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Summary

The oxygen-sensing prolyl hydroxylase domain proteins (PHDs) regulate cellular metabolism, but
their role in neuronal metabolism during stroke is unknown. Here we report that PHD1 deficiency
provides neuroprotection in a murine model of permanent brain ischemia. This was not due to an
increased collateral vessel network, nor to enhanced neurotrophin expression. Instead, PHD1~/~
neurons were protected against oxygen-nutrient deprivation by reprogramming glucose
metabolism. Indeed, PHD1~/~ neurons enhanced glucose flux through the oxidative pentose
phosphate pathway by diverting glucose from glycolysis. As a result, PHD1~~ neurons increased
their redox buffering capacity to scavenge oxygen radicals in ischemia. Intracerebroventricular
injection of PHD1-antisense oligonucleotides reduced the cerebral infarct size and neurological
deficits following stroke. These data identify PHD1 as a novel regulator of neuronal metabolism
and a potential therapeutic target in ischemic stroke.

Introduction

The brain is the largest consumer of oxygen and glucose in the human body. It is well
established that this organ relies primarily on oxidative glucose metabolism for the
production of energy (Howarth et al., 2012; Mergenthaler et al., 2013). However, in contrast
to the knowledge on how cancer cells and some other non-transformed cell types (immune
cells, endothelial cells, etc.) alter their metabolism in disease (DeBerardinis and Cheng,
2010; Ghesquiere et al., 2014; Schulze and Harris, 2012; Vander Heiden et al., 2009), it
remains poorly understood how neurons adapt their metabolism upon ischemic neuronal
injury. In fact, there is even ongoing debate about the precise metabolism of neurons in
baseline conditions (Belanger et al., 2011; Jolivet et al., 2010; Mangia et al., 2011). Apart
from some studies (Cui et al., 2006; Fang et al., 2014; Knight et al., 2014; Morais et al.,
2014; Rodriguez-Rodriguez et al., 2013; Tufi et al., 2014), it remains largely unknown if
neuronal metabolism is a target to promote neuroprotection.

This is nonetheless an important question, since ischemic stroke, resulting from acute
arterial occlusion, is currently the fourth leading cause of death and the most common
reason of severe disability, for which there is a large unmet medical need for efficient
therapies. A main target of such therapies is the ischemic penumbra, a region surrounding a
core of necraotic tissue. It suffers only moderate blood flow reduction, and remains viable
during a limited period of time before a cascade of deleterious events threatens the energy
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and redox homeostasis, ultimately causing ischemic neuronal death (Lo et al., 2003;
Moskowitz et al., 2010). This salvageable tissue is the target of reperfusion and
neuroprotective strategies (Moskowitz et al., 2010). Nonetheless, despite progress in
preclinical studies, there are no clinically approved neuroprotective treatments.

Prolyl hydroxylase domain proteins (PHD1-3) are master regulators of the response to
hypoxia (Quaegebeur and Carmeliet, 2010; Semenza, 2011). Since their hydroxylation of
target proteins is oxygen-dependent, PHDs act as oxygen sensors. The transcription factors
hypoxia-inducible factor (HIF)-1a and HIF-2a are the best characterized PHD targets, yet
many other targets continue to be identified (Wong et al., 2013). When oxygen is present,
PHD-mediated hydroxylation targets proteins for proteasomal degradation. Thus, when
oxygen levels drop and PHDs lose their activity, HIFs and other target proteins accumulate
(Quaegebeur and Carmeliet, 2010; Semenza, 2011).

Surprisingly little is known about the functions of the PHDs in the brain. Moreover, PHDs
have been implicated in instructing various metabolic adaptations, but primarily in cell types
other than neurons. In general, through stabilization of HIFs, PHD inhibition induces a shift
from oxidative to anaerobic metabolism, thereby enhancing glycolysis at the expense of
glucose oxidation (Aragones et al., 2009). For instance, loss of PHD1 makes the muscle and
liver ischemia-tolerant by shifting mitochondrial metabolism towards anaerobic glycolysis
(Aragones et al., 2008; Schneider et al., 2009). However, it remains unknown if PHDs
control metabolism of neurons in a similar manner, and whether HIFs are their primary
target in this process. In this study, we examined the role of the oxygen sensor PHD1 in
brain ischemia after stroke induction, and focused on its possible role in controlling neuronal
metabolism in this process.

Our results show that deletion of PHD1 largely prevented brain ischemic injury after stroke
induction. In contrast to the metabolic phenotype in PHD1~/~ muscle (Aragones et al.,
2008), PHD1 ™/~ neurons shunted more glucose into the anti-oxidant pentose phosphate
pathway (PPP), while reducing glycolytic flux. This enabled PHD1~~ neurons to maintain
redox homeostasis during ischemic events. Of therapeutic importance, silencing of PHD1 by
intracerebroventricular delivery of antisense oligonucleotides protected against brain
ischemia. These findings not only identify a novel therapeutic target for ischemic stroke but
also provide novel insights into the link between oxygen sensors, metabolism and
neuroprotection.

PHD1~/~ mice are protected against permanent brain ischemia

To assess whether PHDs play a role in brain ischemia, we performed a permanent middle
cerebral artery occlusion (pMCAOQ) in previously generated PHD1 deficient (PHD1~/") and
PHD3 deficient (PHD3~7) mice. Since homozygous PHD2 deficiency is embryonically
lethal (Takeda et al., 2006), we used PHD2NKO mice, i.e. neural specific PHD2 deficient
mice, obtained by intercrossing Nestin-Cre mice (Tronche et al., 1999) with PHD2!0x/lox
mice (Mazzone et al., 2009). To assess the cerebral infarct area, we stained brain slices with
the vital dye 2,3,5-triphenyltetrazolium chloride (TTC) at 24 hours post-pMCAO when
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lesion size is maximal (Kuraoka et al., 2009). Brain ischemia was substantially attenuated in
PHD1~~ mice with an approximately 70% reduction in ischemic lesion size when compared
to wild type (WT) mice (Figure 1A-C), whereas stroke size was not affected in PHD2NKO
and PHD3~/~ mice (Figure 1D-I). Strain-dependent differences in stroke size have been
reported in the literature (Barone et al., 1993; Connolly et al., 1996; Fujii et al., 1997; Majid
et al., 2000). However, PHD1™~ mice on a 12956 background (Figure SLA-C) were
protected to a similar extent against ischemic brain injury as C57BI/6N mice (Figure 1A—-C).

To test whether the smaller infarct size in PHD1™~ mice improved functional outcome, we
used the adhesive tape removal test (Bouet et al., 2009). Following pMCAO, WT mice
showed a delay in time necessary to sense and remove the tape, indicative of an impaired
sensorimotor coordination. In line with a smaller infarct lesion, post-stroke functional
impairment was nearly completely prevented in PHD1~/~ mice (Figure 1J,K).

To exclude that constitutive PHD1 deficiency elicited compensatory changes in other oxygen
sensors, we measured transcript levels of Phd2and Phd3. These were however not
augmented in PHD1~/~ brains (NRNA copies/103 copies HPRT: 13.9 + 0.4 in WT and 14.7
+0.7 in PHD1 ™/~ for Phd2 2.2 +0.11 in WT and 2.3 + 0.05 in PHD1~/~ for Phd3: n=4;p =
NS).

PHD1 deficiency does not cause vascular changes in the brain

We then investigated the mechanism via which PHD1 deficiency governed ischemic
protection in the brain. We first focused on the brain vasculature, as PHDs regulate
angiogenesis, collateral vessel growth and organ perfusion (Quaegebeur and Carmeliet,
2010). Also, stroke size has been inversely associated with the extent of collateral flow in
mice and patients (Shuaib et al., 2011; Zhang et al., 2010). In baseline conditions, perfusion
with FITC-conjugated dextran showed a similar area of perfused vessels in the cortical area
of (non-stroked) WT versus PHD1™/~ brains (Figure 2A—C). In addition, we performed
three-dimensional corrosion casting of the brain vasculature after infusion of a resin to
image the perfused pial collateral vessels, a main contributor to collateral flow in the stroke
area in experimental pMCAQ (Zhang et al., 2010). This analysis showed a similar number of
pial collaterals in WT and PHD1~/~ brains (Figure 2D—F). Consistent with these data,
immunostaining for a-smooth muscle actin (a-SMA), visualizing the conducting arterioles
and arteries, did not reveal genotypic differences (Figure S2A-C). These data indicate that
PHD1 deficiency did not alter structural features of the brain vasculature. Circulating
erythropoietin and hematocrit levels, determining the oxygen carrying potential of the blood
that might affect the infarct size by improving tissue oxygenation (Sakanaka et al., 1998;
Siren et al., 2001), were unaltered in PHD1~/~ mice (Aragones et al., 2008).

