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Erythropoietin involves the phosphatidylinositol
3-kinase pathway, 14-3-3 protein and FOXO3a nuclear
trafficking to preserve endothelial cell integrity

ZZ Chong' and K Maiese'?

Division of Cellular and Molecular Cerebral Ischemia, Center for Molecular Medicine and Genetics, Institute of Environmental
Health Sciences, Wayne State University School of Medicine, Detroit, MI, USA and *Departments of Neurology and Anatomy & Cell
Biology, Center for Molecular Medicine and Genetics, Institute of Environmental Health Sciences, Wayne State University School of
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Background and purpose: Clinical indications for erythropoietin (EPO) in the vascular system reach far beyond the treatment
of anemia, but the development of EPO as a non-toxic agent rests heavily upon the cellular pathways controlled by EPO that
require elucidation.

Experimental approach: We modulated gene activity and examined cellular trafficking of critical pathways during oxidative
stress that may work in concert with EPO to protect primary cerebral endothelial cells (ECs) during oxidative stress, namely
protein kinase B (Akt1), 14-3-3 protein, the Forkhead transcription factor FOXO3a.

Key results: Here, we show that preservation of ECs by EPO during oxygen-glucose deprivation (OGD) required the initial
activation of the phosphatidylinositol 3-kinase (PI-3K) pathway through Akt1, since specific pharmacological blockade of Akt1
activity or gene silencing of Akt1 prevented EC protection by EPO. EPO subsequently involved a series of anti-apoptotic
pathways to activate STAT3, STAT5, and ERK 1/2. Furthermore, EPO maintained the inhibitory phosphorylation and integrity of
the ‘pro-apoptotic’ transcription factor FOXO3a, promoted the binding of FOXO3a to 14-3-3 protein and regulated the
intracellular trafficking of FOXO3a. Additionally, gene silencing of FOXO3a during OGD significantly increased EC survival, but
did not synergistically improve cytoprotection by EPO, illustrating that EPO relied upon the blockade of the FOXO3a pathway.
Conclusions and implications: Our work defines a novel cytoprotective pathway in ECs that involves PI-3 K, STAT3, STATS,
ERK 1/2, 14-3-3 protein and FOXO3a, which can be targeted for the development of EPO as a clinically effective and safe agent
in the vascular system.
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Introduction

Erythropoietin (EPO), a 30.4-kDa glycoprotein, is currently
approved for the treatment of anemia, but the potential roles
for EPO have expanded far beyond the initial concept that
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EPO is required only for erythropoiesis. Early clinical studies
in patients with anemia have shown that EPO adminis-
tration can increase left ventricular ejection fraction
and stroke volume (Goldberg et al., 1992). More recently,
this work has been supported by randomized control
studies with EPO administration in patients with congestive
heart failure or diabetes combined with congestive heart
failure that demonstrate improved cardiac output and a
decrease in medical resource utilization (Silverberg et al.,
2003).
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At the cellular level, EPO plays a critical role in the vascular
system through the maintenance of endothelial cell (EC)
function (Chong et al., 2002, 2003a) and the induction of
angiogenesis (Sakamaki, 2004; George et al., 2005; Maiese
et al., 2005). Furthermore, by assuring EC integrity, EPO
prevents ischemic cardiac death by reducing myocardial
injury (Bullard et al., 2005), modulating cardiac remodeling
(Miki et al., 2006) and reducing ventricular dysfunction
(Parsa et al., 2003). Coupled to its ability to avert inflamma-
tion (Avasarala and Konduru 2005) and modulate phagocytic
cell activity (Chong et al., 2003b, 2005a), EPO provides an
effective cellular environment to foster EC protection.

Successful development of EPO as a safe and nontoxic
(Hardee et al., 2006) therapeutic entity in the vascular system
rests on the intricate pathways that drive cytoprotection by
EPO. In particular, regulatory pathways that can become
essential for cell survival, such as the phosphatidylinositol
3-kinase (PI 3-K) pathway through protein kinase B (Aktl)
(Hardee et al., 2006), the signal transducer and activator of
transcription (STAT) pathways involving STAT3 and STATS
(Maiese et al., 2005) and the mitogen-activated protein kinases
extracellular signal-related kinases 1/2 (ERK 1/2) may be
critical for EPO cytoprotection. Additionally, the novel Aktl
substrate FOXO3a, a member of the mammalian Forkhead
transcription factor family that regulates processes ranging
from cell longevity to cell apoptosis (Chong et al., 2004b,
2005b; Wijchers et al., 2006), also plays a significant role in
promoting EC survival during oxidative stress. We demon-
strate here that vascular protection by EPO was limited to
particular concentrations and to particular times — a ‘thera-
peutic window.’ This protective effect was mediated by a novel
sequential regulation of the PI 3-K pathway through Aktl,
the activation of STAT3, STATS, and ERK 1/2 and the sub-
cellular trafficking of FOXO3a with its association with 14-3-3
protein, to block oxidative stress-induced apoptosis in ECs.

