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Erythropoietin-directed erythropoiesis
depends on serpin inhibition of erythroblast
lysosomal cathepsins
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Erythropoietin (EPO) and its cell surface receptor (EPOR) are essential for red blood cell
production and exert important cytoprotective effects on select vascular, immune, and
cancer cells. To discover novel EPO action modes, we profiled the transcriptome of primary
erythroid progenitors. We report Serpina3g/Spi2A as a major new EPO/EPOR target for the
survival of erythroid progenitors. In knockout mice, loss of Spi2A worsened anemia caused
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by hemolysis, radiation, or transplantation. EPO-induced erythropoiesis also was compro-
mised. In particular, maturing erythroblasts required Spi2A for cytoprotection, with iron
and reactive oxygen species as cytotoxic agents. Spi2A defects were ameliorated by ca-
thepsin-B/L inhibition, and by genetic co-deletion of lysosomal cathepsin B. Pharmacologi-
cal inhibition of cathepsin B/L enhanced EPO-induced red cell formation in normal mice.
Overall, we define an unexpected EPO action mode via an EPOR-Spi2A serpin—cathepsin
axis in maturing erythroblasts, with lysosomal cathepsins as novel therapeutic targets.

In response to anemia, erythropoietin (EPO) is
produced by renal interstitial fibroblasts (Asada
et al., 2011). Within adult bone marrow, EPO
then acts via its JAK2 kinase—coupled cell surface
receptor (EPOR) to promote erythroid pro-
genitor cell (EPC) formation (Wojchowski et al.,
2010). Clinically, EPO is used to treat the ane-
mia of chronic kidney disease (Del Vecchio
et al., 2010) and, at restricted doses, the anemia
caused by chemotherapy (Dicato and Plawny,
2010). However, EPO can also have an impact
on innate immunity (Nairz et al., 2011), diabetes
(Choi et al., 2010), vasculogenesis (Wojchowski
et al.,2010), and the progression of certain can-
cers (Dicato and Plawny, 2010), and it exerts hy-
pertensive and thrombolytic side-effects (Krapf
and Hulter, 2009; Spivak et al., 2009). These
observations, together with the clinical emer-
gence of new EPOR agonists (DelVecchio et al.,
2010) provide compelling reasons to better un-
derstand key EPO/EPOR actions. This includes
effects on EPCs as a prime target in which
EPO/EPOR actions remain incompletely un-
derstood. Canonical pathways involving PI3K
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and RAS/MEK/ERK, for example, are well
studied (Wojchowski et al., 2010), but important
new EPOR effectors continue to be uncovered.
Recent examples include inhibition of NF-kB
pathways in macrophage (Nairz et al., 2011);
EPOR interactions with transferrin receptor 2
(Forejtnikova et al., 2010); and IgA effects on
EPOR signaling (Coulon et al., 2011). In this
study, we report on a novel EPO/EPOR—serpin—
lysosomal cathepsin axis that can sharply modu-
late the survival of maturing erythroblasts as an
unexpected target for cytoprotection.

RESULTS AND DISCUSSION

We initially identified Serpina3g as an EPO/
EPOR -regulated factor that could exert ap-
parent prosurvival effects in a cell line model
(Sathyanarayana et al., 2008). Global transcrip-
tome analyses of EPO-modulated targets in pri-
mary CFUe-like progenitors (stage “E1”) defined
Serpina3g (the locus encoding Spi2A) to be
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induced at levels comparable to the known major EPO
response genes Oncostatin-M, Socs2, Irs2, Egrl, and Cyclin-d2
(Fig. 1 A; Fang et al., 2007; Croker et al., 2008; Sathyanarayana
et al., 2008; Wojchowski et al., 2010). In developing proeryth-
roblasts (stage E2), Serpina3g¢ induction (among EPO/EPOR
targets) was additionally heightened (Fig. 1 B). In these bone
marrow EPCs, the previously implicated EPO response factors
Bel-x, Bel2, and Mcl1 (Socolovsky et al., 1999; Josefsen et al.,
2000) were not significantly up-regulated. For Serpina3g, more
than fourfold induction by EPO in ex vivo—expanded bone
marrow EPCs was also confirmed via quantitative RT-PCR.
In addition, analyses using bone marrow EPCs from mice har-
boring knocked-in EPOR-H or EPOR-HM alleles (Menon
et al., 2006) implicated roles for EPOR /PY343/Stat5 signals
in Serpina3g induction (unpublished data).