Since preconditioning has been described to enhance cerebral perfusion after stroke (Gidday,
2006), we assessed whether vessel perfusion was improved in PHD1~/~ mice following
pPMCAO, even despite similar baseline vessel parameters. First, we calculated the fraction of
perfused vessels in the stroke area versus contralateral cortex, by identifying vessels with
isolectin-B4 staining and perfusion with FITC-dextran injection at two hours after pMCAO.
This analysis did not show a difference in the fraction of perfused vessels in PHD1~/~ mice
in the stroke area or contralateral side (Figure 2G-K). Next, we used /7 vivo magnetic
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resonance (MR) imaging to assess the perfusion deficit (defined as the area where the
cerebral blood flow (CBF) was lower than 80% of the CBF in the contralateral cortex) and
lesion size (volumes of increased T2 values) using arterial spin labeling (ASL). Consistent
with a smaller infarct size on vital dye staining, T2-weighted MR images showed a smaller
lesion volume in PHD1™/~ mice at 24 hours after arterial occlusion (Figure 2L,M). The
perfusion deficit was however similar between the two genotypes, both at 2 and 24 hours
following arterial ligation (Figure 2N).

PHD1 deficiency protects against oxygen-nutrient deprivation in vitro

Given the lack of prominent vascular changes in PHD1~/~ brains, we hypothesized that
PHD1 deficiency might confer neuroprotection by modulating intrinsic neuronal properties.
We therefore assessed the effect of oxygen/glucose shortage in 7 days /in vitro (DIV) cortical
neurons by exposing WT and PHD1 ™/~ cultures to two hours of oxygen-nutrient deprivation
(7.e. 0.1% O, in medium lacking glucose, glutamine and pyruvate) after which they were re-
exposed to ambient air and nutrient-rich medium (an established /7 vitro model of brain
ischemia /n vivo (Koh and Choi, 1987; Meloni et al., 2011)). After 24 hours, neuronal cell
death, quantified by measuring LDH release in the medium, was substantially reduced in
PHD1~/~ neurons (Figure 20).

We then explored whether the neuroprotection was specific for PHD1 deficiency. In
accordance with the absence of induced expression of other PHD enzymes in PHD1 ™/~
brains, the transcript and protein levels of PHD2 and PHD3 in PHD1~/~ neurons did not
differ from those of their WT counterparts (Figure S2D-E). Of importance, PHD2 and
PHD3 silencing (by lentiviral transduction of a specific ShRNA, reducing Phd2and Phd3
MRNA levels by up to 80-85% and 70%, respectively) in WT neurons did not confer
protection against /n vitro oxygen-nutrient deprivation (Figure 2P), indicating a PHD1-
specific effect, in accordance with the PHD1-specific protection in the pMCAQO model.

To exclude the possibility that structural differences in PHD1~/~ embryos or different
PHD1~/~ neuronal culture features contributed to this resilience against /7 vitro ischemia, we
performed additional control experiments. Macroscopic inspection of embryos revealed that
loss of PHD1 did not cause prominent developmental central nervous system defects. Also,
Nissl staining revealed a normal brain cytoarchitecture in E14.5 PHD1~/~ embryos (Figure
S2F-I). In agreement, similar numbers of cortical neurons were isolated from E14.5
PHD1~/~ embryos, which appeared morphologically normal (Figure S2J,K). There were also
no genotypic differences in the fraction of contaminating non-neuronal cells (<2%) in the
cultures, as determined by staining for the glial marker GFAP, and the oligodendrocyte
markers NG2 and Olig2 (not shown).

In an initial effort to explore the underlying mechanism of the angiogenesis-independent
neuroprotection, we first assessed whether PHD1 deficiency upregulated the expression of
neuroprotective factors, since enhanced neurotrophin expression is known to protect against
neuronal ischemia (Ferenz et al., 2012; Klumpp et al., 2006). However, we did not observe
genotypic differences in the mRNA expression of neurotrophic factors and their receptors in
WT and PHD1™/~ neurons (Table S1).

Cell Metab. Author manuscript; available in PMC 2017 February 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Quaegebeur et al. Page 6

PHD1 deficiency reprograms glucose metabolism in neurons

Since PHD1 deficiency has previously been linked to protection against muscle ischemia via
altering its glucose metabolism (Aragones et al., 2008), we explored whether PHD1
deficiency would prepare neurons for an ischemic insult by altering neuronal metabolism in
baseline conditions. By reducing pyruvate entry into mitochondria, PHD1~/~ muscle fibers
reduce their respiration rate and, as a consequence, produce less reactive oxygen species
(ROS) (Aragones et al., 2008). In addition, glycolytic flux is increased, likely as a
compensation to maintain ATP levels (Aragones et al., 2008). Hence, we asked whether a
similar metabolic shift contributed to ischemia tolerance in PHD1~/~ neurons.

Surprisingly, however, and in sharp contrast to the metabolic phenotype of PHD1~~ muscle
fibers, the glycolytic rate of PHD1~/~ neurons in baseline conditions, quantified by the
production of 3H,0 after supplementation with [5-3H]-glucose, was reduced by 25% (Figure
3A). In accordance, glucose consumption, evaluated by quantifying the difference in glucose
levels in the medium over 24 hours, was also reduced in PHD1~/~ neurons to a similar extent
(Figure 3B). Since glucose in neurons is predominantly oxidized, producing CO» and
NADH, a reducing agent used for ATP production in oxidative phosphorylation, we
subsequently assessed whether the reduction in glycolysis led to reduced glucose oxidation.
When measuring 14CO, release after incubation with [6-14C]-glucose, we observed a similar
(25%) reduction in glucose oxidation in PHD1~~ neurons in baseline conditions (Figure
30).

PHD1 loss maintains respiration and increases glutamine oxidation

We explored if the change in glucose oxidation was due to mitochondrial alterations.
However, PCR analysis of mitochondrial (mtDNA) versus genomic (JDNA) DNA did not
reveal a decrease in the number of mitochondria (gDNA/mMtDNA ratio: 1.595 + 0.065 in WT
versus 1.565 + 0.032 in PHD17/~; n = 3; p = NS). Also, mitochondrial density, analyzed by
staining for TOMMZ20, revealed no genotypic differences (Figure S3A-E).

Also at the functional level, PHD1~/~ mitochondria behaved similarly as their WT
counterparts. Indeed, the mitochondrial oxygen consumption rate (OCR), measured using
the Seahorse extracellular flux analyzer, was not altered in PHD1 ™/~ neurons (Figure 3D).
Besides baseline OCR (OCRgas), we also measured OCR coupled to ATP synthesis
(OCRATp; sensitive to oligomycin) and maximal respiration (OCRpax; induced by the
uncoupler dinitrophenol (DNP)) (Figure S3F). PHD1 deficiency did not affect these
bioenergetic features of the mitochondria either (Figure 3E). These results were unexpected,
since glucose oxidation was reduced in PHD1~/~ neurons. We therefore sought to explain
this apparent paradox in more detail.

A reduction in glucose oxidation could threaten energy homeostasis and jeopardize neuronal
survival. However, given the comparable oxygen consumption rates in WT and PHD1 ™/~
neurons, we hypothesized that as compensation, oxidation of alternative substrates would be
enhanced. Previous studies indeed established that neurons oxidize not only glucose, but
also lactate and glutamine, provided by neighboring cells (Mergenthaler et al., 2013). The
oxidation of lactate (using [U-14C]-lactate) was unaffected in PHD1~/~ neurons (pmol
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lactate/h/106 cells: 10,510 + 3,120 for WT versus 10,440 + 2,660 for PHD1 /" n=3;p =
NS). Glutamine is another energy substrate that after conversion first to glutamate and
thereafter to a-ketoglutarate, enters the TCA cycle where it is subject to oxidation.
Measuring 14CO, release after incubation with [U-14C]-glutamine showed that glutamine
oxidation was enhanced in PHD1~~ neurons by 37% (Figure 3F).

PHD1 deficiency maintains energy homeostasis

These data suggest that the decrease in ATP production due to the reduction of glucose
oxidation was compensated, at least in part, by enhanced production of ATP resulting from
increased glutamine oxidation. Indeed, PHD1 deficiency did not alter the energy charge
([ATP] + % [ADP]) / ([ATP] + [ADP] + [AMP]): 0.947 £ 0.005 for WT versus0.942
+0.005 for PHD17/~; n = 6; p = NS) or the individual values of ATP, ADP and AMP (Figure
S3G). We also evaluated dendritic branching of WT and PHD1~/~ neurons as an indirect,
more functional read-out of mitochondrial ATP production. Indeed, dendrite morphogenesis
relies on mitochondrial ATP production, and in conditions of compromised mitochondrial
ATP production, dendrite branching is impaired (Oruganty-Das et al., 2012). Sholl analysis
revealed however no genotypic differences in dendrite branching (Figure S3H-J).