Methods

Cerebral microvascular EC cultures

Following our earlier protocols, vascular ECs were isolated
from the cerebrum of adult male Sprague-Dawley rats by a
modified collagenase/dispase-based digestion protocol (Lin
and Maiese, 2001; Chong et al., 2002, 2003a, 2004a). The ECs
were cultured in endothelial growth media consisting of
M199E with 20% heat-inactivated fetal bovine serum,
2mmoll ! L-glutamine, 90 ugml ' heparin and 20 ygml !
EC growth supplement. Cells from the third passage were
identified by positive direct immunocytochemistry for factor
VIlI-related antigen (Lin and Maiese 2001; Chong et al.,
2002, 2003a, 2004a) and possessed characteristic spindle-
shaped morphology with antigenic properties shown to
resemble brain endothelium in vivo (Abbott et al., 1992).

Experimental treatments

Oxygen-glucose deprivation (OGD) in ECs was performed
by replacing the media with glucose-free Hank’s balanced
salt solution containing 116 mmoll~' NaCl, 5.4mmoll "
KCl, 0.8 mmol1~* MgSO,, 1 mmoll~* NaH,PO,, 0.9 mmol1!
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CaCl,, and 10mg1~! phenol red (pH 7.4) and cultures were
maintained in an anoxic environment (95% N, and 5% CO,)
at 37°C. For treatments applied 1h before OGD, application
of EPO (R&D Systems, Minneapolis, MN, USA), D-3-deoxy-2-
O-methyl-myo inositol 1-(R)-2-methoxy-3-(octadecyloxy)
propyl hydrogen phosphate (SH-5), or D-2,3-dieoxy-myo
inositol 1-(R)-2-methoxy-3-(octadecyloxy) propyl hydrogen
phosphate (SH-6) (Alexis, San Diego, CA, USA) was continuous.

Cell survival and DNA fragmentation

EC injury was determined by bright-field microscopy using a
0.4% trypan blue dye exclusion method 24 h following OGD
(Chong et al., 2004b). Genomic DNA fragmentation was
determined by the terminal deoxynucleotidyl transferase
nick end labeling (TUNEL) assay (Chong et al., 2002, 2003a,
2003b) with the 3’-hydroxy ends of cut DNA labeled with
biotinylated 2’-deoxyuridine 5'-triphosphate (dUTP) using
the enzyme terminal deoxytransferase (Promega, Madison,
WI, USA) followed by streptavidin-peroxidase and visualized
with 3,3’-diaminobenzidine (Vector Laboratories, Burlin-
game, CA, USA).

Aktl, STAT3, STATS, ERK 1/2 and FOXO3a Phosphorylation
Cells were homogenized and each sample (50 uglane™') was
subjected to 7.5% (Aktl, STAT3, STATS, FOXO3a) or 12.5%
(ERK 1/2) sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis. The membranes were incubated with a
mouse monoclonal antibody against phospho-Akt1 (Ser*’?,
1:1000, Active Motif, Carlsbad, CA, USA), a mouse mono-
clonal antibody against total Aktl (1: 1000), a rabbit
polyclonal antibody against phospho-STAT3 (Tyr’®®,
1:1000), a rabbit polyclonal antibody against total STAT3
(1:1000), a rabbit polyclonal antibody against phospho-
STATS (Tyr®®*), a rabbit polyclonal antibody against total
STATS (1:1000), a rabbit polyclonal antibody against phos-
pho-ERK 1/2 (Thr?°?/Tyr?**, 1: 1000), a rabbit polyclonal
antibody against total ERK 1/2 (1:1000; all these antibodies
were from Cell Signaling, Beverly, MA, USA), a goat
polyclonal antibody against total FOXO3a (1:100), or a goat
polyclonal antibody against phosphorylated FOXO3a
(p-FOXO3a, Ser?>3, 1:100; both from Santa Cruz Biotechno-
logies, Santa Cruz, CA, USA). After washing, the membranes
were incubated with a horseradish peroxidase (HRP) con-
jugated secondary antibody (goat anti-mouse immunoglo-
bulin G (IgG), 1:2000 or rabbit anti-goat IgG, 1:2000). The
antibody-reactive bands were revealed by chemilumines-
cence (Amersham Pharmacia Biotech, Piscataway, NJ, USA)
and band density was performed using the NIH Image
program (developed at the US National Institutes of Health
and available at http://rsb.info.nih.gov/nih-image/).

Akt Kinase activity

As described by Chong et al. (2004a), Aktl activity was
determined by using a commercially available nonradioac-
tive Aktl kinase assay kit with glycogen synthase kinase-3$
(GSK-3p) fusion protein (Cell Signaling Technology, Beverly,
MA, USA).



