-defective GST-sNix (Fig. 1 A and B). GST-Nix did not cause
mitochondrial transition pore opening, assessed as mitochondrial
swelling (24), nor did it sensitize mitochondria to swelling induced
by Ca?" (Fig. 1C). Previously, we have shown that recombinant Nix
expression in cultured HEK293 cells induces cytochrome c release,
activates caspase 3, and produces apoptosis (TUNEL labeling) (22).
Thus, Nix is sufficient to initiate apoptosis via mitochondrial
cytochrome c release, likely in combination with intrinsic mito-
chondrial proteins (25).
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Fig. 1.  Nix effects on isolated mitochondria and general phenotype of Nix gene ablation in mice. (A) Isolated WT mouse liver mitochondria were incubated
with increasing concentrations of GST-Nix, GST-sNix, and GST-Bax. Resultant mitochondrial pellet and supernatant underwent Western blotting for cytochrome
cand cytochrome oxidase IV (COX-IV) (n = 3). (B) Time-course studies (0-180 min) as in A. (C) Swelling of isolated WT mitochondria induced by GST-Nix, 250 uM
Ca?*, and GST-Nix + 250 uM Ca?* (means of n = 2). (D) Schematic of Nix deletion strategy. Exons 1-6b (filled rectangles) and restriction sites are depicted (see
SI Methods). (E) Southern blot (Left) and PCR (Right) screening of Nix-targeted mice. (F) Multiple-tissue Northern blot hybridized to Nix probes. (G)

Hypomorphism. (H) Splenomegaly of WT (Upper) and Nix~'~ (Lower) mice.

Splenomegaly and Erythrocyte Abnormalities in Nix-Deficient Mice.
Published data have described low basal levels of Nix gene expres-
sion in most tissues, with transcriptional Nix up-regulation under
conditions of cell stress, growth, or differentiation (19, 22, 26, 27).
Accordingly, we carried out germ-line deletion of Nix in mice
(Nix~'~ mice) by flanking exons 4 through 6a of the Nix gene with
loxP sites and then breeding to mice expressing Cre recombinase
driven by zygotically expressed adenovirus Ella (28) (Fig. 1D).
Genotyping was by Southern analysis and PCR (Fig. 1E). Inter-
breeding of heterozygous (+/—) mice produced healthy and fertile
offspring, with normal Mendelian inheritance of the mutant gene
(Nix: 15/80%/*, 45/80/~, 20/80~/7). Nix protein was not detectable
in any normal mouse tissue by immunoblot analysis (data not
shown), consistent with its rapid proteasomal degradation (19).
However, Nix mRNA, which is visualized as ~1.5- and ~4.0-kb
species due to the presence of two polyadenlyation sites (22, 27), was
absent from organs of knockout mice (Fig. 1F).

Nix™/~ mice survive to at least 18 months of age, but are
externally distinguishable from WT mice by modest growth retar-
dation (Fig. 1G), with a 16 = 6% reduction in body mass (P = 0.04)
and a 9 = 3% reduction in nose-to-anus length (n = 7 pairs, P =
0.03) at 12 weeks. No organ abnormalities were observed [support-
ing information (SI) Table 2], except striking enlargement of Nix /'~
spleens, which averaged ~80% heavier in 8-week-old mice (8.4 =
2 mg/g body weight Nix~/~, compared with 4.8 = 0.9 mg/g body
weight in WT; n = 10 each, P < 0.001) (Fig. 1H) and further
increasing to ~250% heavier at 40 weeks of age (12.1 = 1.1 mg/g
Nix™'~ vs. 4.9 = 0.6 mg/g in WT; n = 6 each, P = 0.001; P = 0.015
vs. 8-week-old Nix~/~ mice).

