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SUMMARY
Homeostatic control of oxygen availability allows cells to survive oxygen deprivation. Although
the transcription factor hypoxia-inducible factor 1α (HIF-1α) is the main regulator of the hypoxic
response, the upstream mechanisms required for its stabilization remain elusive. Here, we show
that p75 neurotrophin receptor (p75NTR) undergoes hypoxia-induced γ-secretase-dependent
cleavage to provide a positive feed-forward mechanism required for oxygen-dependent HIF-1α
stabilization. The intracellular domain of p75NTR directly interacts with the evolutionary
conserved zinc finger domains of the E3 RING ubiquitin ligase seven in absentia homologue 2
(Siah2), which regulates HIF-1α degradation. p75NTR stabilizes Siah2 by decreasing its auto-
ubiquitination. Genetic loss of p75NTR dramatically decreases Siah2 abundance, HIF-1α
stabilization and induction of HIF-1α target genes in hypoxia.p75NTR−/− mice show reduced
HIF-1α stabilization, vascular endothelial growth factor (VEGF) expression and neoangiogenesis
after retinal hypoxia. Thus, hypoxia-induced intramembrane proteolysis of p75NTR constitutes an
apical oxygen-dependent mechanism to control the magnitude of the hypoxic response.

INTRODUCTION
Oxygen regulates fundamental cellular functions, such as energy production, synthesis of
cellular constituents and enzymatic activities (Semenza, 2007). Aerobic organisms have
evolved sophisticated cellular processes to sense oxygen gradients and maintain adequate
oxygen supply for metabolic functions. The heterodimeric transcription factor hypoxia-
inducible factor 1 α (HIF-1α) is a master regulator of cellular adaptation to hypoxia in
physiology and a wide range of diseases, such as ischemic disorders and cancer (Semenza,
2000). HIF-1α orchestrates the genetic response to hypoxia by activating the transcription of
a wide set of genes that regulate multiple biological processes, including cellular
proliferation, survival, angiogenesis, energy, and metabolism (Majmundar et al., 2010). In
response to high oxygen levels, prolyl hydroxylases (PHDs) degrade HIF-1α, while in low-
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oxygen conditions PHDs cease their enzymatic activity to allow instantaneous stabilization
of HIF-1α (Semenza, 2001a). Attenuation of PHD activity in low oxygen levels is facilitated
by the upregulation of seven in absentia homologue 2 (Siah2), a RING finger E3 ubiquitin
ligase that targets substrate proteins for proteasomal degradation (Nakayama et al., 2004).
Although the downstream role of Siah2 as a regulator of PHD abundance and HIF-1α
degradation is well defined, the upstream adaptor proteins required for Siah2-mediated,
oxygen-dependent stabilization of HIF-1α during hypoxia are unknown.

In the present study, we examine the crosstalk between p75NTR signaling and the HIF-1α-
mediated hypoxic response. p75NTR, a member of the tumor necrosis factor receptor
superfamily, is upregulated during development and in various pathologic conditions,
including CNS injury and disease (Chao, 2003). p75NTR is widely expressed in non-
neuronal tissues and mediates diverse cellular functions, including apoptosis (Lee et al.,
2001), differentiation (Deponti et al., 2009; Passino et al., 2007), myelination (Cosgaya et
al., 2002), and extracellular matrix remodeling (Sachs et al., 2007). Like amyloid precursor
protein (APP) and Notch, p75NTR undergoes γ-secretase-dependent regulated
intramembrane proteolysis (Jung et al., 2003). Ectodomain shedding of p75NTR by α-
secretases, such as ADAM metalloproteases, results in the formation of a membrane-bound
carboxy-terminal fragment (CTF), a prerequisite for a second proteolytic cleavage by a γ-
secretase complex that targets the CTF to liberate the soluble intracellular domain (p75ICD)
(Bronfman, 2007). The p75ICD has signaling functions in apoptosis (Kenchappa et al.,
2006; Majdan et al., 1997), neurite outgrowth (Domeniconi et al., 2005), and transcriptional
activation of cell-cycle genes (Parkhurst et al., 2010). Combinations of ligand binding, co-
receptor interactions, intracellular compartmentalization, and regulated intramembrane
proteolysis determine which cytoplasmic partners p75NTR recruits to mediate its pleiotropic
cellular functions (Barker, 2004).

Here we show that hypoxia-induced γ-secretase cleavage of p75NTR triggers oxygen-
dependent stabilization of HIF-1α. We demonstrate an unanticipated function for p75NTR as
an adaptor protein that stabilizes the ubiquitin ligase Siah2 by decreasing its auto-
ubiquitination to provide a positive feed-forward mechanism that enhances HIF-1α stability
in hypoxic conditions. In vitro and in vivo, hypoxia induces γ-secretase-mediated cleavage
of p75NTR to stabilize HIF-1α. In response to hypoxia, p75NTR−/− mice show a decrease in
stabilization of HIF-1α and VEGF expression, leading to decreased retinal angiogenesis.
Overall, p75NTR intramembrane cleavage is an apical mechanism in the regulation of
hypoxic signaling.

