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Prolyl-Hydroxylase 1 Mediates Neuroprotection against
Normoxic Oxidative Death via HIF- and CREB-Independent

Pathways

Ambreena Siddiq,"? Leila R. Aminova,’ Carol M. Troy,* Kyungsun Suh,'? Zachary Messer,' Gregg L. Semenza,’> and

Rajiv R. Ratan'2

Department of Neurosciences, Burke Medical Research Institute, White Plains, New York 10605, 2Department of Neurosciences, Weill Medical College of
Cornell University, New York, New York 10065, *Department of Microbiology, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801,
“Department of Pathology, Columbia University College of Physicians and Surgeons, New York, New York 10032, and *Institute for Cell Engineering and
Department of Genetics, Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

Oxidative stress contributes to tissue injury in conditions ranging from cardiovascular disease to stroke, spinal cord injury, neurodegen-
eration, and perhaps even aging. Yet the efficacy of antioxidants in human disease has been mixed at best. We need a better understanding
of the mechanisms by which established antioxidants combat oxidative stress. Iron chelators are well established inhibitors of oxidative
death in both neural and non-neural tissues, but their precise mechanism of action remains elusive. The prevailing but not completely
substantiated view is that iron chelators prevent oxidative injury by suppressing Fenton chemistry and the formation of highly reactive
hydroxyl radicals. Here, we show that iron chelation protects, rather unexpectedly, by inhibiting the hypoxia-inducible factor prolyl
4-hydroxylase isoform 1 (PHD1), an iron and 2-oxoglutarate-dependent dioxygenase. PHD1 and its isoforms 2 and 3 are best known for
stabilizing transcriptional regulators involved in hypoxic adaptation, such as HIF-1oe and cAMP response element-binding protein
(CREB). Yet we find that global hypoxia-inducible factor (HIF)-PHD inhibition protects neurons even when HIF-1« and CREB are directly
suppressed. Moreover, two global HIF-PHD inhibitors continued to be neuroprotective even in the presence of diminished HIF-2« levels,
which itself increases neuronal susceptibility to oxidative stress. Finally, RNA interference to PHD1 but not isoforms PHD2 or PHD3
prevents oxidative death, independent of HIF activation. Together, these studies suggest that iron chelators can prevent normoxic
oxidative neuronal death through selective inhibition of PHD1 but independent of HIF-1ce and CREB; and that HIF-2«, not HIF-1q,

regulates susceptibility to normoxic oxidative neuronal death.

Introduction

Oxidative stress contributes to the pathogenesis of a number of
neurological conditions (Hayashi, 2009; Krasnova and Cadet,
2009; Levy et al., 2009; Liot et al., 2009; Maccioni et al., 2009;
Terni et al., 2009; Trimmer and Bennett, 2009). Occurring when
the production of reactive oxygen species overwhelms a cell’s
detoxification capacity, oxidative stress can damage DNA, de-
plete ATP, and induce cell death (Hwang et al., 2009; Shokolenko
etal., 2009; Unnikrishnan et al., 2009; Visconti and Grieco, 2009).
Most enzymes that produce reactive oxygen species contain a

Received April 14, 2009; revised May 22, 2009; accepted June 1, 2009.

This study was financially supported by New York State Department of Health Center of Research Excellence in
Spinal Cord Injury (Grant 019772 to R.R.R.), Adelson Foundation, and National Institutes of Health ROT (Grants NS
40591, NS 46239, and NS37060 to R.R.R.). We are thankful to Rachel Speer, Xia Li, Hsin-Hwa Lee, Dr. Wilfredo
Mellado, Dr. Renee Haskew-Layton, and Dr. Sama Sleiman for their help and support with this project. We thank
Vicki Brandt for thoughtful editorial assistance and Dr. John Cave for help with figures.

Correspondence should be addressed to either of the following: Dr. Ambreena Siddiq or Dr. Rajiv R. Ratan, Burke
Medical Research Institute, 785 Mamaroneck Avenue, White Plains, NY 10605, E-mail: ams2028@med.cornell.edu
or rrr2001@med.comell.edu.

DOI:10.1523/JNEUR0SCI.1779-09.2009
Copyright © 2009 Society for Neuroscience  0270-6474/09/298828-11$15.00/0

metal such as iron or copper; iron in particular is an essential
element in propagating neuronal injury (Droge and Schipper,
2007). Iron chelation can prevent oxidative death in vitro, and
low molecular weight or protein chelators of iron have been
found to prevent injury in a host of neurological conditions in
rodents as well as in a small pilot clinical trial in Alzheimer disease
in humans (Lee et al., 2005; Bush, 2008).

Yet there has been no convincing evidence pointing to a single
target that could mediate the salutary effects of iron chelation. We
initially proposed that iron chelators prevent normoxic oxidative
death by stabilizing the transcription factor hypoxia-inducible
factor-1 (HIF-1) and thereby increasing transcription of its
downstream target genes such as erythropoietin (Epo), glycolytic
enzymes, and vascular endothelial growth factor (VEGF) (Zaman
etal., 1999; Li et al., 2008). HIF levels are regulated by the activity
of a group of enzymes called HIF-prolyl 4-hydroxylases (HIF-
PHDs) that require iron, oxygen and 2-oxoglutarate (2-OG) to
hydroxylate proline residues pro-564 or pro-402 (amino acid
positions designated in humans) in the HIF-1 molecule (Kaelin
and Ratcliffe, 2008). Hydroxylation of HIF-1 allows it to bind to
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and 3 also differ in their expression pat-
% terns, tissue distribution, subcellular local-
Ea ization, and their ability to hydroxylate
N HIF-1 (Siddiq et al., 2007, 2008). Further-
more, isoform-specific patterns of PHD
induction by hypoxia/ischemia alter the
abundance and therefore the relative con-
tribution of each isoform toward HIF reg-
ulation. These distinct characteristics of
the three isoforms of PHDs suggest that
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the protective effects of PHD inhibition
might involve mechanisms that are inde-
pendent of HIF-1, with each isoform
regulating distinct pathways that con-
tribute toward the overall scheme of
neuroprotection.