Gene silencing of Aktl and FOXO3a with small interfering RNA
ECs were plated into 35mm dishes or 24-well plates. To
silence Aktl gene expression, commercial reagents using the
SMARTpool Aktl small interfering RNA (siRNA) kit (Upstate,
Lake Placid, NY, USA) was used. To silence FOXO3a gene
expression, the following sequences were synthesized (Am-
bion, Austin, TX, USA): the FOXO3a target sequence 5'-AAAT
CTAACTCATCTGCAAGT-3/, the siRNA sense strand 5'-AUCU
AACUCAUCUGCAAGUUU-3’ and the antisense strand 5'-AC
UUGCAGAUG AGUUAGAUUU-3'. Transfection of siRNA
duplexes were performed with oligofectamine reagent
according to manufacturer guidelines (Invitrogen, Carlsbad,
CA, USA). Experimental assays were performed 72h post-
transfection. For each siRNA assay, negative controls contain
multiple siRNAs including the target siRNA and positive
controls lack the target siRNA.

FOXO03a binding to protein 14-4-3

Cell lysates were precleared and total protein (200 ug)
incubated with 2ul of antibody against protein 14-3-3
(Chemicon, Temecula, CA, USA) overnight at 4°C. The
complexes were collected with protein A/G-agarose beads,
centrifuged and then prepared for FOXO3a Western analysis.

Immunocytochemistry for FOX0O3a

Cells were fixed for either single or double staining with 50%
methanol, 50% acetone, blocked with 1.5% normal horse
serum and labeled with antibody (Vector laboratories,
Burlingame, CA, USA). For specific double staining of
FOXO3a and TUNEL, the 3’-hydroxy ends of cut DNA were
labeled with biotinylated dUTP using an enzyme terminal
deoxytransferase followed by fluorescence avidin (1:50).
Cells were then incubated with rabbit anti-FOX0O3a (1:100,
Upstate, Lake Placid, NY, USA), then with biotinylated anti-
rabbit IgG (1:50) followed by Texas Red streptavidin (1:50).
Cells were washed in PBS, and then stained with 4,6-
diamidino-2-phenylindole (DAPI) (Sigma, St Louis, MO,
USA) for nuclear identification. Fluorescence imaging used
the wavelengths of 565 nm (red) and 400 nm (DAPI).

Statistical analysis

For each experiment, the mean and standard error were
determined. Statistical differences between groups were
assessed by means of analysis of variance (ANOVA) from six
replicate experiments with the post hoc Student’s t-test.

Results

OGD leads to progressive EC injury

No significant toxicity over a 24h period was present in
cultures exposed to EPO alone (0.01-1000ngml™") com-
pared to EC survival in untreated control cultures (98 +4%)
(data not shown). As shown in Figure la, EC survival at
24h was progressively reduced following OGD application
for 6, 8 or 12h. As an OGD exposure period of 8 h resulted
in survival rate of approximately 35% (65% EC loss), this
duration of exposure to OGD was used for the remainder
of the experiments.
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EPO pre- and posttreatment prevents EC injury during OGD
Application of EPO (10ngml~') 1h before OGD, signifi-
cantly reduced trypan blue uptake in ECs, illustrating preser-
vation of intact membrane function and increased survival
by EPO during OGD (Figure 1b). This concentration of EPO
(10ngml™') provided the maximal EC survival. Concentra-
tions lower than 0.1ngml™' or higher than 50ngml~" did
not improve EC survival during OGD (Figure 1c¢).

In posttreatment experiments (Figure 1d), ECs were treated
with EPO (10ngml 1) at 2, 4, 6 and 12 h following OGD with
cell survival determined at 24 h after OGD. EPO applied at 2
and 4 h following OGD exposure significantly increased EC
survival but posttreatment with EPO at 6 and 12 h following
OGD did not increase EC survival.

EPO blocks DNA fragmentation in ECs in the presence of OGD
Twenty-four hours following OGD exposure, apoptosis
with chromatin condensation and nuclear fragmentation
in ECs was present (Figure 1le). In contrast, ECs pretreated
with EPO (10ngml~') 1h before OGD were without nuclear
fragmentation. Quantitiative assays showed that OGD lead
to a significant increase in DNA fragmentation, compared
with untreated control cultures, but that EPO pretreatment
significantly reduced this increased DNA fragmentation
(Figure 1f).

Protection of ECs by EPO during OGD requires Akt1 activity
Western blot assay was performed for phosphorylated Aktl
(p-Aktl) (activated form of Aktl) (Figure 2a) and direct
assessment of Aktl activity was performed through its
specific GSK-3u/p substrate measured through the expression
of phosphorylated (p)-GSK-3u/f (Figure 2b) 6h following
OGD. In Figure 2a and b, both OGD and EPO (10ngml™')
independently increased the expression of p-Akt1 or the acti-
vity of the p-GSK-30/f substrate, but EPO, either alone or in
the presence of OGD, elevated p-Aktl expression and p-GSK-
3a/p to a greater degree than application of OGD alone. This
increased expression of p-Aktl or p-GSK-3o/f activity was
blocked by the specific Aktl inhibitors SH-5 (20 uM) or SH-6
(20 uM) (Kozikowski et al., 2003).