To investigate the role of Spi2A in erythropoiesis, the
Serpina3g locus was disrupted, and Spi2A~/~ mice were gen-
erated (Fig. 2, A=F; Supplemental materials and methods).
At steady state, global Spi2A deletion did not significantly
perturb hemoglobin, or peripheral blood cell levels (Table 1).
CFUe or BFUe levels similarly were not altered, whereas
renal Epo levels in Spi2A~/~ mice were modestly elevated by
more than twofold (unpublished data). When challenged by
phenylhydrazine-induced hemolysis, however, Spi2A ™/~ mice
exhibited substantially worsened anemia, with hematocrits
of 28.3 * 2.2% as compared with 39.2 * 1.6% among
WT controls (Fig. 2 G). Spi2A~/~ spleen weights (day 6 after
PHZ) were also lessened (119 + 14 mg vs. 144 + 18 mg
for WT controls; n = 6; P = 0.02). In a model of short-term
bone marrow transplantation, when Spi2A~/~ donor cells
were used to rescue the erythron of irradiated recipients,
rebound hematocrits were limited to a mean of 32.2 + 3.3%
compared with 46.5 £ 2.5% as restored by transplanted WT
donor cells (Fig. 2 H). After sublethal irradiation, rebound
erythropoiesis also was selectively compromised because of
Spi2A deletion (Fig. 2 I), whereas no significant effects on
rebound lymphopoiesis were exhibited. Spi2A, as a major
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EPO/EPOR response factor, is therefore required for efficient
stress erythropoiesis.

Possible effects of Spi2A deficiency on EPO-induced
erythropoiesis were next studied. In Spi2A~/~ mice, EPO-
induced red cell formation was limited to 8.6 = 0.7% of WT
control levels (Fig. 3 A). Bone marrow-resident EPCs were
therefore analyzed after EPO dosing, and Spi2A deficiency
was revealed to compromise erythropoiesis at an erythroblast
stage of development. This was most obvious among a re-
solved, relatively late-stage subpopulation of Ter119he" eryth-
roblasts (designated stage E3.3; Fig. 3, B and C). This is
consistent with EPO-induced accumulation of Serpina3g in
developing EPCs, and functional deployment of Spi2A within
stage E3 cells. Notably, Spi2A deficiency was specifically
proven to compromise erythroblast survival (Fig. 3 D).

Why Spi2A deficiency has an impact on erythroblasts was
studied next. During erythropoiesis, heme biosynthesis esca-
lates, and developing erythroblasts exhibited sharp increases
in levels of mRNA encoding Alas2, Cpox, and Uros heme-
synthesizing enzymes, together with several iron transport
factors (Fig. 4, A—C). In contrast, levels of the antioxidants Sod2,
Gadd45a,and Gstp decreased. Heme generates an oxidative
milieu (Fibach and Rachmilewitz, 2008), and we therefore
intuited that Spi2A might confer cytoprotection against oxi-
dative damage. This was tested by exposing primary erythro-
blasts to H,O, (a physiological oxidant in erythroid cells;
Friedman et al., 2004), and then measuring viability (Fig. 4 D).
Frequencies of Spi2A~/~ erythroblasts undergoing pro-
grammed cell death (PCD; YOPRO-3P* cells) increased
by 32.3% compared with 11.8% for WT erythroblasts after
H,O, exposure. In addition, Spi2A~/~ erythroblasts exhib-
ited heightened reactive oxygen species (ROS) levels upon
peroxide exposure (Fig. 4 E). To extend this observation,
Spi2A~/~ or WT bone marrow was used to reconstitute the
erythron in lethally irradiated recipients. Analyses of donor-
derived splenic EPCs (14 d after transplant) revealed elevated
ROS levels in Spi2A~/~ erythroblasts, together with increased
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ordinate as fold-modulation by EPO. Serpina3g and the
known EPO-response genes Osm, Ccnd2, Socs2, Egrl,
and Irs2 are annotated. (B) Substages E1-E3 of EPC
development are outlined as CFUe-like cells, proeryth-
roblasts, and erythroblasts (top). In stage E2 proeryth-
roblasts, and among EPO-response genes, Serpina3g
remains highly induced (bottom). This is based on rela-
tive expression levels for the 200 most modulated
EPO-response genes (as compared with stage E2 vs.
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s 2 E1 cells). Findings in A and B derive from independent
transcriptome experiments for E1 progenitors, and for
E2 proerythroblasts.