We investigated the role of HIF iso-
forms and cAMP response element-
binding protein (CREB) in neuroprotec-
tion induced by HIF-PHD inhibition. Our
findings suggest that the knockdown of
isoform PHDI prevents oxidative death
via mechanisms independent of HIF-1,
HIF-2, or CREB. Moreover, steady state
levels of HIF-2 under conditions of nor-
moxia appear to be important for protect-
ing neurons from oxidative stress.
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Figure 1.

and Student-Newman—Keuls tests.

the Von Hippel Lindau (pVHL)-E3 ubiquitin ligase complex and
undergo proteasomal degradation. Iron chelators or structural
analogues of 2-OG inhibit the activity of HIF-PHDs and there-
fore stabilize HIF (Bruick and McKnight, 2001; Ivan et al., 2001;
Jaakkola et al., 2001). Our previous work implicated the HIF-
PHDs in protection from oxidative death by iron chelation, but
left two important questions unanswered (Aminova et al., 2005,
2008; Siddiq et al., 2005). Do one or more isoforms of the HIF-
PHDs need to be inhibited to prevent normoxic oxidative death?
And second, is HIF necessary for protection by HIF-PHD
inhibition?

There are three different isoforms of PHDs present in the
brain: HIF-PHDI, -PHD2, and -PHD3 (Epstein et al., 2001).
Small molecules that target all three prevent neuronal death in
vitro and in vivo (Siddiq et al., 2005). Although the three isoforms
share homology in the C-terminal catalytic domain, they have
significant differences in their N-terminal sequences. PHD1, 2,

Validation of shRNA against HIF-1cx. a, HT22 cells were infected with a retrovirus containing shGFP (siGFP) or
shHIF-1cx (siHIF-1) and selected for 1 week using puromycin. Real-time PCR analysis was performed for relative quantification of
HIF-1ce mRNA levels. b, Percentage luciferase activity after siHIF or siGFP cells were transiently transfected with HRE-luciferase
reporter and treated with DFO, DHB, or DMOG. ¢, Relative quantification of HIF-1 downstream genes enolase 1 (top), p21 (middle),
and VEGF (bottom) in siHIF-1 and siGFP overexpressing cells treated with DFO (100 wum), DHB (10 wum), or DMOG (2.5 mw). Graph
depicts comparison to nontreated control == SD calculated from three separate experiments for each group. *p =< 0.05 by ANOVA

Materials and Methods
Desferrioxamine (DFO) and 3,4-dihydro-
xybenzoate (DHB) were purchased from Sigma
Chemicals, dimethyloxalylglycine (DMOG)
was purchased from Frontier Scientific Discov-
ery Chemicals. HIF-wt (YGKKRRQRRRDLD-
LEMLAPYIPMDDDFQL) and HIF-mut
(YGKKRRQRRRDLDLEMLAAYIAMDDDE-
QL) peptides were synthesized by the Biopoly-
mers laboratory, Harvard Medical School, Har-
vard, MA. 5'-Thiol modified siRNAs for con-
trol and isoforms for PHDs were ordered from
Qiagen.

Cell culture. Cell cultures were obtained from
the cerebral cortex of fetal Sprague Dawley rats
[embryonic day 17 (E17)] as described previ-
ously (Ratan et al., 1994). HT22 murine hip-
pocampal cells were cultured in Dulbecco mod-
ified Eagle’s medium with high glucose,
L-glutamine, pyridoxine hydrochloride, and
10% FBS (DMEM,; Invitrogen) supplemented with penicillin/streptomy-
cin and 10% fetal bovine serum (Invitrogen).

Penetratinl-linked siRNA preparation. siRNAs were designed according to
published design guidelines with dTdT 3" overhangs (Elbashir etal., 2001a,b;
Davidson et al., 2004). Six siRNA sequences were analyzed for each isoform.
At least two among each set of 19 nt double-stranded sequences
caused significnat knockdown of the respective isoforms: for PHDI
(NM_001004083), CAGCACUACCCAUAGCAGUATAT and UCAAGCU-
CUCCCUCAGUUGATAT; for PHD2 (NM_178334), GAUGUGUGA-
CAUGUAUAUAATAT and GAGUGACUCUUCCAAGGACATAT; for
PHD3 (NM_019371), UGCCUCUGGGACACAUCAUdTAT and UG-
GAACAGGUUAUGUUCGUATAT. All siRNAs target the open reading
frame. Commercially available negative control was purchased from Qiagen
(cat# 1027099, Qiagen). For coupling, siRNA duplexes with a 5’-thiol on the
sense strand were synthesized and HPLC purified (Qiagen). For uptake stud-
ies, siRNAs were synthesized with a 5’ thiol on the sense strand and 5" rhodi-
mine on the antisense strand. Annealed siRNA duplexes were resuspended
in buffer provided by the manufacturer. An equimolar ratio of Penetratinl



8830 - J. Neurosci., July 8, 2009 - 29(27):8828 — 8838

(Q-Biogene) was added to the siRNA suspension, the mixture was heated to
65°C for 15 min, and then incubated at 37°C for 1 h. The yields of the
reactions were estimated at 90% by SDS-PAGE (data not shown).
Penetratin]-linked siRNA was added to the immature cortical neuron. Con-
trol siRNAs labeled with a 5' thiol on the sense strand and 5’ rhodamine on
the antisense strand were used to visualize uptake of siRNA into neurons
using confocal fluorescence microscope (Ziess LSM50). Real-time PCR and
immunocytochemical analysis for the expression of PHD isoforms was per-
formed after 16 h of incubation with the siRNA.