In Figure 2c, application of EPO (10ngml~') 1h before
OGD exposure significantly increased EC survival. Coappli-
cation of SH-5 (20 uM) or SH-6 (20 uM), concentrations that
were shown to block activation of Aktl through phosphory-
lation (Figure 2a) or through p-GSK-3¢/f substrate analysis
(Figure 2b) significantly reduced the ability of EPO to protect
ECs against OGD, suggesting that EPO required Aktl
activation to offer cytoprotection. When administered in
the absence of OGD, SH-5 (20 um) or SH-6 (20 uM) were not
toxic to ECs, but did enhance injury during OGD, suggesting
that endogenous Aktl activation provides a small level of
protection during toxic insults (Figure 2c).

Gene silencing of Aktl eliminates the capacity of EPO to prevent
apoptosis

Although pharmacological inhibitors can have their limit-
ations in manipulating and assessing a protein’s level of
activity, we have used siRNA gene silencing of Aktl to
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EPO has a window of concentration and temporal administration for therapeutic effects during OGD. (a) OGD leads to progressive

EC injury with increased exposure time (*P< 0.01 vs untreated control). (b) Representative images of ECs pretreated with EPO (10ngml~").
(c) Quantitation of EC survival with EPO (0.01-1000 ngmlI~") 1 h before exposure to OGD. Cell survival was assessed 24 h later (*P< 0.01 vs
OGD). (d) ECs were treated with EPO (10 ng ml~"at2, 4, 6and 12h post-OGD exposure and cell survival was assessed 24 h later (*P< 0.01 vs
OGD). (e and f) ECs were pretreated with EPO (10 ng ml~") 1 h before exposure to OGD and DNA fragmentation was determined 24 h later
using the TUNEL assay; representative images in (e) and quantitation of results in (f) (*P< 0.07 vs OGD). In all cases, control = untreated ECs.

knockdown Aktl activity specifically. ECs were transfected
with Aktl siRNA and the expression of total Aktl and p-Aktl
was assessed through Western blot analysis (Figure 3a and b)
as well as through p-GSK-3u/f substrate analysis as a measure
of Aktl activity (Figure 3c). Figure 3a illustrates that total
Akt1 is expressed in untreated control ECs, but application
of a negative control that contains multiple siRNAs includ-
ing Aktl or of the specific siRNA for Aktl significantly
reduced Aktl expression. In addition, gene silencing of Aktl
during administration of EPO (10ngml™") or during EPO
(10ngml~') with OGD exposure prevents phosphorylation
of Aktl (Figure 3b) and p-GSK-3o/p (Figure 3c). As shown
in Figure 3d, OGD increased trypan blue staining and
TUNEL labeling during OGD exposure. Transfection with
siRNA for Aktl was not toxic to ECs. As expected, EPO
(10ngml~') prevented cell injury assessed by trypan blue
staining and cell apoptosis assessed by TUNEL labeling
(Figure 3d), but this protection was lost with gene silencing
of Aktl (Figure 3d), illustrating that activation of Aktl is
essential for EPO to prevent EC injury and genomic DNA
degradation.
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EPO activates STAT3, STATS and ERK 1/2 in ECs during OGD
In Figure 4a-c, Western blot assay was performed for
phosphorylated STAT3 (p-STAT3), phosphorylated STATS
(p-STATS) and phosphorylated ERK 1/2 (activated forms
of STAT3, STATS and ERK 1/2) 6h following OGD. EPO
(10ngml~') given alone to ECs increased expression of
p-STAT3 and p-STATS5 (Figure 4a and b). EPO (10ngml™") in
the presence of OGD elevated p-STAT3 and p-STATS expres-
sion, more than application of OGD alone (Figure 4a and b).
In a similar manner, EPO (10ngml™") in ECs alone or during
OGD increased p-ERK 1/2 expression to a larger degree than
OGD alone (Figure 4c).