RESULTS
p75NTR Regulates HIF-1α Stabilization in Hypoxia

p75NTR plays a crucial role liver (Kendall et al., 2009; Passino et al., 2007), lung fibrosis
(Sachs et al., 2007), and cancer (Johnston et al., 2007). Since the HIF-1α mediated-hypoxic
response is a hallmark of fibrotic diseases and tumorigenesis (Higgins et al., 2008; Semenza,
2000), we investigated p75NTR as a potential regulator of the hypoxic response. We first
compared the protein levels of HIF-1α in p75NTR+/+ (WT) and p75NTR−/− mouse embryonic
fibroblasts (MEFs) and cerebellar granule neurons (CGNs) under normoxic (21% O2) or
hypoxic (1% O2) conditions. p75NTR is expressed in MEFs as shown by western blot
(Figure 1A and S1A–C), real-time PCR (Figure S1D) and immunocytochemistry (Figure
S1E) at similar levels as in CGNs (Figure 1A). During hypoxia, HIF-1α stabilization was
68% lower in p75NTR−/− MEFs compared to WT (Figure 1B). Similarly, loss of endogenous
p75NTR in primary CGNs decreased HIF-1α stabilization by 55% (Figure 1B). As expected,
in normoxic conditions, HIF-1α was constitutively degraded in WT and p75NTR−/− cells
(Figure 1B). Conversely, overexpression of p75NTR in stably transfected NIH3T3 fibroblasts
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increased HIF-1α stabilization (Figure S1F). Non-transfected NIH3T3 fibroblasts do not
express endogenous p75NTR [(Sachs et al., 2007) and Figure S3D]. In contrast to HIF-1α,
loss of p75NTR did not affect accumulation of the HIF-1α homolog HIF-2α in hypoxia
(Figure S1G).

In a kinetic experiment, HIF-1α accumulated continuously in WT cells but failed to stabilize
in p75NTR−/− cells, even over 8 hours of hypoxia (Figure 1C), suggesting a sustained defect
in HIF-1α stabilization. Gene expression analysis showed no significant differences in
HIF-1α RNA between WT and p75NTR−/− cells (Figure S1H), indicating that HIF-1α
expression is regulated at the protein level in p75NTR−/− cells in response to hypoxia.
Lentiviral delivery of full-length p75NTR (p75FL) in p75NTR−/− cells rescued HIF-1α
stabilization (Figure 1D). During hypoxia, stabilized HIF-1α translocates to the nucleus to
activate its target genes (e.g., GLUT1, PHD3 and VEGF) (Marxsen et al., 2004; Semenza,
2001b). In p75NTR−/− cells, nuclear accumulation of HIF-1α was decreased, as shown by
immunocytochemistry (Figure 1E) and subcellular fractionation (Figure 1F). HIF-1α
decrease in the nuclear fraction of p75NTR−/− cells of 55% (Figure 1F) was similar to its
decrease in whole-cell extracts of 68% (Figure 1B). In accordance, GLUT1, PHD3 and
VEGF RNA expression were 61%, 69% and 48% lower respectively in hypoxia-treated
p75NTR−/− cells (Figure 1G). Overall, these results suggest that p75NTR regulates HIF-1α
stabilization and expression of HIF-1α target genes.

p75NTR Regulates PHD-dependent Proteasomal Degradation of HIF-1α
Oxygen-dependent hydroxylation of HIF-1α by PHDs triggers HIF-1α ubiquitination and its
subsequent proteasomal degradation (Semenza, 2001a). We thus used two complementary
approaches to determine whether p75NTR regulates proteasomal degradation of HIF-1α. The
proteasomal inhibitor MG132 increased HIF-1α to similar levels in WT and p75NTR−/− cells
(Figure 2A), suggesting that the defect in HIF-1α stabilization in the p75NTR−/− cells results
from excessive proteasomal degradation. Moreover, desferroxamine (DFO), an iron chelator
that inhibits the PHD activity restored protein abundance (Figure 2B) and nuclear
accumulation (Figure 2C) of HIF-1α to comparable levels in WT and p75NTR−/− cells.
Consistent with the nuclear accumulation of HIF-1α, DFO increased expression of GLUT1
and PHD3 by 70% and 82% respectively in p75NTR−/− cells, indicating that DFO restores
HIF-1α target gene transcription in p75NTR−/− cells (Figure 2D). Thus, increased PHD
activity appears to be responsible for the impaired HIF-1α stabilization in p75NTR−/− cells
under hypoxia.