Plasmids and retroviruses. Short interfering RNAs (siRNA) were
cloned into the pSuperRetro vector (OligoEngine) under the control of
polymerase-IIT H1-RNA gene promoter. SIRNAs ShRNAs in pSuper-
Retro (OligoEngine) that correspond to the HIF-1a and green fluores-
cent protein (GFP) genes were designed according to the manufacturer’s
instructions. The target sequence for HIF-1 and GFP was selected as
described previously (Aminova et al., 2005). pSuperRetro shHIF-2 and
the pGL2-promoter with 68 bp sequence containing the hypoxia re-
sponse element from the enolase 1 gene was used to monitor HIF-1
transcriptional activity (Semenza et al., 1994). shGFP sequence was used
as a control for the shHIF-2 experiments referred to as control in the
figures. CREB and ACREB (dominant negative inhibitor of CREB) plas-
mids were a kind gift from Dr. David Ginty (Johns Hopkins University,
Baltimore, MD) (Ahn et al., 1998).

Transfections and infections. HT22 cells were plated on a 12-well plate
at a density of 5 X 10* cells/ml 16 h before transfection or infection.
CREB, ACREB, HRE-luciferase or CRE-luciferase reporter plasmids
were transfected using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. Retroviral infections of HT22 cells were per-
formed in the presence of polybrene (4 ug/ml; Sigma) at a multiplicity of
infection (MOI) of 10 and incubated for 24 h before addition of puro-
mycin (4 pg/ml; Sigma) containing media for selection.

Cell lysates. After transfection, infection, or drug treatment, cells were
scraped into the cold PBS and centrifuged. After washing in cold PBS, the
cell pellets were either used for whole-cell lysate preparation using lysis
buffer (Boston Bioproducts) added with a protease inhibitors cocktail
(Sigma) or subjected to nuclear extraction procedure using NE-PER nu-
clear and cytoplasmic extraction reagents kit (Pierce Biotechnology).

Immunoblot analysis. Samples were boiled in Laemmli buffer and elec-
trophoresed under reducing conditions on 12% polyacrylamide gels.
Proteins were then transferred to a polyvinylidene difluoride membrane
(Bio-Rad). Nonspecific binding was inhibited by incubation in odyssey
blocking buffer (Li-Cor Biosciences). Primary antibodies against HIF-1«
(Upstate Cell Signaling Solutions), HIF-2a (Millipore Bioscience Re-
search Reagents), CREB (Upstate Cell Signaling Solutions), and B-actin
(Sigma), were diluted 1:100, 1:100, 1:1000, and 1:5000 respectively in
odyssey-blocking buffer and incubated overnight at 4°C. Respective flu-
orophore conjugated odyssey IRDye-680 or IRD-800 secondary antibod-
ies (LI-COR Biosciences) were used at 1:10,000 dilution followed by
incubation for 2 h at room temperature. Immunoreactive proteins were
detected using Odyssey infrared imaging system (LI-COR Biosciences).

Immunofluoroscence staining. Indirect labeling methods were used to
determine the levels of PHD isoform protein levels in cortical neuron
cultures. Dissociated cells from cerebral cortex were seeded onto poly-p-
lysine coated eight-well culture slides (Becton Dickinson Labware) and
treated with penetratinl linked siRNA against PHD1, PHD2, and PHD3
overnight. Cells were washed with warm PBS and fixed at room temper-
ature for 15 min with 4% paraformaldehyde (PFA). After washing, cells
were incubated with blocking solution containing 0.3% Triton X-100,
and 5% goat serum in PBS for 1 h, followed by incubation with rabbit
PHD1 or —-PHD?2 antibody (Novus Biologicals) (1:100 dilution) over-
night. After three washes with PBS, cells were incubated with FITC-
conjugated goat-anti-rabbit IgG antibody (Invitrogen) (1:200 dilution)
and DAPI The slides were washed three times with PBS and mounted
with Fluorochrome mounting solution (Vector Laboratories). Images
were analyzed under confocal fluorescence microscope (Ziess LSM50).
Control experiments were performed in the absence of primary
antibody.

Real-time and reverse transcriptase-PCR. Real-time PCR was performed
to analyze changes in mRNA levels. The levels of CREB, HIF-1«, HIF-2a,
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Figure 2.  Prolyl 4-hydroxylase inhibition protects neurons from oxidative stress induced

death via mechanisms independent of HIF-1cx. a— ¢, Percentage viability of siHIF-1- or siGFP-
infected HT22 cells under oxidative stress in the presence or absence of varying doses of DFO (a),
DHB (b), or DMOG (c). Cell viability was measured using MTT assay. Graphs depict mean per-
centage viability = SD calculated from three separate experiments for each group (*p =< 0.05
by ANOVA and Student-Newman—Keuls tests).

VEGEF, p21, and enolase were analyzed using Realtime PCR assay mix and
primers (MmO00501607_m1, Mm00468875_ml, Mm00438717_ml,
Mm00432448_m1, Mm00469062_m1) (Applied Biosystems) on an Ap-
plied Biosystems 7500 system. 3-Actin was used as an endogenous con-
trol (MmO00607939_s1). The levels of c-Fos were analyzed by semiquan-
titative RT-PCR by using the one-step RT-PCR kit ReddyMix version
(Abgene) using primers forward 5’ AGTGGTGAAGACCATGTCAGG3’
and reverse 5'CATTGGGGATCTTGCAGGCAG3'.