EPO maintains the phosphorylation and integrity of p-FOXO3a
during OGD through Aktl1

Western blot assay was performed for phosphorylated
FOXO3a at Ser®>>* (p-FOX03a), the preferential phosphoryla-
tion site for Akt, as well as for the expression of total FOXO3a
at 6 and 12h following OGD (Figure 5a and b). OGD
increased the expression of p-FOXO3a and total FOXO3a
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Figure 2 Cytoprotection by EPO requires the phosphorylation
and activation of Akt1. (a and b) EC protein extracts (50 uglane™")
were immunoblotted with antiphosphorylated-Akt1 (p-Aktl) (a)
or with antiphosphorylated-GSK-3a/f (p-GSK-30/f) (b) to assess
Akt1 activity. Exposure to EPO (10ngml™") or OGD significantly
increased p-Akt1 and p-GSK-3u/f expression. Application of the
specific Akt1 inhibitors SH-5 (20 umol I=1) or SH-6 (20 umol =) were
sufficient to block the expression of p-Akt1 and p-GSK-3u/f in the
presence of EPO during OGD (*P<0.01 vs control; P<0.01 vs
OGD). (c) At concentrations that block phosphorylation and
activation of Aktl during OGD, SH-5 (20uMm) or SH-6 (20 um)
applied 1h before OGD significantly reduced the cytoprotective
capacity of EPO (10ngml~") (*P<0.01 vs OGD alone; "P<0.01 vs
EPO with OGD). In all cases, control = untreated ECs.

over a 6h period when compared with control cultures
(Figure Sa and b). At 12 h post-OGD exposure, expression of
p-FOXO3a and total FOXO3a was much lower than it had
been at 6 h and approached control levels (Figure 5a and b).
In contrast, EPO (10ng ml™?Y) alone or in combination with
OGD exposure maintained the expression of p-FOXO3a and
total FOXO3a over a 12h course, suggesting that EPO can
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prevent the degradation of p-FOXO3a (Figure 5a and b). The
capacity of EPO to phosphorylate FOXO3a and potentially
maintain the integrity of FOXO3a is determined by Aktl, as
application of the specific Aktl inhibitors SH-5 (20 uM) or
SH-6 (20 uM) blocked the phosphorylation of FOXO3a by
EPO either when administered alone or in conjunction with
OGD exposure (Figure 5c¢).

EPO relies upon Akt1 for the binding of FOXO3a to 14-3-3 protein
in ECs during OGD

Akt 1 phosphorylation of FOXO3a leads to the association of
FOXO3a with 14-3-3 protein and retention of FOXO3a in the
cytoplasm (Chong et al., 2005b), rendering it ineffective to
initiate apoptosis. We therefore assessed whether EPO altered
the binding of FOXO3a to 14-3-3 protein during OGD by
immunoprecipitation. EPO (10ngml™') either alone or in
conjunction with OGD exposure increased significantly the
expression of FOXO3a in the lysate that was immunopreci-
pitated by anti-14-3-3 protein antibody (Figure 6a), suggest-
ing that EPO increases the binding of FOXO3a to 14-3-3
protein. In contrast, binding of FOXO3a to 14-3-3 protein
during EPO administration with or without OGD requires
the presence of Aktl, as FOXO3a binding to 14-3-3 protein
was abolished during gene silencing of Aktl (Figure 6a).

EPO requires Akt1 to sequester FOXO3a in the cytoplasm of ECs
during OGD

Immunofluorescent staining for FOXO3a and DAPI nuclear
staining were used to follow the subcellular translocation of
FOXO3a in ECs during EPO and OGD exposure (Figures 6b
and c). During OGD exposure alone, there was significant
immunofluorescent staining for FOXO3a in the nucleus of
ECs with minimal cytoplasmic staining. This was shown
by the inability to detect significant DAPI nuclear staining
in cells during merged OGD images since prominent
FOXO3a staining was present in the nucleus (Figure 6b
and ¢). In contrast, with administration of EPO (10ngml ')
with or without OGD exposure, FOXO3a was retained in
the cytoplasm with minimal nuclear staining as shown
with the clear presence of DAPI nuclear staining in merged
images, illustrating that EPO retains FOXO3a in the cyto-
plasm at levels similar to or below control levels. However,
the ability to sequester FOXO3a in the cytoplasm by EPO
was lost on transfection with siRNA Aktl (Figure 6b and c),
further supporting the premise that EPO requires Aktl
to prevent FOXO3a translocation from the cytoplasm to
the nucleus.

FOXO3a nuclear translocation correlates directly with nuclear
DNA degradation in ECs during OGD

To examine the relationship between FOXO3a nuclear
translocation and the induction of apoptosis, we assessed
colocalization of FOXO3a and TUNEL with immuno-
fluorescent double staining. Following OGD exposure,
merged images confirmed nuclear staining for both FOXO3a
and TUNEL, indicative of active proapoptotic transcriptional
activity for FOXO3a leading to nuclear DNA degradation
(Figure 7a and b). In contrast, EPO (10 ng ml ') administered
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1 h before OGD significantly reduced the number of ECs that
stained positive for FOXO3a and TUNEL in the same cells
(Figure 7a and b). The colocalization of FOXO3a with TUNEL
in the same ECs dramatically increased, comparable to OGD
exposure alone, during application of the Aktl inhibitor SH-
6 (20 uM) or during gene silencing of Aktl (Figure 7a and b),
illustrating the essential role of Aktl in blocking the
proapoptotic properties of FOXO3a.