An erythropoietin-serpin-lysosomal cathepsin axis | Dev et al.


http://www.jem.org/cgi/content/full/jem.20121762/DC1

Brief Definitive Report

A ) 5p > « 3p B 5 probe 3" probe
Serpina3g Locus = 2 # T I U A HU B H U 4
N E H N E H
Targeting Construct >< ! e BV osie T e W]
¥
argeting Construc i
H N EH N
5P 3'P
Targeted Allele E‘ : 74 kb
N E H N _ EH ne M bt » ~48kb
5'p 3'p
Floxed Allele T 2 4 i p———T
N E H r!lH N E H
Deleted Serpina3g
N E HoOH N E H
C PCR reaction: T D Serpina3g E Serpina3g F CJwt
tf tnto Genotype: +/+ + A A/IA Genotype: +/+ +f [ Serpina3g /-
PCRreaction: + A + A + A PCRreaction: T + T + C1'0
(<}
1800 bp g §
&3
2z
o
200 bp 1Bk £

0

Serpina3g Serpina3f

Gy PHZ  Awt
L analysis-1 analysis -2
100 100
= I 80 wt] Iso wt
g 454 - L
= E 60 =
£ g 2
% 35 4 L 40 Spi2A-/- ]
‘ 20 |
25 T T T T T o
1 4 8 12 16 10° 10! 102 10°  10* 100 10" 102 10° 104
Day post Phenylhydrazine PE-Ter119— PE-Ter119—
H 507 Owt | 101 A wt 20-
T Espi2A--  ~ @ spi2A-- A wt
45 2 8 | B Spi2A-/-
= © 15
s *p=0010 O 3
T T s
Em | =
S® Gt 3 S 10
=9 = 4 -
© o [6) .
GE) oo 351 o o i o
= Dl S 2 *p<00001 O 9]
© &
© 304 L 0 0
7 0 7 14 21 28 35 7 0 7 14 21 28 35
25 Day post Irradiation Day post Irradiation

Figure 2. Spi2A deficiency worsens anemia. (A and B) Targeting of the Serpina3g locus and Southern blot analyses of ES cell clones harboring