Siah2 Zinc Fingers Directly Associate with the Juxtamembrane Domain of p75NTR to
Regulate HIF-1α Stabilization

PHD activity is regulated by Siah2-dependent proteasomal degradation (Nakayama et al.,
2004). Siah and the tumor necrosis factor receptor-associated factor (TRAF) family of
proteins are components of the E3 ubiquitin ligase complex that share similar domain
architecture (a RING finger domain, followed by a series of zinc fingers and the substrate
binding domain), three-dimensional structure and functional activity (Polekhina et al.,
2002). p75NTR directly interacts with TRAF family members, such as TRAF 6 (Khursigara
et al., 1999). Given the structural similarity of Siah proteins and the TRAF binding partners
of p75NTR, we hypothesized that p75NTR interacts with Siah2. Endogenous co-
immunoprecipitation showed that p75NTR interacts with Siah2 in whole brain extracts and
MEFs (Figure 3A), and N2a neuroblastoma cells (Figure S2A) in hypoxic conditions.
Deletion mapping mutagenesis showed that a p75NTR deletion mutant lacking the entire
ligand-binding extracellular domain (p75ICD) co-immunoprecipitated with Siah2 (Figures
3B, C). p75FL formed a complex with Siah2 under normoxic conditions and complex
formation increased during hypoxia (Figure 3B). The interaction of Siah2 with p75ICD was
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also enhanced after hypoxia (Figure 3B). Control experiments using empty pCDNA3 vector
showed that p75FL and p75ICD were not immunoprecipitated in Siah2 pull-downs (Figure
S2B). Thus, the interaction of p75NTR with Siah2 appears to be oxygen-dependent but
independent of ligand binding.

To characterize the p75NTR domains involved in Siah2 interaction, mapping studies were
conducted with deletion mutants after hypoxia. Siah2 interacted with p75FL and with
mutants lacking the distal 3, 62, and 83 amino acids (aa), but not with a mutant lacking the
distal 151 aa (Figure 3C). Thus, Siah2 evidently interacts with the juxtamembrane region of
p75NTR between residues 275 and 343. Since Siah2 binds the juxtamembrane domain of
p75NTR (Figure 3C), we examined the contribution of the p75NTR juxtamembrane domain to
HIF-1α stabilization. A mutant lacking the juxtamembrane domain (p75Δ151) failed to
stabilize HIF-1α upon hypoxia (Figure 3D). p75FL or a control mutant containing the
juxtamembrane domain, but lacking the 3 distal aminoacids of the p75ICD (p75Δ3)
stabilized HIF-1α upon hypoxia (Figure 3D).

To further characterize the interaction, we used peptide array technology, which has defined
sites of direct interaction for other p75NTR partners (Sachs et al., 2007) and many other
proteins (Bolger et al., 2006). Using His-p75ICD, we screened a peptide array library of
overlapping 25-mer peptides that spanned the sequence of Siah2. The strongest interactions
were within the RING finger (peptide 20, aa 101–125) and SINA/SIAH zinc finger domains
(peptides 27–36, aa 135–185) (Figure 3E). Binding was undetectable in the N-terminal
domain of Siah2, while p75NTR also bound to peptide 53 (aa 266–290) within the Siah2
substrate binding domain (Figure S2C), which is required for substrate ubiquitination. The
p75NTR-interacting sequences in the RING and zinc finger domains are highly conserved in
the Siah2/SINA family members from plants to mammals. These results suggest a direct
interaction between p75NTR and Siah2 that primarily requires sequences in the
juxtamembrane region of p75NTR and the evolutionary conserved RING and zinc finger
domains of Siah2.

p75NTR Regulates Siah2 Auto-ubiquitination
Siah2 is upregulated in hypoxia and induces a positive feed-forward mechanism to enhance
HIF-1α stability under hypoxic conditions (Nakayama et al., 2004). Steady-state levels of
Siah2 are regulated by its RING domain, which controls Siah2 auto-ubiquitination resulting
in its self-degradation (Hu and Fearon, 1999). Since p75NTR binds the Siah2 RING domain
(Figure 3E), we hypothesized that p75NTR increases Siah2 abundance in hypoxia by
regulating its auto-ubiquitination. Indeed, in p75NTR−/− cells, Siah2 was reduced by 63% as
shown by western blot (Figure 4A) and by 55% by immunocytochemistry (Figure 4B). No
differences were observed in transcriptional regulation of SIAH2 between WT and
p75NTR−/− cells during hypoxia (Figure 4C). Transfection with a Siah2 expression vector
rescued the defect of HIF-1α accumulation in p75NTR−/− cells (Figure 4D), suggesting that
p75NTR regulates HIF-1α stabilization through Siah2. In hypoxia, p75FL reduced the in vivo
auto-ubiquitination of Siah2 by ~70% compared to pCDNA control vector (Figure 4E;
hypoxia, lane 2 compared to lane 4). Consequently, total levels of Siah2 were increased by
50% in the presence of p75FL compared to pCDNA control (Figure 4F; hypoxia, lane 2
compared to lane 4). In contrast, in normoxia p75FL did not decrease Siah2 auto-
ubiquitination (Figure 4E; normoxia lane 2 compared to lane 4). As expected, inhibition of
proteasomal activity with MG132 increased the accumulation of ubiquitinated forms of
Siah2 (Figure 4E, F; lane 3). Overall, these results suggest that in low oxygen levels p75NTR

regulates Siah2 turnover by decreasing Siah2 self-degradation.