Gene silencing of FOXO3a improves survival during OGD and
parallels protection with EPO administration

ECs were transfected with FOXO3a siRNA and the expression
of p-FOXO3a was observed through Western blot analysis
(Figure 7c¢). Gene silencing of FOXO3a during OGD exposure
alone or during administration of EPO (10ngml~') with
or without OGD significantly reduced or eliminated the
expression of p-FOXO3a and total FOXO3a (Figure 7c¢).
Following transfection of ECs with FOXO3a siRNA and
exposure to OGD, EC survival was increased relative to that
during OGD alone (Figure 7d), demonstrating that elimina-
tion of FOXO3a can enhance EC survival during OGD
exposure. Interestingly, EPO (10ngml~!) treatment with
OGD in ECs transfected with FOXO3a siRNA yielded a
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similar survival to EPO (10ngml ') with OGD in wild-type
cells, without a synergistic increase, suggesting that EPO
relied upon the prevention of FOXO3a activity to exert
cytoprotection (Figure 7d).

Discussion and conclusions

EPO has been shown to modulate several vital functions
in the vascular system that include progenitor stem cell
maturation, angiogenesis and cellular protection, but it
is the elucidation of the cytoprotective pathways that
govern the properties of EPO, which will be critical for the
development of effective and safe strategies for a number
of disease entities (Sakamaki, 2004; Maiese et al., 2005). We
have shown that administration of EPO in a concentration
range from 1 to 50ngml~' with either 1h pretreatment or
within 4 h posttreatment protected significantly ECs against
cellular membrane injury and apoptotic genomic DNA
degradation during OGD. Although experimental injury
models are limited in their ability to replicate clinical
pathology and the injury model of OGD is no exception to
this rule, cytoprotection by EPO is a robust finding and has
been already demonstrated in a number of injury paradigms
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Figure 4 In the presence of OGD, EPO increases the activity and
phosphorylation of STAT3, STAT5 and ERK 1/2 in ECs. (a—c) EC
protein extracts (50 uglane™') were immunoblotted with antiphos-
phorylated-STAT3 (p-STAT3) (a), antiphosphorylated-STAT5 (p-STATS5)
(b) or antiphosphorylated-ERK 1/2 (p-ERK 1/2) (c) to assess STAT3,
STAT5 and ERK 1/2 activities 6 h following OGD. Exposure to EPO
(10ngml~") either alone or during OGD significantly increased
p-STAT3, p-STAT5 and p-ERK 1/2 expression (*P<0.01 vs control).
In all cases, control = untreated ECs.

that involve hypoxic ischemia (Chong et al., 2002, 2003b; Yu
et al.,, 2005; Liu et al., 2006; Meloni et al., 2006; Wei
et al., 2006), excitotoxicity (Yamasaki et al., 2005), infection
(Kaiser et al., 2006), free radical exposure (Chong et al.,
2003a, 2003c; Yamasaki et al., 2005), neurodegeneration
(McLeod et al., 2006; Pregi et al., 2006) and amyloid toxicity
(Chong et al., 2005a). Cytoprotection by EPO also extends to
neuronal cells to afford protection of the neurovascular unit
during both experimental and clinical cerebral vascular
disease (Dzietko et al., 2004; Maiese et al., 2004; Demers
et al., 2005; Wei et al., 2006).
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Figure 5 EPO maintains the inhibitory phosphorylation of FOXO3a
during OGD. (a and b) EC protein extracts (50 ug lane™") were
immunoblotted with antiphosphorylated-FOXO3a (p-FOXO3a,
Ser?*®) (a) or antitotal FOXO3a (b) at 6 and 12h following EPO
(10ng ml~"), OGD alone, or combined EPO (10 ng ml~") with OGD.
OGD led to the loss of p-FOXO3a (a) and the loss of total FOXO3a
(b) at 12 h, but exposure to EPO (10 ng ml~") maintained p-FOXO3a
(a) and total FOXO3a (b) at 6 and 12 h following OGD (*P<0.01 vs
OGD at 6 h). (c) At concentrations that block phosphorylation and
activation of Aktl during OGD, SH-5 (20uMm) or SH-6 (20 um)
applied 1 h before EPO (10ngml~") or EPO (10ngml~") combined
with OGD significantly prevented the capacity of EPO to maintain
the phosphorylation of p-FOXO3a at 6 h following OGD (*P<0.01 vs
OGD alone; "P<0.01 vs EPO with OGD). In all cases, control =
untreated ECs.