The cellular makeup of Nix™/~ spleens was determined by
comparative histology and immunophenotyping. There were no
differences in splenic or thymic lymphocyte subpopulations (SI Fig.
7). Germinal centers were histologically normal, but the red pulp
was increased (Fig. 2 4 and B), and staining for glycophorin-A-
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associated Ter119, a marker of erythroid cells (29), was increased
(Fig. 2C). Flow-cytometric analysis showed that Nix~/~ mice had,
proportionally, 27% more Ter119+ splenocytes (66 = 5% of total)
than WT (52 = 3% of total; n = 6 paired studies, P = 0.035) (Fig.
2D). When corrected for increased spleen size in Nix ™/~ mice, this
reflects a 2.3- to 3.2-fold increase in spleen erythroblast mass. Blood
levels of Epo were not elevated in Nix™/~ mice (325 * 33 pg/ml vs.
317 = 45in WT; n = 6 pairs, P = 0.885; normal range <683 pg/ml),
and blood oxygen saturation determinations obtained on anesthe-
tized, room air-ventilated mice were not decreased (94 * 2% in
Nix™'~ vs.91 = 1% in WT; n = 4 pairs), indicating that erythro-
blastosis was due to an intrinsic defect in control of erythroblast
numbers. Peripheral blood counts of Nix™/~ mice revealed reticu-
locytosis and thrombocytosis (Table 1) with poikilocytosis, poly-
chromasia, and anisocytosis of erythrocytes (Fig. 2E), and in-
creased erythrocyte volume (Table 1). Because reticulocytes are
larger than mature erythrocytes, and reticulocytosis could therefore
skew determinations of mean corpuscular volume (MCV), this
parameter was independently determined for erythrocytes and
reticulocytes. In WT, mature erythrocyte MCV was 45.9 = 0.5 fl
and for reticulocytes was 51.1 = 0.7 fl; for Nix~/~ mice, mature
erythrocyte MCV was 49.4 = (.5 f] and for reticulocytes was 55.9 =
0.6 f1 (P = 0.002 for both measurements).

Nix-Deficient Spleens and Bone Marrow Show Erythroblast Hyperpla-
sia Associated with Reduced Apoptosis. Erythroblast maturation
follows from proerythroblast (CD71 high, Ter119 mid) to baso-
philic erythroblast (CD71 high, Ter119 high) to late basophilic and
chromatophilic erythroblasts (CD71 mid, Ter119 high) to ortho-
chromatic erythroblasts (CD71 low, Ter119 high) (30). Nix '~ bone
marrow had significantly greater numbers of chromatophilic and
basophilic erythroblasts, with proportionally fewer orthochromatic
erythroblasts than WT (Table 1 and Fig. 34). Likewise, Nix™/~
spleens showed increased erythroblasts throughout the early and
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Fig.2. Splenicerythroblastosis and erythrocyte abnormalities in Nix~/~ mice.
(A and B) H&E-stained splenic sections. (Magnification: A, x4; B, x20.) (C)
Ter119-stained (brown) splenic sections. Blue is counterstained lymphoid
tissue. (D) Representative flow-cytometric quantification of Ter119+ spleno-
cytes. (E) Wright-Giemsa-stained peripheral blood smears (1, polychromatic
cells; 2, immature erythrocytes with redundant membrane; 3, discocytes).

mid-erythrocyte maturation sequence and a proportional reduction
in orthochromatic erythroblasts (Table 1 and Fig. 3B).
Accumulation of early and mid-erythroblasts in Nix~/~ mice
could reflect increased numbers of hematopoietic progenitor
cells. To address this, hematopoietic progenitor cells were
quantified as lineage-negative, Sca-1- and c-kit-positive fraction
in adult mouse bone marrow (31) (Fig. 3C), or as the “side
population” of bone marrow cells that exclude Hoechst 33342
due to the absence of the multidrug resistance protein 1 efflux
pump (32) (Fig. 3D). By either measure, the relative proportion
of hematopoietic stem cells/progenitor cells to total nucleated
bone marrow cells was not significantly altered in Nix~/~ mice
(side population, 0.092 + 0.015% Nix~/~ vs.0.065 = 0.013% WT;
n = 6 pairs, P = 0.203; Lin-, Sca-1/c-kit+, 2.50 = 0.74% Nix~/~
vs. 298 = 0.77% WT; n = 5 pairs, P = 0.67). These results
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Table 1. Hematopoietic cell counts of Nix~/~ mice