Luciferase assay. Cells overexpressing luciferase gene obtained by
transfection of HT22 cells with an HRE (enolase 1 promoter-reporter
construct) (Semenza et al., 1994) or CRE-luciferase reporter (BDbio-
sciences, Clontech) were used to study the effects of CREB or HIF-1
knockdown and with or without treatment with PHD inhibitors. Lucif-
erase assay was performed using the bioluminescent method (Promega)
using a luminometer plate reader (Molecular Devices). Luciferase activ-
ity was normalized to cell viability using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphentetrazolium bromide) (MTT) assay or protein concentration
using Bio-Rad assay.
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rescence microscopy or phase contrast micros-
copy as previously described (Siddiq et al.,
2005).

Statistics. All experiments were performed in
triplicates or more. Data were subjected to two-
way ANOVA or multivariate analysis. The sta-
tistical significance of differences between
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Figure 3.  Reduction in HIF-2 levels renders hippocampal neuroblasts more sensitive to oxidative stress both in the presence

and absence of HIF-PHD inhibitors. a, HIF-PHD inhibitors stabilize HIF-2cv. b, HT22 cells were stably transfected with a retroviral
vectors containing shGFP (control) or shHIF-2«x (siHIF-2cx) and selected for 1 week using puromycin. Western blot analysis was
conducted to analyze reduction in HIF-2c protein levelsin siHIF-2cx (lanes 1and 2) and control (lanes 3 and 4) cellsin the presence
and absence of DFO (lanes 2 and 4). ¢, Percentage viability of control and siHIF-2 cells after overnight treatment with oxidative
stress inducer HCA. d—f, Percentage viability of control or siHIF-2 overexpressing HT22 cells under oxidative stress in the presence
or absence of varying doses of DFO (d), DHB (e), or DMOG (f). Cell viability was measured using MTT assay. Graphs depict mean
percentage viability ==SD calculated from three separate experiments for each group. *p = 0.05 by ANOVA and Student-
Newman—Keuls tests. g, Phase-contrast pictures of HT22 cells infected with siControl (left), siHIF-2 (right) cells that were non-
treated (control), or treated with HCA (5 mm) in the presence or absence of DFO (100 um), DHB (1.25 um), or DMOG (5 mm).

Viability assays. For cytotoxicity studies, primary neurons or HT22
cells were isolated or grown as described above. Primary neurons were
plated at a density of 10° cells/ml in 96-well plates, overnight before
treatment with the penetratinl-siRNA complex. After 16 h, cells were
rinsed with warm PBS and then placed in minimum Essential Medium
(MEM; Life Technologies), containing respective concentrations of the
glutamate analog homocysteate (HCA). HCA was diluted from 100-fold
concentrated solutions that were adjusted to pH 7.5. Viability was as-
sessed by the MTT assay (Mosmann, 1983). To evaluate the effects of the
drugs on cytotoxicity, DFO and DHB were added simultaneously with
HCA; DMOG was added for 6 h and removed from the wells before the
addition of HCA. The fidelity of MTT assays in measuring viability was

DMOG (mM)+5mM HCA

hoc tests, as indicated in table and figure leg-
ends. The analyses were done by using the Sta-
tistica 6.1 software (StatSoft).

Results

To test whether HIF-1a is indeed required
for HIF-PHD inhibition to exert its neuro-
protective effects, we first established a line
of immortalized hippocampal neuroblasts
(HT22 cells) in which we could knock
down endogenous HIF-lae expression
by RNA interference. (HIFs are het-
erodimeric complexes comprising regu-
lated o subunits and constitutively ex-
pressed B subunits; it is the a-subunit that
is hydroxylated at two proline residues in
the oxygen-dependent degradation do-
main, which allows for ubiquitination and
degradation). We used a retroviral DNA
vector that processes short interfering
RNAs from a short RNA hairpin (shRNA)
transcribed under control of the polymer-
ase III-H1 promoter (pSuperretro, Oligo-
engine), selecting a 19-nt-long sequence
targeting HIF-1 and a control GFP se-
quence. At least three stable cell pools ex-
pressing each of these shRNAs were gener-
ated and selected with puromycin.
Expression of the hpGFP (siGFP) caused
no change in HIF-1a message expression
compared with controls, whereas expres-
sion of the shHIF-1 (siHIF-1) significantly
reduced HIF-laa message by ~60%
(Fig. 1a).

To verify reduction in HIF-1a protein
levels, we turned to three canonical PHD
inhibitors—DFO (an iron chelator),
DMOG (a 2-oxoglutarate analog), and
DHB (a 2-oxoglutarate analog). We had
previously showed that PHD inhibition by
these small molecules stabilizes HIF-1a
levels and is associated with significant
transactivation of a luciferase reporter
gene (Siddiq et al., 2005). Control cells in-
fected with siGFP showed robust luciferase activity, but HIF-1«
depleted cells showed little response to PHD inhibition (Fig. 1b).
These findings affirm prior studies that show that our shRNA to
HIF-1a reduces protein levels in hippocampal neuroblasts (Ami-
nova et al., 2005).

We next verified that HIF-1 repression reduced expression of
known HIF-1 target genes. We performed real-time PCR on eno-
lase, p21 wafl/cipl, and VEGF mRNAs (Semenza, 2000), using
a-tubulin as a control. As expected, DFO, DHB, and DMOG
robustly increased mRNA levels of the three HIF-1 targets (eno-
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lase, p21, and VEGF) in siGFP-expressing cells but not siHIF cells
(Fig. 1¢), whereas the increase in mRNA levels of the HIF-1 target
genes was significantly reduced in the siHIF cells. An oxygen
insensitive HIF-VP16 construct rescued HIF-dependent gene ex-
pression in the presence of the shRNA to HIF-la (data not
shown). We conclude that the effects of sShRNA to HIF-1« are
target-specific.