Le Moan et al. Page 4

Mol Cell. Author manuscript; available in PMC 2012 November 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hypoxia Stimulates γ-Secretase-mediated Proteolytic Cleavage of p75NTR to Control Siah2
Abundance and HIF-1α Stabilization

To determine whether oxygen levels regulate p75NTR, we analyzed the effects of hypoxia on
p75NTR expression and intramembrane cleavage. Hypoxia did not increase p75NTR RNA
(Figure S3A) or p75NTR protein levels (Figure S3B), but it stimulated the intramembrane
proteolysis of p75NTR (Figure 5A, B and Figure 4F, total cell lysate, hypoxia). Within 5
hours, hypoxia increased the accumulation of the p75CTF and induced the formation of
p75ICD in MEFs transfected with p75FL (Figure 5A). Hypoxia-induced intramembrane
cleavage was also confirmed for endogenous p75NTR in WT MEFs (Figure 5B) and in N2a
neuroblastoma cells (Figure S3C). To determine if the proteolytic cleavage of p75NTR in
hypoxia is mediated by metalloprotease and γ-secretase, we used pharmacological inhibitors
of α-secretase (TAPI-2) and γ-secretase (compound E). TAPI abolished the formation of
both p75NTR proteolytic fragments, suggesting that metalloprotease-mediated shedding
precedes ICD release during hypoxia (Figure 5A, B and S3C, D). In presence of the γ-
secretase inhibitor, the CTF of p75NTR accumulated without subsequent ICD formation,
demonstrating that γ-secretase mediates the second cleavage reaction to release the ICD of
p75NTR in hypoxia (Figure 5A, B and S3C, D). Hypoxia induced γ-secretase cleavage of
p75NTR in neurons (Figure S3C) and fibroblasts (Figure 5A, B and S3D) irrespective of
whether p75NTR was endogenously expressed (Figure 5B and S3C) or transfected (Figure
5A and S3D). Differences in the ratio of the ICD and CTF in fibroblasts and neurons are in
accordance with previous studies showing that p75NTR processing is dependent on cell type,
primarily due to differences in α-secretase levels (Kanning et al., 2003). Inhibition of γ-
secretase activity decreased both HIF-1α stabilization (Figures 5C and 5D) and Siah2
abundance (Figure 5D), suggesting that γ-secretase dependent intramembrane cleavage is
necessary for HIF-1α stabilization.

To rule out the possibility that γ-secretase inhibitors were blocking the proteolysis of
proteins other than p75NTR, we analyzed the effects of p75-FasTM, a p75NTR mutant that is
resistant to γ-secretase cleavage (Domeniconi et al., 2005; Zampieri et al., 2005) or p75ICD
on HIF-1α accumulation during hypoxia. p75-FasTM failed to increase HIF-1α stabilization
upon hypoxia, in contrast to p75FL or p75ICD (Figure 5E). Moreover, p75FasTM increased
the in vivo auto-ubiquitination of Siah2 in hypoxia by ~40% compared to p75FL (Figure 5F;
IP: Siah2, lane 3 compared to lane 4), suggesting that release of p75ICD is necessary for
Siah2 stabilization. Consequently, total levels of Siah2 were decreased in the presence of
p75-FasTM by ~60% compared to p75FL (Figure 5F; Total cell lysate, lane 3 compared to
lane 4). In addition, p75ICD increased HIF-1α stabilization at higher levels compared to
p75FL in hypoxia and in normoxia (Figure 5E), indicating that p75ICD is sufficient to
trigger HIF-1α accumulation. p75-FasTM and p75FL were expressed at similar levels and
p75ICD cleavage product was not detected for the p75-FasTM construct (Figure 5E, F).
p75NTR−/− MEFs were used for transfections of p75ICD and p75-FasTM to avoid potential
interference of the endogenous p75NTR expression. These results suggest that hypoxia-
induced intramembrane cleavage of p75NTR is necessary for HIF-1α stabilization and Siah2
accumulation.

p75NTR Regulates VEGF Expression and Neoangionesis in Retinal Hypoxia in vivo
To determine the biological significance of p75NTR-mediated stabilization of HIF-1α, we
examined the role of p75NTR in regulating the hypoxic response in vivo. Since p75NTR is
expressed in the retina during development (Frade and Barde, 1999; Lim et al., 2008) and in
response to injury (Harada et al., 2000) and HIF-1α is essential for retinal angiogenesis after
hypoxia (Arjamaa and Nikinmaa, 2006), we investigated the role of p75NTR in oxygen-
induced retinopathy (OIR), a model of retinal hypoxia (Connor et al., 2009). OIR has been
used in vivo to examine the biological role of HIF-1α (Xia et al., 2008; Yoshida et al., 2010)
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and is an established model to validate new regulators of hypoxia-induced pathological
neoangiogenesis, such as JNK (Guma et al., 2009), Notch (Hellstrom et al., 2007) and
Robo4 (Jones et al., 2008). In OIR, hyperoxia produces regression of the vascular network
(vaso-obliteration) in the center of the retina, which becomes hypoxic upon return to
normoxia (Connor et al., 2009). After vaso-obliteration, compensatory neovascularization
occurs to meet metabolic requirements. During this process, chaotically orientated and
inefficient blood vessels can form, leading to pathological angiogenesis characterized by
neovascular tufts. WT and p75NTR−/− mice were subjected to hyperoxia (75% oxygen) from
postnatal day 7 (P7) to postnatal day 12 (P12), followed by a return to ambient air
(normoxia) until postnatal day 17 (P17). In the p75NTR−/− mice, the vaso-obliterated area
was 45% smaller than in WT mice, and pathological neovascularization was reduced by
43% (Figure 6A, OIR and 6B). High magnification images show robust neovascular tuft
formation in WT, compared to p75NTR−/− mice (Figure 6A, OIR). During normoxia, no
major differences were detected between WT and p75NTR−/− mice (Figure 6A, normoxia).