In conditions of reduced ATP production, a cell can maintain its energy charge by lowering
ATP consumption, for instance by reducing its energy demands. To exclude that the
constitutive lack of PHD1 induced chronic compensatory responses preventing energy
stress, we analyzed the effect of acute PHD1 silencing, as this minimizes the chance for the
development of more time-requiring compensatory responses. We treated WT cultures with
anti-PHD1 directed anti-sense oligonucleotides (ASOs; see below) resulting in 85 + 7%
knockdown of PHD1 mRNA levels after 48 hours. With this treatment as well, no effect on
the energy charge was observed (0.956 + 0.003 and 0.967 £ 0.004 for control versus0.953
+ 0.003 and 0.968 + 0.003 for PHD1-ASO treated neurons after 24 and 48 hours,
respectively). Thus, also acute inhibition of PHD1 did not cause energetic failure. Taken
together, we could not detect obvious signs of energy distress in PHD1~/~ neurons.

To further exclude the possibility that PHD1 ™/~ neurons maintained energy homeostasis by
reducing their energy demands, we evaluated processes in neurons that contribute most to
their energy expenditure. In neurons, maintenance of the membrane potential and synaptic
activity are the main consumers of energy (Harris et al., 2012) and rely on the ATP-
consuming Na*/K* pump. In order to compare its activity, we measured intracellular Na*
levels. In baseline, no differences in Na* concentration could be observed between WT and
PHD1~/~ neurons (Figure S3K). Next, neurons were exposed to K*-free buffer, which
increases intracellular Na* levels by reducing the Na*/K* pump activity. Re-exposing
neurons to K*-containing buffer allowed membrane repolarization at the expense of ATP
hydrolysis by the Na*/K* pump. This analysis revealed no differences in the increase of
intracellular Na* levels as well as the time needed for normalization of the intracellular Na*
levels, reflecting a similarly functioning antiporter pumping activity of the Na*/K* ATPase,
and hence ATP consumption coupled to this key neuronal function (Figure S3L-0).
Moreover, we also evaluated other processes that importantly contribute to the energy
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demand in neurons, such as RNA and protein synthesis, but observed that PHD1-loss did not
affect these processes (Figure S3P-U).

Overall, in contrast to the metabolic phenotype of PHD1~/~ muscle, PHD1~/~ neurons did
not show a shift from oxidative to anaerobic metabolism, yet maintained their oxidative
mitochondrial metabolism and energy homeostasis, and even lowered glycolytic flux.
Notably, gene expression analysis could not link the reduced glycolysis to transcriptional
changes in the expression of key glycolytic genes (Table S2).

PHD17~ neurons enhance the flux through the oxPPP

The above observations indicated that PHD1 deficiency regulated neuronal cell metabolism,
but did not provide an explanation as to why PHD1~/~ neurons were protected against
ischemia. Previous work documented that glycolytic flux in neurons is kept at a low rate to
enable sufficient flux of glucose into the oxidative pentose phosphate pathway (0xPPP)
(Herrero-Mendez et al., 2009). In the oxPPP, glucose oxidation converts [NADP*] to
[NADPH], which is of vital importance as a reducing equivalent to replenish the pool of
reduced glutathione (GSH) in order to maintain redox homeostasis in neurons (Herrero-
Mendez et al., 2009).

Given this reciprocal regulation of glycolysis and the oxPPP, we hypothesized that the
reduced glycolytic flux was part of a glucose rerouting towards the oxPPP. Measuring the
differential 14CO, production upon incubation with [6-14C]-glucose (producing 14CO, only
in the TCA cycle) or [1-14C]-glucose (producing #CO, in both the TCA cycle and oxPPP),
revealed a 2.8-fold induction in the absolute flux levels of the 0oxPPP in PHD1~/~ neurons
(Figure 4A). When corrected for the glycolytic flux levels (see methods), the relative
increase in oxXPPP was 8.7-fold (n = 4). These findings indicated that, in the absence of
PHD1, more glucose from glycolysis was redirected towards the oxPPP.

Molecular regulation of the oxPPP by PHD1 deficiency

The observed decrease in glucose oxidation in PHD1~/~ neurons might result in an
accumulation of glycolytic intermediates, which could increase “passive” shunting to the
oxPPP. However, this would be expected to occur only if glucose uptake would be
maintained or increased, but glucose consumption was reduced in PHD1~/~ neurons (Fig.
3B). Also, measurements of the intracellular levels of various glycolytic intermediates such
as glucose-6-phosphate, fructose-6-phosphate, fructose-1,6-biphosphate and
phosphoenolpyruvate were not increased in PHD1™/~ neurons (Figure S4A), arguing against
passive overflow of glycolytic intermediates into the PPP flux.

We therefore explored additional molecular mechanisms via which PHD1 deficiency
increased the oxPPP. An increase in oxPPP could be due to changes in the expression or
activity of glucose-6-phosphate dehydrogenase (G6PD), a rate-limiting enzyme of the
oxPPP. However, we did not detect genotypic differences in G6pd mRNA levels (NRNA
copies per 103 copies B-actir: 0.88 + 0.07 for WT versus0.81 + 0.08 for PHD1/;n=3;p =
NS) or G6PD activity (nmol NADH/min/mg protein: 0.433 £ 0.109 for WT versus0.432
+0.109 for PHD1™; n = 4; p = NS). These findings do not exclude a possibility that G6PD
is regulated posttranslationally (Du et al., 2013; Jiang et al., 2011; Rao et al., 2015).
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We next studied the expression of enzymes regulating this metabolic crossroad, given the
reciprocal effect of PHD1 deficiency on the fluxes through glycolysis and the oxPPP.
Phosphofructokinase-2/fructose-2,6-bisphosphatase type 111 (PFKFB3) allosterically
activates phosphofructokinase-1 (PFK-1) by generating fructose-2,6-biphosphate (F2,6P5)
and thereby reduces the oxPPP flux (Herrero-Mendez et al., 2009), while TP53-inducible
glycolysis and apoptosis regulator (TIGAR), a bisphosphatase enzyme that acts as another
putative regulator of the glycolysis/oxPPP crossroad, reduces F2,6P, levels and thus
redirects glucose carbon away from glycolysis into the oxPPP (Bensaad et al., 2006).
Whereas neurons have negligible levels of PFKFB3 (Herrero-Mendez et al., 2009), the
function of TIGAR in neurons is poorly characterized. 7/GAR transcript levels were 2.2-
fold higher in PHD1~/~ than WT neurons (Figure 4B). Notably, silencing of PHD2 or PHD3
did not affect 7/GAR transcript levels (MRNA copies per 103 copies p-actir: 0.10 + 0.01 in
ctrl WT, 0.11 + 0.02 in PHD2XP and 0.11 + 0.01 in PHD3KXP neurons, p = NS), identifying
TIGAR as a specific transcriptional target of PHD1. TIGAR also functionally regulated the
oxPPP flux, since overexpression of TIGAR, using a lentiviral vector encoding TIGAR, in
WT neurons increased the oxPPP levels (Figure S4B), while silencing of TIGAR in
PHD17/~ neurons by transduction with a lentiviral vector expressing a TIGAR-specific
SshRNA (reducing mRNA levels by 74-82%) reduced the oxPPP flux (Figure S4C). Thus,
PHD1 deficiency increased the oxPPP flux through regulation of TIGAR expression.

PHD1 deficiency improves the ROS scavenging capacity in neurons

A prominent function of the oxPPP in non-proliferating cells is to provide the cell with
NADPH, which is used as a reducing equivalent by glutathione reductase to regenerate
reduced glutathione after oxidation (Stanton, 2012). Reduced glutathione is a major anti-
oxidant in neurons (Dringen, 2000), used as cofactor for glutathione peroxidase to detoxify
H,0, to H,0. An increased oxPPP flux would thus imply an improved scavenging capacity
of H,0,. Such an enhanced redox potential would be beneficial to protect neurons against
the oxidative stress accompanying neuronal ischemia (Chan, 2001; Moskowitz et al., 2010).
To explore this possibility, we exposed neurons, labeled with CM-H,DCF (an indicator dye
of ROS levels), to 100 uM H,0, and measured ROS levels over time. Compared to WT
neurons, PHD1~/~ neurons showed a less steep increase in CM-H,DCF fluorescence
intensity over time (Figure 4C), implying accelerated detoxification of the administered
H,0, molecules. Notably, the lower ROS levels upon the H,0, stress challenge were not
accompanied by reduced MitoSox levels (a commonly used read-out of mitochondrial
superoxide production (Mukhopadhyay et al., 2007)) in baseline conditions in PHD17/~
neurons (Figure S4D-F), arguing against a reduced production of ROS in these cells.

Next, we investigated whether the enhanced oxPPP flux, via accelerating glutathione
recycling, was responsible for the improved ROS scavenging capacity. We therefore reduced
the oxPPP flux by silencing G6PD (Figure S4G). Lentiviral transduction with a G6PD-
specific ShRNA, inducing a knockdown efficiency of 80-90% at the mRNA level, reduced
the oxPPP flux in PHD1~/~ neurons (Figure S4H). Notably, G6PD silencing decreased the
scavenging capacity to a larger extent in PHD1~/~ than WT neurons (Figure 4D), suggesting
that the improved ROS scavenging capacity of PHD1™~ neurons was dependent, at least in
part, on an increased oxPPP flux. Gene expression analysis of various anti-oxidant enzymes
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did not show enhanced expression of the most prevalent anti-oxidant-enzymes in neurons
(Table S3).