WT (+/+) or targeted (t) alleles. (see Supplemental materials and methods). (C) Cre recombination of targeted alleles to yield an exon-4-floxed allele.
Transient expression of Cre recombinase in ES cells generated an exon-4 floxed allele (f, 1.8-kb PCR product; as well as nonrecombined targeted alleles
as 4-kb products, and Neo' cassette plus exon-4 doubly deleted alleles as 200-bp products; see Supplemental materials and methods). (D and E) Mice
were genotyped using two sets of PCR primer pairs to ascertain germline transmission of the floxed Serpina3g allele. Mice possessing the floxed allele
were then bred with transgenic Ella-Cre mice to produce the deleted Spi2A~/~ allele. Representative PCR results from a WT (+/+) and a heterozygous
floxed (+/f) mouse are shown. (F) Loss of Serpina3g mRNA expression in Spi2A~/~ splenocytes. As a control, mRNA from the adjacent Serpina 3f gene
also was analyzed (in two independent experiments). (G) For Spi2A~/~ mice and WT controls, hemolytic anemia was induced with phenylhydrazine (PHZ).
Hematocrits (mean + SE, n = 8) were determined at baseline, and the indicated intervals. Flow cytometry analyses of (pro)erythroblasts formed in spleen at
d3 after PHZ dosing in Spi2A~/~ and WT controls. Results are representative of two independent experiments. (H) Spi2A~/~ donor cell reconstitution of
the erythron. Irradiated recipients were transplanted with bone marrow from Spi2A~/~ or WT mice. At d18 after transplant, hematocrits were determined
(mean + SE, n = 6). This effect of Spi2A deficiency on erythroid reconstitution has been consistently observed in three independent experiments. (1) After
sublethal irradiation, hematopoiesis within Spi2A~/~ mice within the erythroid lineage was analyzed. Mice were exposed to 7.5 Gy cesium-137. At the
indicated time points, peripheral erythrocyte and leukocyte levels were assayed (mean + SE, n = 5). Data are for a single independent experiment, but
with full-design and 10 time-points analyzed.
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Table 1. Hemoglobin, and peripheral blood cell levels in WT and Spi2A~/~ mice

Genotype RBCs Hemoglobin WBCs Platelets Lymphocytes Monocytes Eosinophils Basophils
x108/ul g/d! x10%/ul x10%/ul x10°/ul x10°/ul x10°/ul x10%/ul

WT 10.16 + 0.6 14.4 £+ 0.3 7.72 +£2.04 1,136 + 232.74 6.42 + 1.7 0.11 £ 0.03 0.29 + 0.03 0.02 + 0.01

Spi2A~/~ 9.90 + 0.1 14.5 + 0.1 7.88 £0.91 1,078 + 248.45 5.04 + 1.6 0.10 + 0.01 0.37 £ 0.19 0.03 + 0.01

P-value 0.40 0.87 0.86 0.68 0.18 0.51 0.40 0.04

frequencies of apoptosis (Fig. 4 F). As analyzed at day 8 after
transplantation, Spi2A deficiency did not significantly affect
levels of splenic stress BFUe (10.3 £ 2.4 compared with 8.8 £
2.2 stress BFUe for WT and Spi2A~/~ transplants, respec-
tively). Maturing erythroid progenitors also actively sequester
iron, and free iron can catalyze peroxidative events (Fibach
and Rachmilewitz, 2010). Chelation of iron by desferriox-
amine attenuated H,O,-induced erythroblast death in WT
cells, and this effect was enhanced in Spi2A~/~ erythroblasts
(Fig. 4 G). These findings point to Spi2A-mediated cytopro-
tection of erythroblasts from iron/H,O,-mediated PCD.
Oxidative stress can induce lysosome membrane perme-
ability (LMP), and the release of executioner cathepsins
(Johansson et al., 2010). Cytoplasmic cathepsin B can induce
PCD, and increase LMP by damaging mitochondria, which

then release ROS (Repnik and Turk, 2010). When WT eryth-
roblasts were exposed to peroxide, staining of the lysosomal
marker Lamp1 was heightened because of apparently increased
Lamp1 epitope exposure (Fig. 5 A), and thus was indicative
of compromised lysosomal integrity. By direct comparison
with WT erythroblasts, lysosomes within Spi2A~/~ erythro-
blasts (in the absence of peroxide exposure) exhibited height-
ened Lampl staining (suggesting increased LMP). When
exposed to peroxide, most Spi2A~/~ erythroblasts were de-
stroyed, whereas others exhibited high-level Lamp1 staining
(Fig. 5 B). We next determined whether the effects of Spi2A
deficiency on erythroblast lysosomes involved cathepsin-
mediated PCD. Spi2A can directly inhibit lysosomal cysteine
cathepsins, including executioner cathepsins B and L (Liu
et al.,2003). In WT erythroblasts, the cathepsin B/L inhibitor
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Figure 3. Spi2A is essential for efficient EPO-induced erythropoiesis, and its deletion compromises late-stage erythroblast formation.