Since the p75NTR−/− mice showed similar deficits in vaso-obliteration and angiogenesis as
mice with HIF-1α depletion (Xia et al., 2008; Yoshida et al., 2010), we examined whether
p75NTR regulates HIF-1α stabilization in vivo. After hypoxia, HIF-1α is upregulated in the
inner retina and is prominent in retinal ganglion cells (RGCs) (Mowat et al., 2010). Indeed,
we observed increase of HIF-1α in the ganglion cell layer (GCL) after hypoxia (Figure 6C).
The HIF-1α-target gene VEGF, which is implicated in ischemic retinopathies by promoting
pathological neovascularization (Guma et al., 2009), was also increased after hypoxia in the
GCL (Figure 6C). While in the adult p75NTR is expressed in Muller glial cells (Hu et al.,
1998; Lebrun-Julien et al., 2010), during embryonic and early postnatal life, p75NTR is
mostly expressed in RGCs at the GCL (Frade and Barde, 1999; Lim et al., 2008; Nakamura
et al., 2007). Indeed, p75NTR expression during hypoxia was observed in the GCL, similar to
that of HIF-1α and VEGF (Figure 6C). To confirm that intramembrane proteolysis of
p75NTR occurs after hypoxia in vivo, we examined p75NTR cleavage in the retina. p75NTR

proteolytic fragments corresponding to the p75CTF and p75ICD formed as early as 6 hours
after retinal hypoxia and their formation was sustained 5 days after hypoxia (Figure S4A). In
accordance with our in vitro studies (Figures S3A, B), hypoxia did not alter p75NTR protein
levels in vivo (Figure S4B), suggesting that hypoxia primarily regulates p75NTR by inducing
its proteolytic cleavage. Consistent with our in vitro findings, p75NTR−/− mice showed a
dramatic reduction of HIF-1α stabilization in the retina after 6 hours of hypoxia compared to
WT controls (Figure 6D) that showed the highest HIF-1α accumulation at the 6 hour
timepoint (Figure S4C). The functional consequence of reduced HIF-1α stabilization in
p75NTR−/− mice was assessed by measuring changes in the expression of VEGF. While
VEGF was upregulated in the retina of WT mice, its expression did not increase in
p75NTR−/− mice after retinal hypoxia (Figure 6E).

We then examined whether in vivo inhibition of p75NTR cleavage with α-secretase or γ-
secretase inhibitors affects the HIF-1α mediated-hypoxic response. Formation of the
p75CTF by α-secretase cleavage is a prerequisite for a second proteolytic cleavage by γ-
secretase to release p75ICD (Bronfman, 2007). Administration of the γ-secretase inhibitor
LY411575 or the α-secretase inhibitor TAPI-2 decreased HIF-1α stabilization (Figures 6G,
S4D) and VEGF induction (Figure 6H) in the retina. In addition to its effects on HIF-1α and
VEGF, TAPI-2 reduced the formation of p75CTF and p75ICD in the retina (Figure S4D). In
vivo inhibition of γ-secretase activity by LY411575 decreased p75ICD formation in the
retina (Figure 6F). As described (Zampieri et al., 2005) and in accordance with our in vitro
data (Figure 5A, B and S3C, D), inhibition of γ-secretase activity in vivo increased CTF
formation in the retina (Figure 6F). Inhibition of p75ICD formation by blocking either α-
secretase or γ-secretase suggests that in vivo intramembrane proteolysis is necessary for the
release of the p75ICD fragment detected in the retinal extracts after hypoxia (Figure 6F,
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S4A, D). These results demonstrate a crucial role for the oxygen-dependent intramembrane
cleavage of p75NTR in the regulation of HIF-1α-mediated angiogenesis in vivo.