Neuroprotective effect of PHD inhibition does not

require HIF-1

Previous work showed that the absence of HIF-1a protects HT22
cells against glutathione depletion-induced cytotoxicity (Amin-
ova et al,, 2005). To determine whether the absence of HIF-1a
nullifies the neuroprotective effect of PHD inhibition against ox-
idative stress-induced death, we measured the viability of shHIF-
and shGFP-expressing cells exposed to 5 mM of the glutamate
analog HCA, with and without the addition of various doses of
DFO, DHB, or DMOG. HCA competitively inhibits cystine up-
take into immature primary neurons, depleting intracellular cys-
teine, the rate-limiting precursor of glutathione synthesis (Ratan
et al., 2002). Surprisingly, not only was PHD inhibition still pro-
tective in the absence of HIF-1a, but loss of HIF-1a made cells
more sensitive to PHD inhibition at lower concentrations of
DFO, DHB, and DMOG (Fig. 2a—c). PHD inhibitors thus protect
neurons from oxidative stress-induced death via mechanism(s)
independent of HIF-1. Indeed, these results suggest that under
normoxic conditions, HIF-1 expression in neurons diminishes
the potency and efficacy of HIF-PHD inhibition-induced
neuroprotection.

Loss of HIF-2 renders hippocampal neurons more sensitive to
oxidative stress regardless of HIF-PHD inhibition

HIF-2 «, also known as endothelial PAS domain protein-1,
shares 80% sequence homology to HIF-1a and also interacts with
HIF-1pB. Treatment of immortalized hippocampal cells (data not
shown) or primary cortical neurons with HIF-PHD inhibitors
increases HIF-2a protein levels (Fig. 3a). We therefore asked
whether HIF-2a could be mediating the neuroprotective effects
of HIF-PHD inhibition. We expressed a previously validated
shRNA against HIF-2« in HT22 cells, as described above for
HIF-1a. The HIF 2o shRNA significantly reduced its protein
levels (Fig. 3b) and message levels by >90% in HT22 cells (data
not shown). We then treated control and HIF-2 knockdown cells
with varying doses of the glutamate analog HCA. Increasing con-
centrations of HCA reduced viability of both cell lines, but con-
sistent with previous results (Shohet and Garcia, 2007; Lomb et
al., 2009) those lacking HIF-2 were more sensitive to the gluta-
thione depletion (Fig. 3¢). PHD inhibition by DFO and DMOG is
still completely protective in these cells, but protects less potently
than in control cells. DHB was only effective in HIF-2 depleted
cells at a relatively low dose of 1.25 uMm, but still only ~60% cells
were viable (Fig. 3d—g). These data suggest that HIF-2 affects the
potency but not efficacy of two structurally diverse PHD inhibi-
tors, DFO and DMOG, in preventing oxidative death. The DHB
dose-response in the absence of HIF-2 becomes much more par-
abolic, suggesting that HIF-2 may be important in combating
off-target toxic effects of DHB as its concentration is increased
under conditions of oxidative stress.

Knockdown of HIF-1 in HIF-2 deficient cells diminishes their
vulnerability to oxidative stress-induced death

Our results so far indicate that loss of HIF-1 protects hippocam-
pal neuroblasts against oxidative stress, whereas loss of HIF-2
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Figure 4.  Knockdown of HIF-1 in HIF-2 deficient cells partially abrogates the sensitivity of

HIF-2 knock-out hippocampal cells to oxidative stress induced death. a— d, Cells overexpressing
siRNA against HIF-1cx, HIF-2cx, or both HIF-1cx and HIF-2cx simultaneously were subjected to
varying doses of oxidative stress inducer HCA (a) or in the presence or absence of DFO (b), DHB
(c), or DMOG (d); percentage cell viability was measured after overnight treatments with the
drugs and HCA, using MTT assay. Graphs depict mean percentage viability = SD calculated from
three separate experiments for each group (*p = 0.05 by ANOVA and Student-Newman—Keuls
tests.

makes them more vulnerable. We therefore examined the effect
of simultaneous reduction in both HIF-1 and HIF-2 and found
that doubly deficient cells are about as vulnerable to oxidative
stress as control cells; HIF-1 knockdown cells remain most pro-
tected, HIF-2 knockdown cells remain the most sensitive to oxi-
dative stress induced death (Fig. 4a). This was the case regardless
of PHD inhibition status (Fig. 4b—d). Notably, the absence of
HIF-1 improved the performance of all three PHD inhibitors,
enabling full rescue by DFO and DMOG and almost complete
rescue by DHB at the lowest dose. These data are in agreement
with previous reports that HIF-1ae may act as a prodeath mole-
cule (Aminova et al.,, 2005), and further suggest that HIF-2« has
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signal in the HT22 cell lines (Fig. 5b—d).
To verify that changes in CRE dependent
reporter accurately reflected CREB tran-
scriptional activity, we examined the ex-
pression of a canonical neuronal CREB
target gene, c-fos. Levels of c-fos were sig-
nificantly elevated in CREB overexpress-
ing cells, whereas overexpression of
A-CREB reduced c-fos levels (data not
shown). To ascertain the effect of CREB or
ACREB overexpression on oxidative stress
induced death, we treated cells with a
range of concentrations of the glutamate
analog HCA but observed no significant

* difference in the viability of control
— (puro), CREB, or ACREB cell lines (Fig.

ACREB CREB

F.-

Control

-— Y Yarw

Puro CREB ACREB Puro

CREB ACREB

6a). Nor did we observe any significant

+ CRE-Luciferase

Figure 5.

a distinct role in protecting against normoxic oxidative death.
The findings also add to a growing body of literature that suggests
that HIF-1 and HIF-2 may have complementary rather than re-
dundant functions (Imamura et al., 2009; Mastrogiannaki et al.,
2009).