(A) Spi2A~/= and WT mice were challenged with EPO (1,250 U/kg at 1 and 24 h; arrows). At days 4 and 12 after EPO dosing (and at a 2-wk prior
baseline mark), hematocrits were determined (top; mean + SE, n = 5). Bottom panels illustrate repeated experiments (means + SE, n = 8). These
effects of Spi2A deficiency were observed in two independent experiments. (B and C) Spi2A~/~ and control mice were challenged with EPO. 2 d
later, frequencies of stage E2 proerythroblasts and stage E3 erythroblasts within bone marrow were determined (B). Based on graded increases in
Ter119 expression during maturation, E3.1, E3.2, and E3.3 erythroblast subpopulations are gated. (C) Summary of observed frequencies of develop-
ing bone marrow proerythroblast cohorts (means + SE, n = 3; as observed in two such analyses). (D, left) Frequencies of Annexin V-positive apop-
totic Ter1197°s cells among bone marrow cells from EPO-dosed Spi2A~/~ mice as compared to WT controls. (middle) As analyzed at day 3 after
EPO-dosing, splenic erythroblasts from Spi2A~/~ mice exhibited a 1.9-fold increase in frequencies of Annexin V-positive apoptotic Ter1197% E3 cells as compared
to WT controls. (right) EPO-induced erythroblast formation within spleen of EPO-dosed Spi2A~/~ mice as 36.7% of splenocytes for EPO-dosed

WT controls versus 22% for EPO-dosed Spi2A~/~ mice (absolute numbers are 12.3 x 107 stage E3 cells among WT controls vs. 7.3 x 107 E3 cells
among Spi2A~/~ mice). Results in D were observed in two independent studies.
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Figure 4. Spi2A~/~ erythroblasts exhibit
heightened sensitivity to oxidant-induced
cell death. (A and B) In stage E3 erythro-
blasts, levels of heme biosynthetic enzymes
increase, while levels of select antioxidant
factors decrease: EPCs were expanded from
WT bone marrow. CFUe, proerythroblasts, and
erythroblasts (stage E1, 2, and 3 cells) were
then purified and their transcript expression
profiles were determined. In stage E3 erythro-
blasts, levels of several heme biosynthesis
enzymes were substantially elevated including
Alas2, Cpox, and Uros. In parallel, levels of the
antioxidizing factors Gstp, Sod2, and Gadd45a
decreased. (C) Stage E3 erythroblasts express
elevated iron transport and iron metabolism
factors. Transcriptome analyses of stage E1,
E2, and E3 EPCs revealed heightened expres-
sion in erythroblasts of the transferrin recep-
tor, Abcb 10, and Mitoferrin-1. Data in A, is
derived from independent full-design tran-
scriptome analyses of isolated stage E1, E2,
and E3 EPCs. (D) EPCs from WT and Spi2A~/~
mice were expanded for 3.5 d (SP34ex me-
dium). Cells then were exposed to H,0, (4 h,
150 uM) and frequencies of nonviable
erythroblasts were determined via YOPRO-3
staining of Ter119°% cells. Summary data are
graphed (means + SE, n = 4) and representa-
tive primary flow cytometry data are shown.
(E) ROS levels upon peroxide exposure: EPCs
from WT and Spi2a~/~ bone marrow were
expanded, and Ter119°% erythroblasts were
isolated (by MACS). After exposure to peroxide
(150 uM, 3 h) levels of ROS were determined
by flow cytometry (Cell ROX). Findings in D
and E are representative of two independent
experiments. (F) ROS levels and apoptosis
after bone marrow transplantation. Congenic
Ly5.1 recipient mice were transplanted with
WT or Spi2A~/~ bone marrow cells. At day 16,
levels of ROS in splenic erythroblasts were
determined, together with levels of YOPRO-3-
positive apoptotic erythroblasts. Representa-
tive primary flow cytometry data are shown
(left) together with summary data for n = 4
mice (means + SE). For differences in mean
values for WT versus Spi2A~/~ mice, p-values for
ROS are: P < 0.02; and for YOPRO-3: P < 0.02.
Results are for a single full-design experi-
ment. (G) Iron chelation attenuation of H,0,-