DISCUSSION
In this study, we identified p75NTR intramembrane proteolysis as an apical mechanism that
regulates HIF-1α activity through Siah2 in response to hypoxia. Our study identifies p75NTR

as an oxygen-dependent substrate of γ-secretase and demonstrates a new biological function
for the p75NTR intracellular domain in HIF-1α stabilization in hypoxic conditions.
Moreover, we identify a neurotrophin-independent, oxygen-regulated molecular pathway
downstream p75NTR through its interaction with the ubiquitin ligase Siah2 that regulates the
hypoxic response. Our study demonstrates a major in vivo biological role for p75NTR in
retinal angiogenesis through the regulation of HIF-1α stabilization and VEGF expression.
Our findings suggest the following model for the crosstalk between p75NTR signaling and
the HIF-1α-mediated hypoxic response (Figure 7). (1) In normoxia, the juxtamembrane
domain of p75NTR constitutively interacts with the zinc finger domains of Siah2, which is
present at low, basal levels. (2) In this context, Siah2 undergoes ubiquitination and
proteasomal degradation, allowing the PHDs to catalyze HIF-1α hydroxylation and
subsequent HIF-1α degradation. (3) Conversely, reduction in oxygen levels stimulates the
activity of metalloprotease and γ-secretase, leading to cleavage of p75NTR and release of its
soluble ICD. (4) Intracellular accumulation of p75ICD results in increased interaction with
Siah2 that decreases its auto-ubiquitination, thereby increasing its accumulation. (5) Siah2
targets PHDs for proteasomal degradation, which results in HIF-1α stabilization.
Consequently, under hypoxic conditions, genetic loss of p75NTR decreases Siah2 abundance
and HIF-1α activation, resulting in a failure to induce the hypoxic response. Regulation of
hypoxia responses by p75NTR cleavage demonstrates an oxygen-dependent signaling
mechanism upstream of prolyl hydroxylases and ubiquitin ligases that triggers HIF-1α
stabilization.

Our study demonstrates that p75NTR interacts with Siah2 and regulates HIF-1α in both
fibroblasts and neurons as shown in both endogenous and overexpressing systems.
Importantly, our in vitro findings derived from primary fibroblasts and neurons are
corroborated in vivo using the retinal hypoxia model. p75NTR is expressed in fibroblasts in
the liver (Suzuki et al., 2008), skin (Adly et al., 2009), eye (Micera et al., 2007), dental pulp
(Sarram et al., 1997), bone marrow (Cattoretti et al., 1993), and myofibroblasts in the liver
(Passino et al., 2007; Trim et al., 2000). Moreover, p75NTR is expressed in neurons
including CGNs (Domeniconi et al., 2005). MEFs and CGNs have the intramembrane
proteolytic machinery to cleave p75NTR (Domeniconi et al., 2005; Kanning et al., 2003),
indicating that they are physiologically relevant primary cell systems to study p75NTR

signaling. Indeed, regulation of HIF-1α stabilization and target gene expression by p75NTR,
interaction of p75NTR with Siah2 and hypoxia-induced γ-secretase cleavage of p75NTR

occurred in both neurons and fibroblasts. Since p75NTR is expressed in vivo not only in
neurons, but also by other cell types, such as fibroblasts, outside of the nervous system, our
study suggests that regulation of HIF-1α stabilization could be a physiologic and general
mechanism for p75NTR function.

We identified regulation of the E3 ubiquitin ligase Siah2 as a novel signaling mechanism
downstream of p75NTR using endogenous co-immunoprecipitation, deletion mapping
mutagenesis, peptide array mapping and in vivo auto-ubiquitination assay. Our results
support regulation of Siah2 by p75NTR primarily at a protein level, since loss of p75NTR

decreases Siah2 during hypoxia without affecting its transcription. Depending on the
bioavailability of other extracellular stimuli in addition to oxygen deprivation, alternate
signaling pathways regulated by p75NTR might contribute to the Siah2-dependent p75NTR –
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mediated stabilization of HIF-1α. Two structurally similar components of E3 ubiquitin
ligase complexes, Siah2 and TRAF6, interact with the juxtamembrane region of p75NTR

(Khursigara et al., 1999) and our study). The RING domains of Siah2 and TRAF6 are
essential for the transfer of polyubiquitin chains on their substrates (Joazeiro and Weissman,
2000). Since p75NTR binds the RING domain of Siah2 and prevents Siah2 auto-
ubiquitination in hypoxia, p75NTR could also potentially act as an adaptor to regulate the
ubiquitination of Siah2 substrates depending on oxygen levels. Conversely, since TRAF6
ubiquitinates p75NTR (Powell et al., 2009) and p75NTR directly interacts with the substrate
binding domain of Siah2 (our study), Siah2 could also target p75NTR for degradation.
Ubiquitination plays crucial roles in gene transcription, signal transduction, and the cell
cycle by regulating protein stability. Thus, defects in protein degradation may lead to severe
pathogenic disorders like neurodegeneration and cancer (Hoeller et al., 2006; Tai and
Schuman, 2008). Indeed, members of the Siah family have been associated with Parkinson's
disease (Liani et al., 2004), tumorigenesis, and metastasis (Qi et al., 2008). Therefore, since
p75NTR regulates Siah2, we speculate that p75NTR might contribute to the pathological
outcome of diseases characterized by dysregulation of Siah2.