Neuroprotection by PHD inhibition does not depend

on CREB

The transcription factor CREB plays a role in protecting multiple
neuronal types from programmed cell death in response to dif-
ferent apoptotic stimuli, including ischemia or growth factor
withdrawal (Valera et al., 2008; Atkinson et al., 2009). Hypoxia
increases its activity (O’Reilly et al., 2006), and we previously
showed that DFO stimulates CREB binding to the hypoxia re-
sponse element in rat primary neurons (Zaman et al., 1999). We
therefore sought to determine the effect of PHD inhibitors on
CREB. Real-time PCR and immunoblotting revealed a significant
increase in CREB mRNA and total protein levels in the HT22 cells
treated with DFO, DHB, and DMOG. To verify that these small
molecules are targeting the HIF prolyl hydroxylases, we used a
previously validated cell permeant, peptide inhibitor (HIF-wt) of
the HIF PHDs. A mutated form of the peptide (HIF-mut) was
used as a control (Siddiq et al., 2005) (Fig. 5a). Of note, these cells
also showed an increase in the phosphorylated form of CREB
(data not shown), but we have not established whether this re-
flects increased phosphorylation of CREB or constitutive phos-
phorylation of an increased pool of CREB.

We next sought to determine whether CREB mediates the
protective effect of HIF-PHD inhibition. We forced expression of
either wild-type CREB or a dominant-negative form of the pro-
tein in which an acidic domain has been substituted for the
leucine zipper domain (ACREB) (Ahn et al., 1998) (to function-
ally knock down the CREB protein). We then verified that each of
the proteins had the expected effect on CREB transcriptional
activity by using a luciferase reporter driven by a canonical CRE
sequence. As expected, CREB overexpression strongly stimulated
CRE reporter activity, whereas ACREB reduced the luciferase

Characterization of CREB and ACREB. a, Western blot analysis of neurons treated with pharmacological (DFO, DHB,
and DMOG: lanes 2—4) or peptide (HIF-wt: lane 6) inhibitors to analyze total CREB levels. HIF-mut (lane 5) and nontreated cells
(lane 1) were used as controls. b, Western blot analysis of CREB protein levels after stable transfection of HT22 cells with control
(lane 1), ACREB (lane 2), or CREB (lane 3). ¢, Real-time PCR analysis of CREB mRNA levels in HT22 cells stably transfected with
control (empty), CREB or ACREB plasmids. d, Percentage luciferase activity in control, CREB, or ACREB stably overexpressing cells
after transient transfection with the CRE-luciferase reporter. *p =< 0.05 by ANOVA and Student-Newman—Keuls tests.

difference in the effects of PHD inhibition
in cells overexpressing CREB or ACREB
(Fig. 6b). These results establish that CREB
is not necessary for the neuroprotective ef-
fects of PHD inhibition nor is CREB sulffi-
cient to mimic PHD inhibition induced
neuroprotection.

Simultaneous knockdown of HIF-1 and

CREB does not abrogate protective effect of PHD inhibition
Although PHD inhibition increases both HIF-1 and CREB levels
in neurons, knockdown of one does not eliminate possible com-
pensation provided by the induction of the other. We transfected
puromycin resistance gene (control), CREB-, or ACREB-
overexpressing cell lines with the HRE-Luc plasmid and treated
the cells with DFO and DHB. As shown in Figure 6d, simulta-
neous knock-out of both CREB and HIF-1 had no influence on
the neuroprotective effects of PHD inhibition. We conclude that
prolyl 4-hydroxylase enzymes protect neurons from oxidative
stress induced death via mechanisms independent of HIF-1 and
CREB.

Knockdown of isoform PHD1 but not PHD2 or 3 abrogates
oxidative stress-induced death in cortical neurons

Neurons express three distinct isoforms of prolyl 4-hydroxylase
enzymes: PHD-1, PHD2, and PHD3. The three isoforms differ in
expression regulation, tissue distribution, cellular localization,
and ability to hydroxylate HIF-1a (Siddiq et al., 2007); they share
homology in the C-terminal catalytic domain but differ consid-
erably in N-terminal sequences. We previously showed that
global inhibition of all three isoforms of prolyl 4-hydroxylase
prevents oxidative glutamate toxicity in primary neurons and
reduces injury in a rat model of middle cerebral artery occlusion
(Siddiq et al., 2005). Our findings that HIF is unnecessary for
protection by global HIF-PHD inhibitors led us to hypothesize
that the isoform most associated with HIF regulation, PHD2, was
unlikely to be responsible for protection. But are PHD1 and/or
PHD3 responsible for mediating protection?

We used six separate sequences of siRNA to knockdown each
isoform in rat immature primary neurons. Rhodamine-labeled
penetratinl-linked siRNA was used to trace delivery of the siRNA
in immature primary neurons, and the level of intracellular ac-
cumulation of the siRNA was monitored by fluorescence micros-
copy. Each cell nucleus, identified by DNA intercalating chro-
mophore DAPI, was found to be associated with rhodamine label
in its cell bodies and processes, reflecting the uptake of the
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Figure 6.  Prolyl 4-hydroxylase inhibition protects neurons from oxidative stress induced
death via mechanisms independent of CREB. a, Percentage viability of control, CREB, or ACREB
cell lines treated with varying doses of HCA overnight. b, HT22 cells transfected with ACREB or
CREB, cells nontreated (control), or treated with HCA (5 mw) in the presence or absence of DFO
(100 M) or DHB (10 rum). Cell viability was measured using MTT assay. Graphs depict mean
percentage viability +=SD calculated from three separate experiments for each group (*p =
0.05 by ANOVA and Student-Newman—Keuls tests). ¢, CREB or ACREB overexpressing cells were
infected with siHIF-1 or siGFP and subjected to oxidative stress induced death in the presence or
absence of DFO or DHB.

rhodamine-penetratinl-siRNA complex (Fig. 7a). Cells
treated with penetratinl-linked siControl and six sequences
against PHD1 (siPHD1), PHD2 (siPHD2), or PHD3 (siPHD3)
were subjected to real-time PCR and immunocytochemistry,
which confirmed a significant reduction in both mRNA and
protein levels of each isoforms by at least two of the tested
sequences as denoted by * (Fig. 7b—d). To determine the effect
of knockdown of each PHD isoform on oxidative stress in-
duced death, PHD isoform knockdown cells were exposed to a
glutamate analog HCA (5 mM). Knockdown of PHD1 but not
PHD?2 or PHD3 prevented oxidative stress-induced death in
neurons as measured by MTT assay or qualitative observation
by phase contrast microscopy (Fig. 8a,b). Consistent with pre-
vious observations that HIF-PHD?2 is the central regulator of
hypoxia gene expression in neurons, we found that molecular
reduction of PHDI1 did not increase the activity of a luciferase
reporter driven by a hypoxia response element (data not
shown).