induced erythroblast death: EPC from bone marrow of WT or Spi2A~/~ mice were expanded. On day 3 of culture, desferrioxamine (DFO) was added (+5 uM).
On day 3.5, cells were challenged with H,0,, and frequencies of nonviable Ter119r% erythroblasts were then determined. Values are means + SE (n = 3).
These effects have been observed in two separate analyses.

CA074Me (Buttle et al., 1992) conferred significant cyto-
protection against peroxide-induced death (Fig. 5 C). In
Spi2A~/~ erythroblasts, cytoprotection by CAO074Me was en-
hanced by up to 2.3-fold over WT effects. Thus, Spi2A pro-
tects erythroblasts from PCD by suppressing cathepsin B/L
after ROS-induced LMP. A genetic approach also was applied

JEM Vol. 210, No. 2

to assess effects of the compound deletion of Spi2A plus lyso-
somal cathepsin B on EPO-induced red cell formation, and
the severity of phenylhydrazine-induced anemia. Concomi-
tant deletion of cathepsin B in Spi2A~/~ x cathepsin B™/~
mice (Deussing et al., 1998) partially rescued defects in EPO-
induced red cell formation caused by Spi2A deletion. Specifically,
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Figure 5. Adverse effects of Spi2A deficiency on erythropoiesis are diminished by lysosomal cathepsin B inhibition or deletion, and admin-
istration of CA074Me bolsters EPO-induced red cell formation in vivo. (A) Peroxide exposure enhances Lamp1 staining of lysosomes. When WT
erythroblasts were examined for lysosome content via Lamp1 analysis, peroxide exposure proved to enhance Lamp1 staining (via apparent epitope
unmasking). Images are representative of >10 acquisitions. (B) When Spi2A~/~ erythroblasts were examined before peroxide exposure ([—] H,0,), Lamp1
staining was heightened (bottom left). Upon peroxide exposure, Spi2A~/~ erythroblasts were largely destroyed, or exhibited further heightened Lamp1
staining of lysosomes (bottom right). Left and middle images are representative of >10 acquisitions. Compromised peroxide-exposed Spi2A~/~ erythro-
blasts that remained intact (bottom right) were relatively less frequent (<10% of ruptured cells, which were detected largely as remnant nuclei; middle).
(C) Erythroid progenitors were expanded from bone marrow of WT and Spi2A~/~ mice. In subdivided cultures for each, either CAO74Me (15 uM) or
0.1%DMSO (solvent control) was included. After 3 d, cells were challenged with H,0, (150 pM, 4 h). CA074Me effects on erythroblast death then were
determined (flow cytometry, YOPRO-3 staining among Ter1197% cells). Data are mean values + SE (n = 4). Representative primary flow cytometry data also
are shown. Results are representative of three independent experiments. (D) WT, Spi2A~/~, and Spi2A~/~ x cathepsin B~/~ mice were challenged with EPO
(1,250 U/kg at 1 and 24 h). Levels of induced red cell production then were determined (mean hematocrits + SE, n = 4). Baseline hematocrits (before EPO
challenge) also are graphed. (E) For WT, Spi2A~/~, and Spi2A~/~ x cathepsin B~/~ mice, hemolytic anemia was induced with phenylhydrazine (PHZ, 75 mg/kg).
At the indicated intervals, hematocrits were then determined (means + SE, n = 4). (F) WT mice were dosed with EPO (1,250 U/kg at 1 and 24 h),
together with CAO74Me (50 mg/kg, daily, see Materials and methods) or solvent control. At days 4 and 6 after EPO injection, levels of peripheral red blood
cells (hematocrits) and reticulocytes were determined. Graphed values are means + SE (n = 5 per treatment group). Findings in D-F are based on single
full-design experiments. (G) A model is depicted in which EPO promotes erythroblast formation through Serpina3g induction, and Spi2A inhibition of
lysosomal cathepsins B/L.