EPO is unusual in its ability to block both early and late
phases of apoptotic cell injury especially in the vascular
system that requires modulation of subsequent inflamma-
tory and thrombotic injury (Parsa et al., 2003; Chong et al.,
2003b, 2005a). The treatment parameters that we observed
for EPO were similar to those for other in vitro cell culture
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Figure 6 Through Akt1, EPO uses 14-3-3 protein to bind to FOXO3a and sequester FOXO3a in the cytoplasm during OGD. (a) EC protein
extracts were immunoprecipitated 6 h after EPO or OGD exposure with anti-14-3-3 antibody and immunoblotted with FOXO3a. Lysates were
from wild type and Akt1 siRNA transfected cells with EPO (10 ng mI~") or combined EPO (10 ng mI~") with OGD. Transfection with Akt1 siRNA
significantly reduced expression of the FOXO3a/14-3-3 complex during EPO alone or during EPO combined with OGD. (b) EPO (10ngml~")
or combined EPO (10ng ml~") with OGD was followed at 6 h with immunofluorescent staining for FOXO3a (Texas-red). Nuclei of ECs were
counterstained with DAPI. In merged images, cells with EPO alone or combined EPO and OGD with white arrows show EC nuclei with minimal
FOXO3a staining (blue/white) and green arrows show EC cytoplasm with significant FOXO3a staining (red) in contrast to cells with OGD alone
or Akt1 siRNA transfection with combined EPO and OGD with minimal FOXO3a staining (gray), demonstrating the inability of EPO to
sequester FOXO3a in the cytoplasm during Akt1 gene silencing. (c) EPO prevents FOXO3a translocation to the nucleus during OGD, but this
ability of EPO is lost during gene silencing of Akt1 (*P<0.01 vs OGD alone or Akt1 siRNA). Control = untreated ECs.

models (Chong et al., 2002; van der Meer et al., 2004; Wright et al., 2005; Spandou et al., 2006). Our cytoprotective
et al., 2004; Bullard et al., 2005) and in vivo animal or clinical concentration range for EPO beginning with 1ngml™!
studies (Bullard et al., 2005; George et al., 2005; Namiuchi parallels endogenous EPO serum levels in patients with
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prevented FOXO3a and TUNEL nuclear staining in the same ECs, but this ability of EPO is lost during combined EPO/OGD with inhibition of
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or combined EPO (10ngml™") with OGD in lysates from wild type and FOXO3a siRNA transfected cells. Transfection with FOXO3a siRNA
significantly reduced expression of p-FOXO3a and total FOXO3a during EPO alone, OGD alone and combined EPO with OGD (*P<0.01 vs
untreated control; "P<0.01 vs corresponding band without siRNA). (d) Gene silencing with FOXO3a siRNA significantly increased survival
during OGD, but lead to similar survival level during combined EPO with OGD without a synergistic increase, suggesting that EPO required the

prevention of FOXO3a activity for cytoprotection (*P<0.01 vs untreated control; 77<0.01 vs OGD alone).

cardiac or renal disease that have been associated with
potential EPO cellular protection (Mason-Garcia et al., 1990;
Namiuchi et al., 2005). It is also of note that serum EPO levels
in healthy individuals are approximately 0.1ngml~!, but
treatment with EPO can significantly elevate plasma EPO
levels well above the 1 ngml ™! range, similar to experimental
in vitro work, and confer beneficial results (Sohmiya et al.,
1998; Bierer et al., 2006).

As in other studies that have assessed EPO cytoprotection
(Chong et al., 2003a; Nishihara et al., 2006; Spandou et al.,
2006; Li et al., 2006¢c), we show that EPO exhibits a narrow
window of concentration and time for application to achieve
therapeutic effects . This ‘therapeutic window’ for EPO may
be determined by several mechanisms. For example, EPO
administration can induce formation of anti-EPO antibodies
that block further biological function of EPO at any

concentration level (Casadevall et al., 2002). In addition,
activation of the EPO receptor by EPO can affect proteasomal
and lysosomal activity that degrades and internalizes the
EPO receptor, thus downregulating EPO signal transduction
pathways (Walrafen et al., 2005).

The PI 3-K pathway through Aktl pathway plays a promi-
nent role for cellular protection in a number of disorders that
can involve ischemia, hypoxia and free radical-induced
oxidative stress (Chong et al.,, 2002, 2003b; Bahlmann
et al., 2004; Miki et al., 2006; Li et al., 2006b) and without
exception, EPO cytoprotective capacity appears to rely
directly upon Aktl. Exogenous EPO administration can
enhance Akt activation in endothelial progenitor cells
(Urao et al., 2006) as well as in differentiated ECs (Bahlmann
et al., 2004). In ECs, modulation of Aktl is critical not only
for increased cell survival by EPO, but also for EPO to
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modulate downstream substrates of Aktl. We show that
endogenous activation of Aktl provides a minimum level
of protection during OGD, as application of the specific
Aktl inhibitors SH-5 or SH-6 increased EC injury. However,
EPO by itself, increased the phosphorylation and the
activation of Aktl to a significantly greater degree than
OGD alone, suggesting that EPO employs Aktl activation to
protect cells against oxidative stress. Loss of EC protection
with EPO during the application of specific Aktl inhibitors
or the gene silencing of Aktl further confirmed the premise
that Akt1l was essential for EPO to protect against apoptotic
injury in ECs.