PHD1 deficiency maintains a residual oxPPP flux in hypoxia

For the oxPPP to provide the necessary redox equivalents for neuroprotection during oxygen
deprivation (as occurs during stroke), it should remain operational during hypoxia in
PHD17/~ neurons. Given the reciprocal regulation of glycolysis and oxPPP, we explored how
hypoxia would affect the flux through glycolysis and the oxPPP. In various non-neuronal
cell types, hypoxia induces a HIF-1a-mediated increase in glycolytic flux (Aragones et al.,
2009). Likewise, we observed an elevated glycolytic flux upon hypoxic exposure of cultured
neurons (Figure 4E). Even though PHD1~/~ neurons responded to hypoxia by increasing
glycolytic flux, the glycolytic flux rate remained lower in hypoxic PHD1~/~ than WT
neurons (Figure 4E). When analyzing the oxPPP, we observed that hypoxia almost nullified
the oxPPP flux in WT neurons, while PHD1~/~ neurons were still able to maintain a residual
oxPPP flux, nearly in the range of normoxic WT neurons (Figure 4F). These data suggest
that PHD1 deficiency in neurons attenuated the typical hypoxia-induced metabolic shift, in
which glycolysis is normally increased and the oxPPP flux is reduced. By reprogramming
glucose metabolism and maintaining a residual flux through the oxPPP, PHD1 deficiency
thus ensured a low but vital residual level of redox homeostasis, especially during ischemic
challenges. Of note, in hypoxia, glucose and glutamine oxidation were reduced in WT and
PHD1~/~ neurons when compared to normoxic conditions, but the genotypic differences
were maintained (Figure S41-J). Also mitochondrial oxygen consumption was not affected
by PHD1 deficiency upon combined nutrient deprivation and hypoxia-mimetic DMOG
treatment (Figure S4K).

To demonstrate that the increased oxPPP flux and improved capacity to scavenge oxygen
radicals in PHD1~/~ neurons is relevant for redox homeostasis also during reperfusion, we
measured oxidized glutathione (GSSG) versus reduced glutathione (GSH) after 2 hours of
oxygen-nutrient deprivation. This analysis revealed that, while GSSG levels (% of GSSG +
GSH) in WT neurons gradually increased over time, the redox state in PHD1~/~ neurons was
maintained as GSSG levels increased only slightly (Figure 4G).

Confirmation of the PHD1-deficient phenotype in other models

For the characterization of the metabolic phenotype described so far, we used embryonic
cortical neurons, cultured for 7 days /n vitro (DIV), a well established and widely used
neuronal culture model (Lesuisse and Martin, 2002; Meberg and Miller, 2003). As an
additional approach to address the relevance of the metabolic phenotype, we also used
“aged” embryonic cortical neurons, cultured for 21 DIV, when they had differentiated into
fully mature cortical neurons, as a surrogate model of adult neurons (Lesuisse and Martin,
2002; Martin et al., 2008). Similar to 7 DIV cortical neurons, PHD1 deficiency in aged
neuronal cultures reduced the glycolytic flux (by 25 = 0.5 %; n = 4; p < 0.05) and increased
oxPPP flux (by 2.2 £ 0.4 fold; n = 3; p < 0.05).

We next sought to confirm the metabolic phenotype of the increased oxPPP flux in PHD1 ™/~
neurons in the brain /n vivo. The study of neuronal metabolism /in vivois challenging given
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the presence of and intricate (metabolic) interactions with other cell types (astrocytes,
oligodendrocytes, endothelial cells) that in most regions of the brain greatly outnumber the
neurons. Measuring metabolic fluxes in the entire brain therefore suffers from the inevitable
limitation that it will not reflect neuronal metabolism solely. In order to minimize the
contribution of non-neuronal metabolism, we studied metabolism in the hippocampus, which
is, similar to the cortex, a telencephalic brain region, with however a higher neuron/glial
ratio than in most other brain regions (Geisert et al., 2002; Herculano-Houzel et al., 2006;
Herculano-Houzel et al., 2013). Using previously established methods (Ayala et al., 2006;
Buescher et al., 2015), we intravenously infused [1,2-13C]-glucose during 6 hours in adult
conscious and unrestrained mice and microdissected the hippocampi. Next, we measured the
mass isotopomer distribution in pentose-5-phosphate sugars (pool of ribose-5-P and other
pentoses) at the interface between the oxPPP and non-oxPPP. We used the ratio of the M+1
versus M+2 labeling of pentose-5-phosphate as an indicative parameter of the relative
importance of the oxPPP versus the non-oxPPP (Figure 5A). In PHD1~/~ hippocampi, the M
+1 versus M+2 labeling of pentose-5-phosphates was enriched more than in WT hippocampi
(0.97 +0.03 in PHD1™/~ versus0.87 + 0.01 in WT; n = 4-5; p < 0.05). Thus, similar to the
metabolic phenotype in cultured neurons, the relative importance of the oxPPP was
increased in the neuron-enriched hippocampus of PHD1 ™/~ mice /in vivo.

We also assayed if PHD1 deficiency improved the anti-oxidant capacity /n vivo. We
therefore measured GSSG levels (% of total glutathione) in dissected brain hemispheres
after ischemic stroke. This analysis revealed that, compared to their WT counterparts,
PHD1~/~ mice showed lower oxidized glutathione levels in the ischemic hemisphere,
indicating that PHD1 deficiency enables the ischemic brain to maintain better its redox
homeostasis (Figure 5B). Notably, the magnitude of the observed genotypic difference is
likely an underestimation given the contamination of healthy (non-stroked) brain tissue in
the measured ischemic hemisphere.

Ischemic protection in PHD1~~ neurons is HIF-independent

We then explored the molecular mechanism downstream of PHD1 deficiency. PHDs are best
known for their hydroxylating activity of proline residues in target proteins. However,
hydroxylation-independent activities are being increasingly recognized (Wong et al., 2013).
Therefore, we first investigated whether the phenotypic effects of PHD1 deficiency relied on
PHD1’s hydroxylase activity. To this end, we transduced PHD1~/~ neurons with a lentiviral
vector expressing either wild type PHD1 (PHD1WT) or a hydroxylase-inactive PHD1 mutant
(PHD1P311A (McNeill et al., 2002)). RT-PCR revealed that expression of the transduced
PHD1 (WT and D311A mutant) resulted in PHD1 levels in the range of endogenous PHD1
levels in WT neurons (Figure S5A). Re-expression of PHDIWT, but not PHD1P311A in
PHD17/~ neurons aggravated neuronal death compared to control PHD1™~ neurons in the
oxygen-nutrient deprivation assay (Figure 6A), indicating that inhibition of the
hydroxylation activity of PHD1 is necessary and sufficient for its neuroprotective effect.

Next, we explored the involvement of HIF-1a or HIF-2a, the two best-characterized
hydroxylation targets of PHDs. In different biological processes, HIF-1a and/or HIF-2a
mediate the effects of PHD deficiency, even though HIF-independent effects have been
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increasingly recognized (Kaelin and Ratcliffe, 2008; Wong et al., 2013). Given the lack of
PHD1 activity in normoxic PHD1~/~ neurons, one would expect increased levels of HIF-1a
and HIF-2a. Immunoblotting showed however that protein levels of HIF-1a were not
elevated in normoxic PHD1 ™/~ neurons or PHD1 ™/~ brain (Figure 6B,C). Furthermore, we
did not detect differences in the expression levels of the HIF-1a transcriptional targets

Vegfa, Enolase and Pdkl (Figure S5B). These findings are in agreement with previous
reports that loss of PHD1 did not result in HIF-1a accumulation in the brain (Chen et al.,
2012), liver (Schneider et al., 2009), muscle (Aragones et al., 2008) or cancer cells (Zhang et
al., 2009). HIF-2a protein was not detectable. PHD1 deficiency did not interfere with the
hypoxic stabilization of HIF-1a, as evidenced by a similar increase in HIF-1a protein levels
and HIF-1a transcriptional targets in hypoxia (Figure 6B; Figure S5B). Notably, silencing of
neither HIF-1a, nor HIF-2a affected 7/GAR transcript levels in PHD1~/~ neurons (MRNA
copies per 103 copies HPRT: 12.2 + 3.0 in ctrl PHD17/~, 13.1 + 2.8 in HIF-1aXP PHD17/~
and 12.7 + 3.4 in HIF-2a KD PHD17/~ neurons, n = 5, p = NS).

Additionally, we assessed the effect of silencing HIF-1a, HIF-2a or HIF-1 (which prevents
dimerization with HIF-a and thereby blocks the activity of both HIF-1a and HIF-2a) on the
protection of PHD1~/~ neurons, by using lentiviral vectors expressing a shRNA specific for
each of these genes (resulting in a decrease of H/F-1a, HIF-2a or HIF-1 mRNA levels by
65-82%). Silencing of HIF-1a or HIF-2a did not abolish the protection against oxygen-
nutrient deprivation by PHD1 deficiency (Figure 6D). HIF-independency was further
demonstrated by the finding that silencing of HIF-1p did also not affect the neuroprotective
effect induced by PHD1 loss (Figure 6E). Taken together, these data suggest a HIF-
independent mechanism of the PHD1-mediated protection.