Our study establishes hypoxia as a novel mechanism that induces regulated intramembrane
proteolysis of p75NTR. Hypoxia-induced cleavage of p75NTR transduces the decrease in
oxygen levels by initiating the release of p75ICD, which interacts with Siah2 to regulate
HIF-1α expression. Previous findings showed that hypoxia induces expression of γ-secretase
(Wang et al., 2006). Consistent with this notion, within 6 hours after retinal hypoxia,
p75NTR underwent γ-secretase-mediated proteolytic cleavage to regulate HIF-1α-mediated
angiogenesis. Hypoxia also increases α-secretase activity of ADAM17 (Charbonneau et al.,
2007), which is the major metalloprotease mediating intramembrane cleavage of p75NTR

(Kenchappa et al., 2010). Since ADAM17-dependent p75NTR cleavage is a prerequisite for
the γ-secretase cleavage and thus a limiting step for the generation of p75ICD (Kenchappa et
al., 2010), it is possible that ADAM17 might be a limiting factor for HIF-1α stabilization.
Hypoxia also stimulates proteolytic cleavage of other cell-surface receptors, such as Notch
and APP (Chen et al., 2007; Gustafsson et al., 2005; Sun et al., 2006), suggesting a
convergent mechanism between low oxygen conditions and intramembrane proteolysis.
Hypoxia-induced γ-secretase cleavage of Notch liberates Notch ICD (Gustaffson et al,
2005). While Notch ICD interacts with HIF-1α to regulate transcriptional activation of the
hypoxic response (Gustaffson et al, 2005), oxygen-induced γ-secretase cleavage of p75NTR

regulates HIF-1α at a protein level.

Several studies have delineated the important role of γ-secretase in vasculogenesis and
angiogenesis (Boulton et al., 2008). Similar to the effects of genetic loss of p75NTR, γ-
secretase inhibitors decrease the vaso-obliterated area in the OIR model (Hellstrom et al.,
2007). While the effects of γ-secretase inhibitors have been attributed to inhibition of Notch
cleavage, our findings identify p75NTR as a physiologically relevant substrate of γ-secretase
in retinal hypoxia. Cleavage of p75NTR mediated by γ-secretase in response to hypoxia is an
upstream mechanism to control HIF-1α stabilization. Therefore, release of p75ICD may be a
component of the hypoxic signaling cascade that modulates the angiogenic response in
retinal hypoxia.

HIF-1α is a master regulator of vascular homeostasis, driving transcriptional activation of
several angiogenic genes in hypoxic and ischemic conditions (Semenza, 2001b). HIF-1α
regulates the pathogenic feature of neovascularization in oxygen-dependent diseases of the
retina by regulating angiogenic factors such as VEGF (Arjamaa and Nikinmaa, 2006).
p75NTR−/− mice have reduced HIF-1α stabilization in the retina and decreased VEGF, which
is transcriptionally regulated by HIF-1α. The vascular pattern in p75NTR−/− mice after OIR
is similar to that after pharmacologic or genetic depletion of HIF-1α (Xia et al., 2008;
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Yoshida et al., 2010). Since the HIF pathway has been proposed as a potential target for
therapeutic intervention in ischemic retinopathies, p75NTR might be a therapeutic target
upstream of HIF-1α. Our study demonstrates that HIF-1α is the major target for p75NTR,
while HIF-2α levels remained unaffected. Since HIF-2α is also involved in retinal
angiogenesis (Weidemann et al., 2010), future studies will examine the potential
involvement of HIF-2α in p75NTR-regulated retinal angiogenesis. The role of p75NTR in the
retina has been primarily associated with axon guidance (Lim et al., 2008) and neurotrophin-
mediated neuronal apoptosis (Frade and Barde, 1999; Lebrun-Julien et al., 2010). Our study
reveals an unanticipated function of p75NTR as a regulator of HIF-1α angiogenic target
genes and pathogenic angiogenesis and provides a molecular mechanism governing aberrant
retinal angiogenesis after hypoxia. Since p75NTR expression is not restricted to the CNS, it
is possible that p75NTR might contribute to the hypoxic response in other tissues.

In conclusion, our findings reveal a previously unrecognized mechanism for the regulation
of the hypoxic response initiated by oxygen-dependent cleavage of p75NTR, which triggers
stabilization of HIF-1α through the ubiquitin ligase Siah2. Although hypoxia induces the
expression of the γ-secretase complex resulting in the cleavage of Notch and APP, our study
reveals p75NTR as a new oxygen-regulated substrate of γ-secretase. Identifying Siah2 as an
interacting partner of p75ICD provides a molecular link between regulated intramembrane
proteolysis and proteasomal degradation. Our study also revealed that p75NTR cleavage
regulates hypoxia-induced angiogenesis in the retina, a hitherto unrecognized function for
p75NTR. Since p75NTR and HIF-1α are expressed in several tissues affected by hypoxia,
regulation of HIF-1α stabilization by p75NTR might be a general mechanism for regulating
oxygen-dependent angiogenesis and tissue remodeling. Regulated intramembrane cleavage
of p75NTR and subsequent interaction with Siah2 might be targets for therapeutic
intervention to modulate the hypoxic response in ischemia and cancer characterized by
dysregulation of HIF-1α.