230 An erythropoietin-serpin-lysosomal cathepsin axis | Dev et al.



levels of red cell formation induced by EPO were restored
to ~80% of WT levels (Fig. 5 D). In addition, the severity of
hemolysis-induced anemia within Spi2A~/~ mice was signif-
icantly lessened due to the compound deletion of cathepsin B
(Fig. 5 E). Cathepsin B deficiency, per se, did not enhance
EPO-induced red blood cell production (unpublished data),
suggesting that protection from several executioner cysteine
cathepsins may be required during EPO-induced erythropoiesis.
Consistent with this interpretation, and of importance for
clinical relevancy, CA074Me significantly (P = 0.01) enhanced
EPO-induced red cell formation in WT mice (Fig. 5 F).
Collectively, our findings point to a novel mechanism for
EPO cytoprotection in which the intracellular serpin Spi2A
(as induced upon EPOR/JAK2 ligation) plays an integral role
in EPO- and anemia-dependent erythropoiesis by inhibiting
cathepsin B and/or L as lysosome-derived proteases (Fig. 5 G).
Within developing erythroblasts, we specifically suggest
that ROS (Blomgran et al., 2007) as generated by iron and
heme accumulation (Fibach and Rachmilewitz, 2010) brings
about LMP and subsequent cell death through cathepsins.
Lysosomal cysteine cathepsins may then stimulate mitochon-
drial pathways of PCD through the proteolytic activation of
proapoptotic Bid (to p15t-Bid) and/or the degradation of the
antiapoptotic factors Bcl2, Bely;, and/or Mcl-1 (Johansson
et al., 2010; Repnik and Turk, 2010). Damage to mitochondria
also produces ROS, which can amplify LMP and subsequent
PCD (Repnik and Turk, 2010). Therefore, Spi2A inhibition
of cathepsin B may lie both upstream and downstream of
ROS-induced LMP. Clinically, among predominant red cell
disorders such as sickle cell anemia (George et al., 2010) and
thalassemia (Fibach and Rachmilewitz, 2010), heightened
ROS has been linked to oxidative stress and damage. Pharma-
cological inhibition of cathepsin B/L also mimicked the
cytoprotective effects of EPO in vivo, and this finding points
to new targets that determine rates of erythroblast produc-
tion, and viability. Therefore, administration of small molecule
inhibitors to cathepsin-B/L during anemia may act in eryth-
roid cell-intrinsic ways to bolster red cell production. This
could decrease effective EPO dosing levels; potentially lessen
thrombolytic and hypertensive side-effects of EPO (Spivak
et al., 2009; Krapt and Hulter, 2009); and, perhaps, benefit
patients with chemotherapy-induced anemia for whom EPO
dosing is now limited (because of potential effects on cancer
progression; Spivak et al., 2009; Dicato and Plawny, 2010).

MATERIALS AND METHODS

Mouse lines and anemia models. Approaches used in the disruption of
the Serpina3g locus in murine ES cells, and the generation of Spi2A~/~ mice
(plus Spi2A~/~ x cathepsin B™/~ mice) are described in Supplemental mate-
rials and methods, which also defines the anemia models used (phenylhydrazine-
induced hemolysis, sublethal irradiation, 5-fluorouracil dosing, and bone
marrow transplantation). Mouse maintenance and all procedures were ap-
proved by the University of Chicago, the Maine Medical Center Institutional
Animal Care and Use Committee, and the UK Home Office.

Primary EPCs. For ex vivo analyses, primary EPCs were expanded from
bone marrow preparations under optimized ex vivo culture conditions (Dev

et al.,2010).Where specified, developmentally staged CFUe-like progenitors,
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proerythroblasts, and/or Ter119° erythroblasts were purified using opti-
mized MACS-based depletion and selection procedures (Dev et al., 2010;
Supplemental materials and methods).