WT Nix~/~ P value/stats
Blood
WBC, 1,000/ul 7.9 0.7 9.6 + 1.6 0.294
Neutrophils, % 131 15+ 4 0.508
Lymphocytes, % 84+6 80 £ 3 0.242
RBC (1,000,000/wl) 9.6 = 0.7 7.7 £0.2* 0.001
Hb, g/dl 144 + 1.1 13.3 £ 0.2* 0.005
Hct, % 48.5 + 3.6 45.6 = 0.9 0.055
Reticulocytes, % 5+04 14+ 1.1* <0.001
Mcv, fl 50 £ 4 59 + 0.1* <0.001
Platelets, 1,000/ul 835 + 85 1,291 = 30* <0.001
Bone marrow
Total Ter119 + cells, % 47 + 2 44 + 3 0.580
Proerythroblast, % 2+1 2+1 0.772
Baso. erythroblast, % 16 = 3 25 = 2* 0.036
Chro. erythroblast, % 2+1 4 + 1% 0.025
Orth. erythroblast, % 27 = 2 13 + 2% 0.001
Spleen
Total Ter119 + cells, % 54 +7(9) 66 + 12 (6)* 0.025
Proerythroblast, % 0.1 = 0.1 0.5+ 0.1* 0.007
Baso. erythroblast, % 2+1 23 + 3* 0.004
Chro. erythroblast, % 1+1 10 = 1* 0.001
Orth. erythroblast, % 53 +3 28 = 3* 0.001

All data are mean =+ SEM (n). Statistical test results are reported as P value
by t test. The numbers of WT and Nix /-, respectively, are as follows: blood,
12 and 10; bone marrow, 5 and 5; and spleen, 7 and 4.

*P < 0.05 vs. WT.

indicate that erythroblastosis in Nix~/~ mice is not due to
increased hematopoietic progenitors.

To determine whether committed erythroblasts accumulated
due to reduced cell death, we examined externalization of phos-
phatidylserine by Annexin V staining on the surface of Ter119+
bone marrow cells and splenocytes. Annexin V labeling was sig-
nificantly decreased in basophilic (Fig. 3 E and F') and chromato-
philic erythroblasts from Nix~/~ spleens (Fig. 3F) and in chromato-
philic erythroblasts from Nix~/~ bone marrow (3 = 1% Nix ™/~ vs.
16 = 4% WT; n = 4, P = 0.008), compared with WT. Propidium
iodide staining of dead cells gave similar results (SI Fig. 8).
Nonerythroid cells showed no difference in Annexin V labeling
(Fig. 3F Right). Together these results indicate that baso- and
chromatophilic erythroblasts accumulate in Nix~/~ mice due to
reduced cell death, suggesting that Nix regulates apoptosis during
erythroid differentiation.

Nix~/~ Splenocytes Are Hyperresponsive to Epo. We examined the
sensitivity of Nix™/~ erythroblasts to Epo by using in vitro colony
assays for colony-forming unit-erythroid (CFU-E). In the absence
of exogenous Epo, there was no CFU-E colony formation in
cultured WT splenocytes. In contrast, Nix '~ splenocytes produced
CFU-E colonies in the absence of exogenous Epo at numbers
approximating that for maximally Epo-stimulated WT splenocytes
(Fig. 44), revealing Epo-independent erythroid development. With
increasing doses of Epo, CFU-E colony formation averaged an
order of magnitude greater than WT at the same Epo doses
(Fig. 44).

Nix—/= Erythrocyte Precursors Are Resistant to Multiple Apoptotic
Stimuli. The previous data support the hypothesis that Nix regulates
erythropoiesis in a cell-autonomous manner in opposition to cell-
survival signaling by Epo/Bcl-xl. To determine whether Nix also
regulates erythroblast apoptosis signaling in response to patholog-
ical events, we compared the in vitro sensitivity of Nix~/~ and WT
erythroblasts to different apoptotic stimuli. Splenocytes maintained
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in conventional monoculture undergo apoptosis due to cytokine
deprivation or “death by neglect” (17). Compared with WT, Nix /'~
splenocytes in suspension culture showed enhanced survival and
diminished rates of apoptosis (Fig. 4B). Immunophenotyping of
surviving WT and Nix~/~ splenocytes showed enrichment of Nix ™/~
cells in the erythrocytic lineage (Fig. 4 C and D). Nix appears to
have a role in apoptosis stimulated by some, but not all, factors,
because Nix™/~ splenocytes were also resistant to death after
treatment with ionomycin, but not phorbol ester (Fig. 4E).

Enrichment of Ter119+ cells in mixed splenocytes undergoing
cytokine deprivation suggests that it is the Ter119+ erythroid
population that is resistant to apoptosis. We tested this notion by
presorting WT and Nix ™/~ Ter119+ splenocytes and repeating the
death-by-neglect studies in this erythroid population. Enhanced
survival of Nix™/~ cells was again observed (Fig. 4F).