Possible molecular mechanism of PHD1 deficiency

We then sought to provide further initial insight into the underlying molecular mechanism.
Reduced PHD1 activity has been linked to enhanced NF-xB activity in several non-neuronal
cell lines and types, putatively via reduced hydroxylation and hence reduced degradation of
I-xB kinase 2 (IKK2) (Adluri et al., 2011; Cummins et al., 2006; Cummins et al., 2008;
Winning et al., 2010; Xue et al., 2010). IKK2 activates the NF-xB pathway by
phosphorylation of IkBa, chaperone of the NF-«xB transcription factor p65, resulting in
degradation of IxBa and hence release of p65. However, whether NF-xB signaling is
affected by PHD1 and regulates metabolism in neurons remains unaddressed. We therefore
transduced WT and PHD1 ™/~ neurons with a lentiviral vector, expressing a NF-kB luciferase
reporter. This analysis showed that PHD1 deficiency increased the NF-xB promoter activity
(Figure 6F), and protein levels of p65 (Figure 6G). Furthermore, silencing of RelA (p65)
reduced the oxPPP flux and TIGAR levels in PHD1~/~ neurons (Figure 6H,1).

ICV delivery of anti-PHD1 oligonucleotides protects against brain ischemia

Finally, we explored the translational potential of PHD1 inhibition in ischemic stroke. PHD1
inhibition might be an attractive target for different reasons. First, genetic deletion of PHD1
yielded pronounced protection against brain ischemia. Second, PHD1 loss does not result in
major physiological deficits in mice, as shown in previous studies (Aragones et al., 2008;
Schneider et al., 2009). This may suggest that PHD1-specific inhibitors might have a more
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favorable safety profile than available aspecific PHD inhibitors. To test the effect of PHD1
specific inhibition in the brain, we used anti-sense oligonucleotides (ASOs) with 2’-C-
methoxyethyl (2’MOE) chemistry. A library of ASOs was screened for targeting murine
PHD1 and, out of three different ASOs, we selected the ASO with the highest knockdown
efficiency and specificity for our /n vivo studies. Incubation of cultured cortical neurons with
the selected anti-PHD21 ASO for 5 days resulted in a PHD1 knockdown efficiency of 84%,
without affecting transcript or protein levels of PHD2 or PHD3 (Figure 7A,B).

In a next step, we investigated the feasibility of /n vivo delivery of these ASOs. Since the
blood-brain barrier is not permeable for ASOs (Broaddus et al., 2000; Cossum et al., 1993;
Kordasiewicz et al., 2012; Smith et al., 2006), we delivered them ICV via osmotic pumps as
previously described (Storkebaum et al., 2005). The oligonucleotides were continuously
infused over the course of 2 weeks at a rate of 75 ug/day (this dose was selected in pilot
experiments). The animals tolerated this treatment well and no premature deaths or other
signs of toxicity were noted. After 2 weeks, brains were harvested and PHD1 mRNA levels
were assessed. This analysis showed that ICV delivery of anti-PHD1 ASOs lowered PHD1
MRNA levels in the brain (Figure 7C).

Using this regimen, we tested the effect of ASO delivery on the response to brain ischemia.
Mice treated for 2 weeks with anti-PHD1 ASOs underwent a permanent ligation of their
middle cerebral artery and infarct size was assessed 24 hours later. Mice with ICV delivery
of saline or a control ASO were used as control groups. The control ASO was directed
against human huntingtin mRNA and was chemically modified to prevent any RNase H-
mediated effects. Infarct size analysis showed a 50% reduction in stroke lesion upon
treatment with the anti-PHD1 ASO (Figure 7D-G). There was no difference in stroke size
between saline and control ASO groups, demonstrating that injection of an ASO per se did
not cause additional effects that would influence stroke outcome. Similar to the results in
mice with a genetic PHD1 deletion, mice treated with anti-PHD1 oligonucleotides showed
an improved performance in the adhesive tape removal test. Following pMCAO, the delay in
time to sense and remove the tape on the affected side was less pronounced in the mice
treated with anti-PHD1 ASO (Figure 7H,1), indicative of an improved sensorimotor
coordination.

Discussion

The novel findings of our study are that the oxygen sensor PHDL1 is an important regulator
of neuronal metabolism, providing protection against ischemic redox imbalance.

PHD1 orchestrates neuronal glucose metabolism

Neurons rely on oxidative glucose metabolism in healthy conditions (Harris et al., 2012;
Mergenthaler et al., 2013), but the metabolic adaptations during stroke have remained
largely enigmatic. We demonstrate that PHD1 is a key orchestrator of adaptive glucose
metabolism in neurons, and is instrumental in preparing neurons for a protective response
against an ischemic insult. Unexpectedly, at least based on previous results that PHD1
deficiency induces a shift towards glycolysis in other cell types (Aragones et al., 2009;
Quaegebeur and Carmeliet, 2010), this ischemia tolerance in PHD1 ™/~ neurons relies on an
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increase in the oxPPP at the expense of glycolysis. This reprogramming of glucose
metabolism in baseline conditions prepares neurons better against ischemia by providing a
greater capacity for scavenging oxygen radicals.

This mechanism is strikingly different from (even opposite to) the mechanism whereby
PHD1 controls ischemia tolerance in muscle fibers and hepatocytes (Aragones et al., 2008;
Schneider et al., 2009). Indeed, in these cells, PHD1 deficiency induces a switch from
oxidative to anaerobic metabolism as a means of oxygen-independent energy generation and
reduction of mitochondrial ROS production, thereby protecting these organs against
ischemia (Aragones et al., 2008; Schneider et al., 2009). By contrast, oxygen consumption
was not affected in PHD1~/~ neurons and, instead of an increase in glycolysis, they rather
showed a reduction in glycolytic flux. Interestingly, the ischemia tolerance in PHD1 ™/~
myocytes and hepatocytes relied on HIF-activation (Aragones et al., 2009; Schneider et al.,
2009), while this was not the case in PHD1 ™/~ neurons. Hence, PHD1 has a distinct role in
neurons as compared to other cell types, and neurons reprogram their metabolism in a
(perhaps even unique) PHD1-dependent manner, which has only been identified in neurons
to date.

Neurons lacking PHD1 shunted more glucose into the oxPPP. This pathway represents an
alternative route for glucose besides glycolysis, and is critical for redox homeostasis by
generating NADPH, necessary to replenish reduced glutathione (Stanton, 2012). In
agreement, PHD1 ™/~ neurons had an improved capacity to scavenge oxygen radicals, which
was negatively affected upon oxPPP blockade by G6PD silencing. Given the widely held
notion that oxidative stress in brain ischemia is heavily intertwined in the pathological
cascade of events leading to neuronal death (Chan, 2001; Moskowitz et al., 2010), the
increase in oXPPP flux can confer protection in this context. Importantly, PHD1 deficiency
did not only promote the oxPPP flux in normoxic but also in hypoxic conditions, and better
preserved the redox state of glutathione during reperfusion. In fact, unlike WT neurons,
PHD1~/~ neurons still had a residual flux through the oxPPP during hypoxia. Even though
smaller than in normoxia, this residual flux was of vital importance to secure sufficient
redox homeostasis during hypoxic stress. These findings identify PHD1 as a regulator of the
oxPPP and the associated oxygen radical scavenging capacity.

The role of the PPP in stroke has received little attention. G6PD is the rate-limiting enzyme
of the oxPPP, which is upregulated in ischemia (Li et al., 2014), while TIGAR promotes the
oxPPP at the expense of glycolysis. In line with our findings, inhibition of the oxPPP flux by
silencing G6PD aggravated stroke outcome (Zhao et al., 2012), while TIGAR protects
ischemic brain injury, though oxPPP flux measurements were not performed in this study
(Cao et al., 2015; Li et al., 2014). Some evidence suggests a contextual role of the PPP,
attributing opposing fates to NADPH. As a reducing co-factor of glutathione reductase,
NADPH improves the anti-oxidant capacity, but as an electron donor of NADPH oxidase,
NADPH can also generate superoxides (Bedard and Krause, 2007; Stanton, 2012),
explaining the divergent effects of PPP manipulation on ischemic neuroprotection (Brennan
et al., 2009; Herrero-Mendez et al., 2009; Suh et al., 2008; Zhao et al., 2012). Regardless of
these additional possible effects, regulation of the oxPPP by PHD1 resulted in improved —
not impaired — anti-oxidant capacity.
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The neuroprotective effect of PHD1 loss is not due to vascular changes

Stroke outcome is determined by the extent of the collateral circulation (Shuaib et al., 2011).
Upon acute occlusion of the middle cerebral artery, pial collateral vessels can, via retrograde
filling, still supply brain regions distal to the occlusion, alleviating the drop in perfusion
(Brozici et al., 2003). We did not find any effect of PHD1 deficiency on the number of pial
collaterals or arterioles. Also, the fraction of perfused vessels was not affected in the
PHD1~/~ brain, in baseline conditions or after stroke. Importantly, MRI-imaging after stroke
revealed a similar perfusion deficit in WT and PHD1™/~ brains, while the T2 lesion size was
smaller in PHD1 ™/~ brains. The lack of a clear vascular phenotype in PHD1™/~ brains is
compatible with findings in other PHD1~/~ organs, in which vascular effects were not
observed either (Aragones et al., 2008; Schneider et al., 2009). In agreement, a single study
assessing vessel density in the PHD1~/~ brain, also did not report any difference (Chen et al.,
2012).