Siddiq et al. @ PHD1 Mediates Neuroprotection against Oxidative Stress

120 1
_} rH
100{ rh n -} B B
3
2 801
4 ONo HCA
> 601
B O+ HCA (5mM)
40
20 1 {-I
siControl siPHD1 siPHD1 siPHD2 siPHD2 siPHD3 siPHD3
Treatment
siControl
siControl + HCA
Figure8.  The knockdown of the isoform of prolyl 4-hydroxylase enzymes PHD1 but PHD2 or

PHD3 abrogates oxidative stress-induced death in cortical neurons. a, Percentage viability of
primary neurons treated with siControl or two separate siRNAs against each isoform PHD1,
PHD2, or PHD3. Control or knockdown cells were exposed to oxidative stress overnight, viability
was measured using MTT assay. Graph depicts mean percentage viability (compared with con-
trol) == SD calculated from three separate experiments for each group (*p =< 0.05 by ANOVA and
Student-Newman—Keuls tests). b, Live/dead assay of cortical neuronal cultures treated with
siControl or siRNA against PHD1in the presence or absence of HCA (5 mw). Live cells are detected
by uptake and trapping of calcein-AM (green fluorescence). Dead cells fail to trap calcein but are
freely permeable to the highly charged DNA intercalating dye, ethidium homodimer (red
fluorescence).

Discussion

Low molecular weight chelators or protein chelators of iron are
known to prevent neurodegeneration in a range of disease mod-
els. These preclinical studies have paved the way for ongoing
clinical trials of iron chelators in stroke, Friedreich’s ataxia, Par-
kinson’s disease, and spinal cord injury (Cleland et al., 1982;
Whitnall and Richardson, 2006; Petri et al., 2007; Amit et al.,
2008; Blat et al., 2008; Forni et al., 2008; Kakhlon et al., 2008;
Ratan et al., 2008; Weinberg and Miklossy, 2008; Xu et al.,
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2008a,b; Gulyani et al., 2009; Wang et al.,
2009). Despite these important advances, a
firmer understanding of the molecular tar-
get(s) of iron chelation in neural cell types
may provide strategies to improve safety
and pharmacodynamics of these agents.
Studies from our laboratory and others
over the past 15 years have implicated the
HIF-PHD:s as targets for neuroprotection
by low molecular weight iron chelators
and iron-independent HIF-PHD inhibi-
tors (DMOG, DHB) against oxidative
stress. Specifically, our model was that
DFO, DHB, and DMOG inhibit the HIF-
PHDs and stabilize three transcriptional
activators (HIF-1, HIF-2, and CREB).
These transcription factors bind to cog-
nate hypoxia response sequences (5'-
RCGTG-3', where r = G/C/T/A) to trans-
activate a well studied and coordinated
cassette of adaptive genes. Here, we show
that molecular suppression of each of
these factors individually or in combina-
tion diminishes their transactivation abil-
ity but fails to abrogate the neuroprotec-
tive effect of DFO. Indeed, consistent with
previous results from our laboratory and
others, decrease expression of HIF-1a im-
proves the potency of DFO, DHB, and
DMOG in abrogating oxidative death,
suggesting that the prodeath effects of
HIF-1 dominate in our glutathione deple-
tion model in normoxic, immortalized
hippocampal neuroblasts. Future studies
will examine whether germline HIF-1 de-
letion in vivo in astrocytes and neurons po-
tentiates the protective effects of HIF-
PHD inhibition. Indeed, our studies
involvinga 60% reduction in HIF-1a mes-
sage via an shRNA approach do not allow
us to exclude the possibility that complete
suppression of HIF-1a via conditional or
germline deletion would affect protection
by HIF PHD inhibitors.

Molecular suppression of HIF-2« in-
creased the basal sensitivity to oxidative
death, as others have reported (Lomb et
al., 2009; Nanduri et al., 2009). HIF2 is
now known to regulate antioxidant genes
and iron homeostasis (Scortegagna et al.,