Molecular Signatures of Hematopoiesis, Cell Cycling, and Death in
Nix—'— Spleens. We used a nonbiased approach to assess the
consequences of Nix ablation on apoptosis and erythropoiesis by
using comparative transcriptional profiling. Of 45,101 genes ana-
lyzed, 514 were significantly up-regulated and 386 were down-
regulated in Nix™/~ splenocytes, compared with WT. Functional
clustering revealed increased expression of cell cycle and erythroid
genes, with decreased levels of cell death and B cell genes (Fig. 5
A and B). Notable among up-regulated genes is Bel-xl (increased
2.7-fold) and the erythrocytic markers transferrin receptor (CD71;
increased 3.2-fold) and glycophorin A (increased 3.7-fold). These
results independently show that Nix ablation is associated with
transcriptional markers of splenic erythrocytosis and diminished
apoptosis. A complete annotated list of Nix~/~-regulated spleen
transcripts within the 10 functional clusters is provided in SI Tables
3 and 4, and the complete data set is available at www.ncbi.nlm.
nih.gov/geo (accession no. GSE7020).

Discussion

Previous gene-targeting studies of proapoptotic Bcl2 family pro-
teins Bim, Bad, Bax, and Bak, either alone or in combination, found
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myelo- or lymphoproliferative phenotypes (17, 33-35), showing that
a programmed apoptosis checkpoint normally restrains leukocyte
formation. Although experimental models and human data relating
abnormal activity of the Epo-JAK2-Bcl-xl pathway to clinical
erythroproliferative disorders have implied that a similar cell-
survival/apoptosis homeostatic mechanism exists for erythropoiesis
(6), the critical factor(s) constituting the proapoptotic arm have not
been previously identified. The current studies indicate an impor-
tant role for Nix in this process.

Nix (Nip-like protein X, originally Bnip3L) (21) is a transcrip-
tionally regulated proapoptotic BH3-only-like protein whose ex-
pression in cultured human CD34+ blood cells increases along with
Bcl-xl during erythroid differentiation (19). Here we show that Nix
fulfills the criteria for an apical proapoptotic regulator of normal
erythroblast apoptosis. Nix, likely interacting with intrinsic mito-
chondrial proteins, caused mitochondrial cytochrome c release,
which can initiate mitochondrial pathway apoptosis. In mice, Nix
ablation diminished apoptosis and caused accumulation of com-
mitted erythroblasts, but did not affect hematopoietic progenitor
cells. Nix ablation increased expression of erythroid genes while
decreasing cell death genes. Thus, Nix appears to function as a
critical initiator of an intrinsic apoptosis pathway that is specific, at
least among hematopoietic cell lineages, for cells committed to
erythrocyte development (Fig. 6).

The fact that Nix ablation had no impact on hematopoietic
progenitor cell numbers is consistent with the observation that the
undifferentiated self-renewing cells in this population do not nor-
mally undergo apoptosis (36, 37). The transition of progenitor cells
toward a differentiated, nonproliferative state is stimulated in part
by an interaction with Fas ligand expressed on the surface of mature
erythroblasts (38), establishing the first level of apoptosis-
maturational cross-talk during erythropoiesis. Normally, Epo and
the primary erythroid transcription factor, GATA-1, cooperate to
induce antiapoptotic Bcl-xl gene expression in erythroblasts (39),
initiating an essential prosurvival signal leading to RBC formation
(Fig. 6). Stimulation of Fas/CD95 death receptors activates caspases
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Fig. 4. Epo-hyperresponsiveness and apoptosis resistance of Nix~/~ spleno-
cytes. (A) CFU-E colony formation with and without increasing doses of Epo
(n = 6-7 paired experiments; *, P = 0.001 compared with WT). (B) Survival
(Left, n = 5) and apoptosis (Right, n = 4) of splenocytes in monoculture. (Cand
D) Proportional change in Ter119+ splenocytes (C) and Ter119 and CD71
expression (D) after 48 h of suspension monoculture as in B (n = 4 paired
experiments). (E) Splenocyte survival after apoptotic provocation with iono-
mycin 1 pug/ml (Left) or PMA 2 ng/ml (Right; n = 5 paired experiments; *, P <
0.05). (F) Survival of Ter119+ splenocytes in vitro (n = 4 paired experiments;
*, P < 0.05).