Mechanisms of oxPPP regulation by PHD1

In a search for molecular mechanisms to explain the increased oxPPP in PHD1 ™/~ neurons,
we identified NF-xB signaling downstream of PHD1. While this has been observed in other
non-neuronal cell types (Adluri et al., 2011; Cummins et al., 2006; Cummins et al., 2008;
Winning et al., 2010; Xue et al., 2010), our study implies a new role of NF-xB signaling
downstream of PHD1 in the regulation of the oxPPP flux in neurons. In line with our
findings, NF-«xB signaling has been reported to lower glycolysis (Mauro et al., 2011).

Our findings also indicate that the neuroprotective effect of PHD1 deficiency relies on the
hydroxylation activity of PHD1, but not on HIF-signaling, likely because HIF-1a levels are
more importantly controlled by PHD2 than by PHD1 (Appelhoff et al., 2004; Myllyharju,
2013). Another reason why HIF-1a levels were not upregulated in PHD1~/~ neurons may
relate to the finding that ROS levels were decreased in PHD1™~ neurons. Since ROS are
known to inactivate PHDs (Quaegebeur and Carmeliet, 2010), reduced ROS levels are
expected to enhance the activity of residual PHD2 and PHD3, which would favor the
degradation of HIF-1a. Hence, this mechanism is expected to counteract any possible
upregulation of HIF-1a by loss of PHD1. The maintained HIF-1a levels in PHD17/~
neurons may also contribute to explain why glycolysis was not increased in these cells.
Hence, the reduced ROS levels in PHD1~~ neurons are not only beneficial for an improved
redox homeostasis, but also further reinforce in a feedback the rerouting of glucose from a
reduced glycolysis to an increased oxPPP.

Ischemia tolerance in PHD1~/~ brain: distinct from hibernation?

We also considered if basal hypometabolism might explain the ischemia tolerance in
PHD1~/~ neurons, separate from active re-routing of glucose towards the oxPPP, as several
lines of evidence in the literature suggest such a link. First, various hibernating animal
species developed mechanisms to cope with oxygen starvation, i.e. by depressing oxidative
metabolism (often by lowering oxygen consumption by more than 50-fold) and by reducing
protein synthesis and other energy-consuming processes (Fraisl et al., 2009; Larson et al.,
2014). Second, in the mammalian brain, hypometabolism has been implicated in ischemic
preconditioning by eliciting a hibernation-like phenomenon (Bernaudin et al., 2002; Dirnagl
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et al., 2003; Stenzel-Poore et al., 2003), even tough a direct contribution to neuroprotection
in acute ischemic events remains outstanding. Third, hypoxia signaling has been involved in
some metabolic adaptations, leading to energy hypometabolism (Bernaudin et al., 2002;
Fraisl et al., 2009; Gidday, 2006; Quaegebeur and Carmeliet, 2010). And fourth, inhibition
of PHDL1 in muscle evokes a shift from oxidative to anaerobic (glycolytic) metabolism in
order to ensure hypoxia tolerance (Aragones et al., 2008).

However, despite all this reported evidence, the ischemia tolerance of PHD1~/~ neurons is
different from, even in contrast to, the aforementioned phenomena. Indeed, loss of PHD1 in
neurons is notaccompanied by a reduction in oxygen consumption or energy conservation
(as evidenced by the maintained Na*/K* pump activity, dendritic branching, protein and
RNA synthesis). Although we formally cannot exclude a slight energy hypometabolism in
PHD17/~ neurons (below the detection threshold of our techniques), we were not able to
pick up substantial genotypic differences in several assays when measuring energy
consumption and production by direct and more indirect (functional) read-outs. Instead,
PHD1 deficiency in neurons is characterized by reduced glycolysis, but increased oxPPP and
glutamine oxidation, and maintained lactate oxidation and oxygen consumption, i.e.
metabolic changes that are largely opposite to those accompanying hypometabolism during
hibernation or ischemic preconditioning. Hence, the metabolic adaptation of PHD17/~
neurons, in preparation of coping with a future drop in oxygen and nutrient supply, relies on
a distinct reprogramming of cellular metabolism, not previously recognized in other cell
types to date.

Possible implications for other neurological disorders

Interestingly, in cell culture and animal models of neurodegenerative disorders, signs of
increased glycolysis have been sporadically described (D’Alessandro et al., 2011; Ferreira et
al., 2011; Rodriguez-Rodriguez et al., 2012; Yao et al., 2009). This raises the question
whether a similar detrimental metabolic shift is taking place in these conditions, /7.e.,
increasing glycolysis and thereby depleting neurons of their vitally important PPP flux.
However, this exciting possibility remains speculative at this stage, as PPP flux alterations in
neurodegenerative disorders have yet to be investigated.

Finally, do these findings have any translational relevance? Non-specific PHD inhibitors are
neuroprotective in acute neurotoxic settings such as stroke (Karuppagounder and Ratan,
2012; Nagel et al., 2010; Quaegebeur and Carmeliet, 2010). However, their lack of
specificity and the increased risk of eliciting adverse effects when blocking various
dioxygenases render clinical translation more challenging. Instead, our findings show that
loss of PHD1 alone sufficed to reduce infarct size by 70% and nearly completely prevented
the functional sensorimotor deficits after stroke, an observation that persisted over a
protracted period of time.

Interestingly, preventive silencing of PHD1 by intracerebroventricular delivery of antisense
oligonucleotides prior to stroke induction was protective against brain ischemia, thus
phenocopying the genetic data. However, a clinically more relevant strategy would be to
administer a PHD1 inhibitor after stroke onset. Unfortunately, we had no access to a PHD1-
selective chemical inhibitor to test how rapidly PHD1 blockade would induce ischemia
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tolerance via metabolic reprogramming. Despite this limitation, our prevention studies raise
the intriguing but outstanding question if PHD1 inhibition might be clinically useful to
diminish neuronal damage in conditions, where the risk of cerebral ischemia is considered
high, such as upon a critical carotid stenosis or following a subarachnoid hemorrhage,
though possible clinical benefit of such strategy awaits further study.

A therapeutic strategy based on blocking PHD1 may also differ from existing stroke
treatments relying on blocking oxygen radicals by administration of anti-oxidants. Indeed,
many of those treatments neglected the importance of physiological signaling functions of
oxygen radicals in neurons, likely explaining in part years of translational failure
(Moskowitz et al., 2010). PHD1 inhibition is in this regard a fundamentally different and
perhaps more appealing approach, since it relies on switching on an endogenous protective
mechanism with potentially pleiotropic actions. Future research will have to clarify whether
PHD1 inhibition would also be a valid neuroprotective target when initiated after stroke
onset. The development and characterization of selective (preferably blood brain barrier-
permeable) PHD1 inhibitors will be crucial in shaping clinical indications for PHD1
inhibition and directing further studies.

Experimental procedures

More detailed methods are described in the Supplement.

Mouse strains

PHD17/~ (Aragones et al., 2008), PHD2!°X/19X (Mazzone et al., 2009) and PHD3~/~
(Aragones et al., 2008) mice were previously described. PHD2!9¥/1oX mice were intercrossed
with Nestin-Cre mice (Tronche et al., 1999) to obtain neural specific PHD2 deficient mice.
Housing and experimental animal procedures were approved by the Institutional Animal
Care and Research Advisory Committee of the University of Leuven, Belgium.

Ischemic stroke model

Brain ischemia was induced using the permanent middle cerebral artery occlusion (pMCAO)
model as further detailed in Supplement (Kuraoka et al., 2009). Infarct size was analyzed at
24 hours after ischemia by vital dye staining of 1-mm coronal brain slices (Bederson et al.,
1986), and infarction area was calculated as the ratio of the unstained area over the total
bihemispheric area, using Image J. Functional impact of the stroke was tested using the
adhesive tape removal test (Bouet et al., 2009).