Transcriptome analyses. Stage E1 CFU-e like EPC, and stage E2 pro-
erythroblasts were expanded from WT EPOR mice, purified, and cultured
for 6 h in IMDM, 0.5% BSA, holo-100 pg/ml transferrin, and 15 ng/ml in-
sulin. Cells then were exposed to EPO (x4 U/ml) for 90 min. RNA was iso-
lated directly, and was used (4 pg) to synthesize biotin-cRNA. Hybridizations
were to Affymetrix 430-2.0 arrays (GeneChip Scanner 3000; GCOS soft-
ware). Gene profiling results are posted at NCBI-GEO. Data analyses were
via GeneSpring software (version 11.0.1). In RT-PCR, RNA was reverse-
transcribed (1 pg) and cDNA was used in quantitative PCR as previously
described (Dev et al., 2010). Primer pairs used (SABiosciences) included
Serpina3g and beta-Actin.

Flow cytometry and confocal microscopy. For flow cytometry, 10° cells
were collected, washed, and incubated at 4°C in PBS, 0.1% BSA plus rat IgG
(1 pg) for 15 min (0.2 ml volume). Cells were then stained (40 min, 4°C)
with 2 pg/ml APC-CD117, 5 pg/ml FITC-CD71, and 5 pg/ml PE-Ter119
(BD). PBS-washed cells then were analyzed (FACSCalibur; BD; CellQuest
software). In analyses of apoptosis and cell death, APC-Annexin V binding
assays were performed in 140 mM NaCl, 2.5 mM CaCl,, and 10 mM Hepes,
pH 7.4, for 30 min at 25°C. InYOPRO-3 assays, cells (10°) were washed, and
incubated (20 min, 4°C) in PBS, 0.1% BSA plus rat IgG (2 pg and 0.2 ml).
Cells were then stained with 4 pg/ml FITC-Ter119 (BD; 30 min, 4°C) and
with 1 uM YOPRO-3 (Invitrogen; 15 min, 4°C) and analyzed directly via
flow cytometry. ROS levels were assayed using Cell ROX reagent (Invitro-
gen). In all flow cytometry experiments, equivalent numbers of gated events
were analyzed. For details of confocal microscopy procedures, please see
Supplemental material and methods.

Cathepsin inhibitor studies. In ex vivo studies, CA0O74Me (Enzo Life Sci-
ences) was reconstituted in DMSO at 15 mM; diluted 10-fold in 37°C PBS
upon use; filtered (0.2 pm); and included in EPC expansion cultures at
15 uM (in 0.1% DMSO). Control cultures received vehicle only (0.01 volume
of 10% DMSO, PBS to yield 0.1% DMSO). For in vivo studies, CAO74Me
was prepared in DMSO initially at 350 mg/ml. At the time of injections, this
stock was diluted in sterile PBS, 2% DMSO to 5 mg/ml. 0.2 ml per 20-g
mouse weight was then was administered on 7 consecutive days (—2, —1, 0,
+1, +2, +3, +4). Injections were i.p. on days —2, —1,0, +1, and +4, and i.v.
on days +2 and +3. EPO injections (1,250 U/kg, i.p.) were on day O (1 h)
and day +1 (24 h).

Statistical considerations. For tests of significance between mean values
(plus variance) of control versus single-treatment groups, a two-tailed Stu-
dent’s ¢ test was used (alpha, 0.05). In array analyses of EPO-modulated genes,
RMA-processed data were analyzed via FDR at a stringency of 0.05.

Online supplemental material. Additional details on the genera-
tion of Spi2A™/~ mice, anemia models, and primary hematopoietic cell
analyses are provided within Supplemental materials and methods. Online
supplemental material is available at http://www.,jem.org/cgi/content/
full/jem.20121762/DC1.
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