that cleave GATA-1, thus exerting a negative effect on erythro-
poiesis (40). Opposing erythroblast survival and maturation is an
intrinsic apoptosis pathway that we suggest is regulated through Nix,
which is induced in maturing erythroblasts (19), permeabilizes
mitochondrial outer membranes, and releases cytochrome ¢ to
activate caspases. In addition to being a terminal effector of
apoptosis, caspase 3 may also cleave and inactivate Bcl-xl (41), thus
providing positive feedback for Nix-mediated erythroblast apopto-
sis (Fig. 6). Together these data suggest that the default cell-fate
pathway after erythroid commitment is apoptosis, and that gener-
ation of erythrocytes requires the active intervention of Epo/Bcl-xl
signaling to rescue erythroblasts from Nix-mediated death.

The Nix~/~ phenotype is intriguingly similar to polycythemia vera
(11), a relatively rare disorder in which the majority of affected
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Fig.5. Altered patterns of gene expression in Nix~/~ spleens. (A) Enrichment
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spleens. (B) Dendrogram and heat map depiction (Left) and abbreviated list of
regulated genes (Right). Color intensity (red:highest to blue:lowest) displays
relative expression.

individuals carry a somatic-activating mutation of JAK?2 that con-
stitutively activates Epo-pathway signaling (12) that may not be
sufficient to cause the full-fledged syndrome (42). Hallmark fea-
tures of polycythemia vera include reticulocytosis and thrombocy-
tosis in the peripheral blood, erythroblastosis of the bone marrow,
low circulating Epo levels, and pronounced splenomegaly, which
are all seen with Nix ablation. Likewise, both polycythemia vera and
Nix ablation are characterized by Epo-independent stimulation of
erythroid colony formation (11). Most human subjects with poly-
cythemia vera also have increased RBC numbers or mass not seen

self renewal
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CD95 (Fas)€——————i
lineage commitment

Pro-erythroblast

— A
Nix j————= Bel-xl « Epo

Caspase 3 differentiation

apoptosis Erythrocytes

Fig. 6. Schematic depiction of Nix involvement in erythroid maturation
pathway. Fas L, Fas ligand.
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with Nix ablation, perhaps due to erythrocyte sequestration in
massively enlarged spleens (43).

The specific regulatory function of Nix in erythropoiesis distin-
guishes it from other BH3-only factors and the multidomain
proapoptotic Bcl-2 family members, which, when their genes were
ablated individually or in combination, resulted in increased lym-
phoid cells in the spleen or thymus without affecting the erythroid
lineage (17, 33-35, 44, 45). We propose that the apparently unique
physiological role of Nix in erythropoiesis stems in part from its
tight regulation during the orderly sequence of erythroid matura-
tion. Our results provide specific data to support the general
paradigm that coordinate regulation of apoptosis and cell-survival
pathways is necessary for homeostasis during normal hematopoiesis
and have identified Nix as the critical proapoptotic mediator within
the erythroid lineage.

Experimental Procedures

Generation of Nix—/~ Mice. Exons 4 to 6a, encoding the putative BH3
domain and the essential carboxyl-terminal transmembrane do-
main (22) of Nix, were targeted by flanking them with JoxP sites, in
combination with a frt-flanked neomycin phosphotransferase mod-
ule to positively select putative homologous recombinant embry-
onic stem cells. Correctly targeted recombinants were identified by
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EcoRI restriction digest and Southern blot, with a 3’ probe external
to the targeting vector. Following implantation of embryonic stem
cells into blastocysts, generation of chimeric mice, and breeding to
the F1 generation, heterozygous Nix-targeted mice were bred with
Flp transgenic mice (46) to delete the neomycin-selection cassette.
Progeny were crossed to remove the Flp transgene, resulting in mice
bearing only floxed Nix alleles (heterozygous Niv’*; homozygous
Nix). Ella-Cre transgenic mice (28) were bred on to the Ni¥’*
background and crossed with Niv/ mice to generate Nix null mice
(Nix~'7). Nix~/~ mice were maintained on a mixed 129/C57BL/6
genetic background and were housed and studied according to
procedures approved by the University of Cincinnati Institutional
Animal Care and Use Committee.
Other detailed methods are provided in SI Methods.
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metric test was applied when the data were not normally distrib-
uted. Significance was determined by a two-tailed P < 0.05 for £ test.
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