Brain vasculature analysis

Large arteries and arterioles were analyzed using immunohistology for aSMA,; vessel
perfusion after tail vein injection with fluorescein isothiocyanate (FITC)-conjugated dextran;
pial collateral circulation via vascular corrosion casting (Krucker et al., 2006) and counting
of the number of collaterals per hemisphere. The stroke-induced perfusion deficit in the
brain was measured by magnetic resonance imaging at 2 and 24 hours after pMCAQ.
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Murine cortical neurons culture and treatment

Cortical neurons were prepared from the cortices of embryonic day 14.5 or 15.5 mice,
pooled from one litter (Thathiah et al., 2009). Gene silencing was done after 2 days in
culture using gene-specific lentiviral ShRNA vectors (Sigma). Oxygen-nutrient deprivation
was initiated after 7 days in culture by exposure for 2 hours to 0.1% oxygen in nutrient-
deprived medium followed by re-exposure to ambient air and regular medium as further
detailed in the Supplement.

Metabolic flux assays, redox and energy homeostasis

Glycolysis, glucose oxidation, oxidative pentose phosphate pathway (oxPPP), glutamine
oxidation, and lactate oxidation were measured using radiolabeled tracer glucose, glutamine
or lactate as further detailed in the Supplement. Glucose consumption was defined as the
difference in glucose concentration in medium after 48 hours and was measured via liquid
chromatography-mass spectrometry (LC-MS). Oxygen consumption rate (OCR) was
measured using the extracellular flux analyzer XF24 (Seahorse Bioscience Inc.). ROS
scavenging in HoOo-treated cells was measured using 5-(and-6)-chloromethyl-2’,7°-
dichlorodihydrofluorescein diacetate (CM-H,-DCFDA, Molecular Probes, Invitrogen).
GSSG/GSH levels were determined using LC-MS. ATP/ADP/AMP levels were determined
using HPLC. Intracellular Na* concentration was monitored using SBFI-based
microfluorimetry.

Immunocytochemistry

was done on cortical neurons grown for 7 days on Willco-Dish glass bottom dishes (Ibidi),
using the antibodies listed in the Supplement.

RNA, DNA and protein analysis

Gene expression analysis was performed by Tagman quantitative RT-PCR, using premade
primer sets (Applied Biosystems). The amount of mitochondrial DNA relative to nuclear
genomic DNA was determined by quantitative PCR using primers for cytochrome b
(mitochondrial) and RPL13A (nuclear). Immunoblotting was done using the antibodies
listed in the Supplement with signal detection using the ECL system (Amersham
Biosciences, GE Healthcare).

ICV delivery of antisense oligonucleotides against PHD1 in stroke

Statistics

Antisense oligonucleotides (ASOs) directed against the murine PHD1 mRNA were designed
and purified by Isis Pharmaceuticals. Mice were treated with ASOs by intraventricular
infusion for 10 days using Alzet® osmotic pumps (Cupertino) connected with a catheter to a
brain infusion cannula, as detailed in the Supplement. Two weeks after the infusion,
pMCAO was performed.

All data are mean + SEM of the indicated number of experiments or mice, unless otherwise
noted (median). For the /n vitro data, the “n” values indicate the number of independent
experiments performed with different cultures of WT and PHD1~/~ cortical neurons
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(independent isolations). For the /n vivo experiments, two-sided Student’s t-tests were used
and done using Prism v5.0, considering p < 0.05 statistically significant. In some PHD17/~
mice, no infarct was visible after ligation of the middle cerebral artery (indicating complete
protection against brain ischemia), thereby disturbing normal Gaussian distribution. In these
cases, we used non-parametrical Mann-Whitney-U test to determine statistical differences
between the two groups. For in vivo experiments, investigators were blinded for treatment or
genotype. For /n vitro experiments, statistical significance between groups was calculated on
n pooled independent experiments using linear mixed-effect model statistics to correct for
effects by inter-experimental variation (Schoors et al., 2015). Calculations were done using
R (Team, 2008) and the Ime4 package (Bates et al., 2014). In all cases, the condition was
entered as fixed effect. P-values were obtained with the Kenward-Roger F-test for small
mixed effect model datasets (Kenward and Roger, 1997) using ImerTest package
(Kuznetsova et al., 2014). Again, p < 0.05 was considered statistically significant. For the
time course experiments with CM-H,DCF fluorescence, we used linear mixed-effect model
statistics to determine the slope and statistical differences between slopes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1. Genetic loss of PHD1 provides a substantial protection against brain ischemic

2. This did not rely on vascular changes, but on reprogramming of glucose

3. Increased oxPPP flux, at the expense of glycolysis, offered enhanced redox

4. Intracerebroventricular delivery of anti-PHD1 oligos offered protection in stroke
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Figure 1. PHD1 deficiency protects against permanent brain ischemia
A,B, Representative consecutive brain slices after TTC staining, delineating the infarct zone

as unstained area (white), from wild type (WT) (A) and PHD1 ™~ mice (B) 24 hours after
pMCAQO. C, Quantification of the stroke area as percentage of the total bihemispheric area
for PHD1 7/~ versus WT mice (n = 6, * p < 0.05 by Mann-Whitney U test; difference in
medians: =5.29 versus WT, 95% Cl: —6.14 to —0.96). D-1, Representative images of TTC
stained brain slices from Nestin-Cre~ PHD2!0X/10X (ctrl) (D) versus Nestin-Cre* PHD2!0x/Iox
mice (PHD2NKO) (E) and from WT (G) versus PHD3~/~ mice (H). Quantification of the
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stroke area as percentage of the total bihemispheric area for ctrl versus PHD2NKO mice (n =
3, p = NS; difference in means: +0.21 versus ctrl, 95% CI: —2.95 to 3.38) (F) and for WT
versus PHD3™~ mice (n = 7 for WT mice, n = 8 for PHD3™/~ mice, p = NS; difference in
means: +1.41 versus WT, 95% CI: -0.51 to 3.32) (I). J,K, Measurements of the adhesive
tape removal test at 1 day before and at day 1, 4, 8 and 11 post-stroke. Average time needed
before WT (gray, n = 8) and PHD1~/~ (blue, n = 7) mice sensed the presence of the tape (J)
(p < 0.05, repeated-measure ANOVA). Average time needed before the mice successfully
removed the tape (K) (n = 8 for WT, n = 7 for PHD1™/~, p < 0.05, repeated-measure
ANOVA). All quantitative data are mean = SEM. See also Figure S1.
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Figure 2. PHD1 deficiency does not alter the brain vasculature
A B, Representative images of WT (A) and PHD1~/~ (B) frontal cortex after FITC-dextran

injection. C, Quantification of FITC-dextran-positive area as percentage of cortical area
(reflecting vessel perfusion in the cortex) (n = 6 for WT, n = 7 for PHD17~, p = NS;
difference in means: +0.60 versus WT, 95% CI: -0.33 to 1.54). D-E’, Representative images
of three-dimensional corrosion casting showing perfused pial vessels in WT (D) and
PHD1~/~ brain hemisphere (E). D’ and E’ show larger magnification of the boxed areas in D
and E. Collaterals were counted per hemisphere (arrowheads). F, Quantification of pial
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collaterals per hemisphere in WT versus PHD1 ™/~ brains (n = 3 for WT, n= 4 for PHD1 7/~ ;
p = NS; difference in means: +0.58 versus WT, 95% CI: —2.11 to 3.28). G-J, Representative
images of FITC-dextran (green) and isolectin (red) staining of the stroke area (G,H) and
corresponding contralateral cortex area (1,J) of WT (G, 1) and PHD1™~ brain (H,J). K,
Quantification of FITC* (perfused) vessels, as a percentage of the total number of isolectin*
vessels in the stroke area and corresponding contralateral cortex area in WT versus PHD1™/~
brains (n = 3 for WT mice, n = 5 for PHD1~~ mice, p = NS, difference in means: 6.13
versus WT, 95% CI: -8.52 to 20.79 for stroke side, p = NS, difference in means: —4.6 versus
WT, 95% CI: -15.3 to 6.1 for contralateral side,). L, Representative brain T2 parametric
maps from Jn vivo MRI of WT and PHD1~/~ mice 24 hours after pMCAQ. M, Stroke lesion
size (ul), as derived from manual delineation on multi-slice T2-weighted MRI images (n =
4-5, * p < 0.05; difference in means: —4.74 versus\WT, 95% CI: -9.24 to —0.24). N, Area of
the ipsilateral hemisphere with perfusion deficit (defined as CBF that is lower than 80% of
the CBF in the contralateral hemisphere) at 2 hours and 24 hours after pMCAQ (n = 4 for
WT mice, n = 5 for PHD1~/~ mice, p = NS; difference in means: +15.28 versus WT, 95%
Cl: -9.58 to 40.13 after 2 hours; and difference in means: +12.88 versus WT, 95% Cl:
—27.40 to 53.15 after 24 hours). O, Neuronal cell death measured as LDH release (% of
maximal LDH release; see methods) over 24 hours after oxygen-nutrient deprivation in WT
and PHD17/~ neurons jn vitro (n = 3, * p < 0.05). P, Neuronal cell death, measured by LDH
release (% of maximal LDH release) over 24 hours after oxygen-nutrient deprivation in
PHD?2 silenced (PHD2KP) and PHD3 silenced (PHD3XP) cells compared to control (n =3, p
= NS). All quantitative data are mean + SEM. Bars: 200 um (A,B,G-J), 1 mm (D,E). See
also Figure S2 and Table S1.
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Figure 3. PHD1 deficiency alters neuronal metabolism
A, Glycolytic flux measured over 2 hours in WT and PHD1™/~ neurons (n = 8, * p < 0.05).