<«

levels after treatment with a different siRNA sequence against
that particular isoform, (*) denotes significant reduction in
mRNA levels; the two sequences showing significant reduc-
tionin mRNA levels were used for viability experiment shown
in Figure 8, a and b. ¢, Immunocytochemical analysis of pri-
mary neurons treated with siControl (top) and siPHD1 (bot-
tom). Cells treated with siControl or siPHD1 were stained with
DAPI (top and bottom left) and PHD1-specific antibody (top
and bottom middle). Top and bottom left panel shows the
merge. d, Western blot analysis of primary neurons treated
with siControl or siPHD1.
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2005; Mastrogiannaki et al.,, 2009), and thus its deletion may
perturb the homeostasis of radicals and or metals and lead to
oxidative death. Although HIF-2 appears to be important for
steady state NGF-induced survival of sympathetic neurons
(Lomb et al., 2009), it was not necessary for steady state survival
of HT22 hippocampal neuroblasts (Fig. 2). Future studies using
conditional deletion of HIF-2 in distinct neurons of the CNS will
define those neuronal populations, if any, which are lost and/or
sensitized to exogenous injury in response to HIF-2 deletion in
vivo. The lack of dependence of basal viability on HIF-2 expres-
sion in hippocampal neuroblasts allowed us to define whether
HIF-2 is necessary for the protective effects of DFO, DHB, or
DMOG (Fig. 3). Indeed, we found that although DFO and
DMOG shifted their IC5s considerably in the absence of HIF-2,
the compounds were still able to protect (Fig. 3). Our findings do
not allow us to distinguish whether the shift reflects increased
reactive oxygen species in response to a similar level of glutathi-
one depletion in HIF-2 deficient neuroblasts (Lomb et al., 2009),
or that DFO and DMOG possess redundant mechanisms for pro-
tection against oxidative death that engage at higher concentra-
tions. In contrast to DFO and DMOG, DHB protected HIF-2
deficient neuroblasts at 1.25 uM but not at higher concentrations,
suggesting that as higher concentrations are applied, toxicity
dominates and nullifies antioxidant protective mechanisms.
Another important aspect of our study is the demonstration
that CREB message and protein levels are increased by HIF-PHD
inhibition in neuroblasts and neurons (Fig. 5). These findings
confirm previous studies from our laboratory that showed that
low molecular weight inhibitors of the HIF-PHDs enhance bind-
ing of HIF and ATF-1/CREB to the hypoxia response element in
a gel shift assay (Zaman et al., 1999). Other studies have demon-
strated a role for HIF-PHD inhibition in the stabilization and/or
activation of HIF-1« (Kaelin and Ratcliffe, 2008), HIF-2« (Ara-
gonés et al., 2008), NF-«B (nuclear factor kB) (Cummins et al.,
2006), or JunD (Gerald et al., 2004). However, this is the first
study to show that CREB message and protein are induced by
HIF-PHD inhibition. The protein sequence data base shows that
CREB does not have a proline rich hydroxylation motif (LXX-
LAP) characteristic of proteins that are hydroxylated by HIF-
PHDs (Huang et al., 2002). These data along with the increase in
CREB message suggest that HIF-PHDs must regulate the activity
of a transcription factor involved in regulating CREB expression
or alternatively regulate a protein essential for CREB message
stability. The known regulation of RNA binding proteins that
alter mRNA stability and translational efficiency by hypoxia pro-
vides a potential model for the changes in CREB we observe
(Zimmer et al., 2008). Despite its clear regulation by HIF-PHDs,
CREB does not appear to play a significant role in HIF-PHD
inhibition induced neuroprotection. Future studies will clarify
the role of CREB in the adaptive response to hypoxia in neurons.
The most unexpected and interesting aspect of our study is the
implication of PHD1 in oxidative neuronal death in neurons. A
previous elegant study by Lee et al. (2005) has established a con-
crete role for PHD3 in neuronal death induced by trophic factor
deprivation in vivo. Indeed, the PHD3 null mice have larger sym-
pathetic ganglia (Bishop et al., 2008). Our study suggests that the
role of PHD3 is cell-type and stimulus specific as PHD3 deletion
had no effect on oxidative death (Fig. 8). In contrast, muscle cells
in PHD1 mice have been shown to be metabolically repro-
grammed so that their basal oxygen consumption is lowered, but
they are resistant to ischemia (Aragonés et al., 2008). In this pre-
vious study, the protective effects of PHD1 deletion could not be
attributed to angiogenesis, vasodilation, or erythropoiesis, but
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consistent with the results presented herein, to reductions in ox-
idative stress. According to this model, cells that are deficient in
PHD1 upregulate HIF-2 and PPARY, induce glycolytic gene ex-
pression, and via PDK4, suppress mitochondrial oxidative phos-
phorylation. As electron leak from the mitochondrial electron
transport chain is a large source of superoxide in cells, reductions
in tricarboxylic acid cycle and mitochondrial electron transport
in PHD1-deleted cells enjoy reduced ambient free radical burden.
Whereas this model is obviously well substantiated for muscle,
our data argue that PHD1 deletion must also lead to HIF-
independent paths to reduced sensitivity to oxidative stress (Figs.
1,2). An interesting possible HIF-independent target for PHD1 is
one of the subunits of RNA polymerase II complex, a crucial
modulator of gene expression (Mikhaylova et al., 2008). Recent
studies have shown that Rbp1, the subunit that carries the funda-
mental enzymatic activity of the complex in synthesizing many
cellular mRNAs, is a target for PHD1-mediated hydroxylation at
P1465 within a canonical LGQLAP motif. It is formally possible
that hydroxylation at this site is important in targeting RNApol I
to genes associated with death or increased susceptibility to oxi-
dative stress. In this scheme, deletion of PHD1 would diminish
Rbp! hydroxylation and suspend gene expression of deleterious
genes. Studies are underway to examine this model in neurons.
From a therapeutic standpoint, the findings herein add to a grow-
ing body of literature that suggest that HIF-PHDs are targets for
neuroprotection in neurological and non-neurological condi-
tions associated with oxidative stress. The findings also provide
circumstantial evidence that a target for iron chelator mediated
neuroprotection is PHDI, an iron, oxygen, and 2-oxoglutarate
dependent dioxygenase. Future studies that conditionally delete
PHDI in distinct neuronal populations in adulthood of mice will
examine the link between inhibition of this enzyme and neuro-
logical conditions such as stroke, PD, HD, and AD where oxida-
tive stress has been implicated. The results of these studies could
set the table for the development of HIF-PHD isoform selective
inhibitors for preclinical and clinical use. At the very least, mod-
ulating distinct HIF-PHDs will allow us to optimize HIF-
dependent and HIF-independent paths of hypoxic adaptation for
therapeutic benefit.
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