Interestingly, EPO can require Aktl activation, but also
work in concert with other substrates of the Aktl pathway,
such as nuclear factor-«B (Xu et al.,, 2005; Chong et al.,
2005a; Spandou et al., 2006) and caspase 9 (Chong et al.,
2003a). This knowledge led us to examine whether other
cellular pathways linked to EPO were activated in ECs during
OGD. In particular, EPO has been shown in other cell
systems to lead not only the activation of STAT 3 (Parsa et al.,
2003), STAT 5 (Um and Lodish 2006; Menon et al., 2006b)
and ERK 1/2 (Bullard et al., 2005; Menon et al., 2006a), but
also to rely possibly on these pathways for cell development
and cell protection. We demonstrated that during OGD, EPO
activated STAT3, STATS and ERK 1/2 as shown by the
increased phosphorylation of these proteins, suggesting that
EPO may require these cellular pathways to confer EC
cytoprotection during oxidative stress.

We subsequently investigated another major Aktl
substrate, namely the ‘proapoptotic’ transcription factor
FOXO3a that also may modulate cell survival, erythroid
maturation and EPO signaling (Kashii et al., 2000; Chong
et al., 2005b, 2006). FOXO3a is a member of the mammalian
Forkhead family that function as transcription factors by
preferentially binding to the core consensus DNA sequence
S'-TTGTTTAG-3, the Forkhead response element. In the
absence of inhibitory Aktl phosphorylation, Forkhead
transcription factors are activated, translocate to the nucleus,
and can control a variety of functions that involve cell-cycle
progression, cell longevity and apoptosis (Lehtinen et al.,
2006; Li et al., 2006a). Phosphorylation of FOXO3a by Aktl
leads to the association of FOXO3a with 14-3-3 protein. As
a result of this association with 14-3-3 protein, FOXO3a is
retained in the cell cytoplasm and rendered ineffective
for transcriptional activity that would otherwise promote
apoptotic activity (Chong et al., 2005b).

We identified four vital functions of EPO that employ Akt1
and can prevent FOXO3a from initiating apoptosis in ECs.
First, we demonstrated that OGD initially increased the
inhibitory phosphorylation of FOXO3a within 6 h following
OGD, but over the course of 12 h, expression of phosphory-
lated FOXO3a was lost. In contrast, EPO, in conjunction
with Aktl, maintained inhibitory phosphorylation of
FOXO3a and the integrity of both phosphorylated FOXO3a
and total FOXO3a over this time. Given that proteolysis of
FOXO3a has been shown to occur during cellular stress,
yielding amino-terminal (Nt) fragments that may further
precipitate cellular injury (Charvet et al., 2003), EPO may
derive its cytoprotective capacity through the posttransla-
tional, inhibitory phosphorylation of FOXO3a, as well as
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through the prevention of total and phosphorylated
FOXO3a degradation. Second, we showed that EPO promoted
the binding of FOXO3a to 14-3-3 protein, which serves to
retain FOXO3a in the cytoplasm of cells and prevent the
induction of apoptosis (Chong et al., 2005b). This modulation
by 14-3-3 protein also was dependent on Akt1, since FOXO3a
binding to 14-3-3 protein is lost during gene silencing of
Aktl. Third, EPO had the capacity to sequester FOXO3a in
the cytoplasm through an Aktl-dependent pathway. This
modulation of FOXO3a intracellular trafficking, retaining
FOXO3a in the cytoplasm, blocked apoptotic death in ECs, as
nuclear translocation of FOXO3a during OGD exposure
directly correlates with apoptotic nuclear DNA degradation.
Fourth, the presence of FOXO3a during OGD leads to
apoptotic EC injury, but gene silencing of FOXO3a as well
as the application of EPO with FOXO3a siRNA leads to similar
survival levels without a synergistic increase, further illus-
trating that EPO relied significantly on the prevention of
FOXO3a activity to promote protection in ECs during OGD.

Apoptotic injury in vascular ECs influences the course of
many disorders that can involve the hematopoietic, cardiac
and nervous systems of the body. New therapeutic strategies
that can identify cellular pathways leading to EC apoptosis
and target these mechanisms for protection of ECs are
critical. Our work is the first to elucidate a unique series of
functionally integrated pathways for vascular protection by
EPO that employs the PI 3-K pathway of Akt1, STAT3, STATS,
ERK 1/2, 14-3-3 protein and FOXO3a. Employing agents
such as EPO offers a unique investigative advantage to
identify the earliest stages of EC injury during oxidative
stress that can lay the foundation for the fruitful develop-
ment of clinically efficacious and safe therapies for vascular
disorders.
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