B, Glucose consumption measured over 24 hours in WT and PHD1~/~ neurons (n = 3, * p <
0.05). C, Glucose oxidation measured over 2 hours in WT and PHD1~/~ neurons (n=7, * p
< 0.05). D, Mitochondrial OCRgag in WT and PHD1~/~ neurons (n = 5, p = NS). E,
Relative change of OCRp ax and OCRarp compared to OCRgags (dotted line) in WT and
PHD1~/~ neurons (n = 3, p = NS). F, Glutamine oxidation measured over 2 hours in WT and

Cell Metab. Author manuscript; available in PMC 2017 February 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Quaegebeur et al.

Page 31

PHD1~ neurons (n = 8, * p < 0.05). All quantitative data are mean + SEM. See also Figure
S3 and Table S2.
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Figure 4. Enhanced oxPPP flux in PH D17/~ neurons improves redox balance

A, 0xPPP flux in WT and PHD1~/~ neurons (n = 4, * p < 0.05). B, mTIGAR mRNA
expression levels (expressed as MRNA copies/103 copies HPRT) in PHD1™/~ neurons (n =
11, * p < 0.05). C, Left: Increase in CM-H,DCF fluorescence (expressed as percentage of
the fluorescence value in WT neurons at 45 min) after administration of H,O, to WT or
PHD1~/~ neuronal cultures. Right: Slope values of the curves shown in the left part, obtained
by linear mixed-effect model statistics (the lower the slope, the larger the ROS scavenging
capacity) (n =3, * p < 0.05). For reasons of clarity, only the average of the individual
fluorescence values is shown without SEM, since the statistical analysis was done using the
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slopes, calculated by linear mixed-effects model statistics on the individual fluorescence
values (also in panel D). D, Left: Increase in CM-H,DCF fluorescence (expressed as
percentage of the fluorescence value in control (scrambled) WT neurons at 45 min) over
time after administration of H,O, to WT or PHD1~/~ neurons with and without G6PD
silencing (G6PDKP). Right: Slope values of the curves shown in the left part, obtained by
linear mixed-effect model statistics on the individual fluorescence values (n = 3, * p < 0.05).
The percentage increase in slope value induced by G6PDXP in PHD1~/~ neurons (blue
versus red bar; 40%) is higher than in WT neurons (grey versus black bar; 24%). E,
Glycolytic flux in WT and PHD1 ™/~ neurons in normoxic and hypoxic conditions (0.1% O,
for 2 hours) (n = 4, * p < 0.05). F, Oxidative PPP flux in WT and PHD1~/~ neurons in
normoxic and hypoxic conditions (0.1% O, for 2 hours) (n = 3; * p < 0.05). G, Oxidized
glutathione (GSSG) levels, as percentage of the total glutathione (GSSG + GSH) levels at
different time points during reperfusion in WT versus PHD1™~ neurons (n = 3, * p < 0.05).
All quantitative data are mean + SEM. See also Figure S4 and Table S3.
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Figure 5. PHD1 deficiency increases the oxPPP in brain and favors redox homeostasis during
ischemic stress in vivo

A, Scheme depicting glycolysis and the oxidative and non-oxidative branch of the PPP, and
the isotopomer distribution of 1,2-13C-glucose in the PPP. M+1 pentose-5-phosphate (P5P)
can arise when glucose-6-phosphate (G6P) is converted via the oxidative PPP, while M+2
P5P can arise from the non-oxidative PPP when there is either a net or exchange flux
towards P5P. F6P, fructose-6-phosphate; GAP, glyceraldehyd-3-phosphate; PPP, pentose
phosphate pathway (for analysis of M+4 P5P, see methods). B, Levels of oxidized
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glutathione (GSSG), as percentage of total glutathione (GSSG + GSH) levels in dissected
brain hemispheres of WT and PHD1~/~ mice after ischemic stroke (n = 7 WT mice, n =5
PHD1~/~ mice; * p < 0.05; difference in means: —0.104 versus WT, 95% CI: —0.204 to
-0.0045). All quantitative data are mean + SEM.
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Figure 6. Hydroxylation-dependent, HIF-independent protection against ischemia in PHD17/~

neurons via NF-kB regulated increase of oxPPP

A, Neuronal cell death measured by LDH release (% of maximal LDH release) in control

WT neurons, control PHD1~/~ neurons, PHD1~/~ neurons expressing WT PHD1 (PHD1WT),
and PHD1 ™~ neurons expressing hydroxylation-inactive PHD1 mutant (PHD1P311A) (n = 5;
*p < 0.05). B, Representative western blots showing protein levels of HIF-1a in normoxic
and hypoxic WT and PHD1~~ cortical neurons. Densitometric quantification of independent
experiments (% of tubulin loading control): 41.2 + 20.1% in WT and 41.9 + 20.9% in
PHD1~/~ in normoxia, 129.7+ 46.7% in WT and 122.9 + 46.7% in PHD1™/~ in hypoxia, n =
3, p = NS). C, Representative western blots showing protein levels of HIF-1a in WT and
PHD1~/~ brains. Densitometric quantification (% of lamin A/C): 58.3 + 15.4% in WT and
57.7 + 20.4% in PHD17~, n = 4, p = NS). D, Neuronal cell death measured by LDH release
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(% of maximal LDH release) over 24 hours after oxygen-nutrient deprivation in WT and
PHD1~/~ neurons upon silencing of HIF-1a (HIF1aKP) or HIF-2a (HIF2aKP) (n =3, *p <
0.05). E, Neuronal cell death measured by LDH release (% of maximal LDH release) over
24 hours after oxygen-nutrient deprivation in WT and PHD1~/~ neurons upon silencing of
HIF-16 (n = 3, * p < 0.05). F, NF-xB luciferase reporter activity in WT and PHD17/~
neurons (a.u. arbitrary units, n = 3, * p < 0.05). G, Representative western blots of p65 levels
in WT and PHD17/~ neurons. Densitometric quantification of independent experiments (%
of loading control B-actin): 76.6 + 8.4% in WT and 95.9 + 8.4% in PHD1™~/~ neurons, n = 3,
p < 0.05). H, oxPPP flux in PHD1~/~ neurons upon silencing of RelA (RelAaKXP) (n=4, *p
<0.05). I, TIGAR mRNA expression in PHD1~/~ neurons upon silencing of RelA
(RelAaKD) (n =8, * p < 0.05). All quantitative data are mean + SEM. See also Figure S5.
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Figure 7. Silencing of PHD1 via intracerebroventricular delivery of ASOs protects against
permanent brain ischemia

A, mMRNA expression levels of Phd1, Pha2and Phd3in neuronal cultures incubated with
anti-PHD1 (PHD1-ASO) and control oligonucleotides (ctrl-ASO) (0.5 uM) for 5 days (n =
3, * p < 0.05). B, Representative western blots showing protein levels of PHD2 and PHD3 in
control-ASO treated and anti-PHD1 ASO treated WT neurons. Densitometric quantification
of independent experiments (% of loading control -actin): 72 + 17% in ctrl-ASO treated
WT neurons and 64 + 17% in anti-PHD1 ASO treated WT neurons for PHD2, 28 + 15% in
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ctrl-ASO treated WT neurons and 28 + 13% in anti-PHD1 ASO treated WT neurons for
PHD3, n =3, p = NS. C, mRNA expression levels of PhdI in brain homogenates from
control treated mice and anti-PHD1 ASO treated mice (n = 4 for control treated mice, n =5
for anti-PHD1 ASO treated mice; * p < 0.05). D-F Representative brain slices after TTC
staining, delineating the infarct zone as an unstained area (white), from control mice
receiving saline (D), an ASO against human huntingtin (E) or an anti-PHD1 directed ASO
(F), 24 hours after pPMCAQ. G, Quantification of the stroke area as percentage of the total
bihemispheric area (n = 11 for the saline group, n = 5 for the control ASO group, n =9 for
the anti-PHD1 ASO group, * p < 0.05; difference in means: —2.49, 95% CI: -3.76 to —1.22
for PHD1 ASO versus saline; and difference in means: —2.66, 95% CI: -4.40 to —0.92 for
PHD1 ASO versus control ASO). H,I, Measurements of the adhesive tape removal test at 1
day before and at day 1, 4, 7 and 11 post-stroke. Average time needed before control-ASO
treated (gray, n = 9) and anti-PHD1 ASO treated (blue, n = 7) mice sensed the presence of
the tape (H) (p = 0.057, repeated-measure ANOVA). Average time needed before the mice
successfully removed the tape (1) (n = 9 for control-ASO treated mice, n= 7 for anti-PHD1
ASO mice, p < 0.05, repeated-measure ANOVA). All quantitative data are mean + SEM.
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