EXPERIMENTAL PROCEDURES
Mice

p75NTR−/− mice (Lee et al., 1992) (Jackson Laboratory) were backcrossed for 11–12
generations on a C57BL/6 background. Mice were fed standard chow and had access to food
and water ad libitum. All animal procedures were reviewed and approved by the
Institutional Animal Care and Use Committee of the University of California, San
Francisco, and are in accordance with those set by the National Institutes of Health.

In vitro Cell Hypoxia
Isolated MEFs and CGNs, HEK293T, N2a and NIH3T3 and NIH3T3-p75NTR cells were
cultured at 37°C in a 5% CO2/95% air incubator. For hypoxic exposure, cells were
incubated at 37°C for 5 hours in a modular incubator chamber (C-Chamber, Biospherix)
flushed with 1% O2 and 5% CO2 and balanced with N2. For chemical hypoxia, MEFs were
treated with 100 μM desferroxamine (DFO) (Sigma) for 5 hours. For secretase inhibition, 1
μM of compound E (Calbiochem) or 20 μM of TAPI-2 (Calbiochem) was added at 14 hours
and 2 hours before hypoxia. The proteasome inhibitor MG132 (10 μM) was added alone or
with PMA (100 ng/ml, Sigma) 1 hour before hypoxia.

Mouse Model of OIR
OIR was induced as described (Connor et al., 2009; Smith et al., 1994). Briefly, 7-day-old
(P7) WT and p75NTR−/− mouse pups with nursing mothers were exposed to 75% O2 for 5
days in an O2 chamber controlled by the ProOx P110 and ProCO2 P120 systems
(BioSpherix). At P12, the animals were returned to room air for 2–12 hours for biochemical
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analysis or for 5 days until P17 for retinal neovascular response. Control mice were kept in
the same room under ambient O2 and were exposed to the same level of light.

Statistics
Differences between experimental conditions were analyzed with GraphPad Prism software
(GraphPad). The unpaired t test was used for isolated pairs. Analysis of variance for
multiple comparisons was performed with one-way ANOVA and Bonferroni post-test. Data
are shown as mean ± SEM. P < 0.05 was considered significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Stabilization of HIF-1α Is Impaired in p75NTR−/− Cells during Hypoxia
(A) Western blot for p75NTR in MEFs and CGNs. β-Actin loading controls were performed
on the same membrane. Representative western blot from n=2 independent experiments is
shown.
(B) Western blot for HIF-1α during normoxia and after 5 hours of hypoxia (1% O2) in WT
and p75NTR−/− MEFs and CGNs. β-Actin loading controls were performed on the same
membrane. Values are mean ± SEM of the HIF1-α/β-actin ratio normalized to hypoxic WT
cells as determined by densitometry (MEFs, n=4; CGNs, n=3 independent experiments,
***P< 0.001 and **P<0.01 by one-way ANOVA). N, normoxia; H, hypoxia.
(C) Kinetics of HIF-1α stabilization in hypoxia (1% O2) in WT and p75NTR−/− MEFs by
western blot analysis. β-Actin loading controls were performed on the same membrane. The
pharmacologic inhibitor DFO that stabilizes HIF-1α was used as a positive control. HIF1-α/
β-actin ratio determined by densitometry is shown. Values are mean ± SEM of the HIF1-α/
β-actin ratio (n=3 independent experiments, **P< 0.01 and *P<0.05 by unpaired Student's t
test).
(D) Western blot for HIF-1α after 5 hours of hypoxia (1% O2) in p75NTR−/− MEFs infected
with lentivirus expressing p75FL. β-Actin loading controls were performed on the same
membrane. The ratio HIF1-α/β-actin is normalized to hypoxic WT cells.
(E) Immunocytochemical analysis of HIF-1α nuclear accumulation (WT normoxia, n=226;
WT hypoxia, n=163; p75NTR−/− normoxia, n=195; p75NTR−/− hypoxia, n=240) after 5 hours
of normoxia and hypoxia (1% O2) in WT and p75NTR−/− MEFs. Values are mean ± SD of
the HIF1-α/β-actin ratio (n=2 independent experiments, *P<0.05 by unpaired Student's t
test).
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(F) Western blot for HIF-1α accumulation in nuclear and cytoplasmic fractions after 5 hours
of normoxia or hypoxia (1% O2) in WT and p75NTR−/− MEFs. GAPDH and histone H3 (H3)
were used as a loading control for cytoplasmic and nuclear fractions respectively.
Representative western blot from n=2 independent experiments is shown. N, nuclear; NC,
nucleo-cytoplasmic; C, cytoplasm.
(G) Real-time PCR analysis of GLUT1, PHD3 and VEGF expression in WT and p75NTR−/−

cells after 5 hours of normoxia and hypoxia (1% O2). Values are mean ± SEM (GLUT1 and
PHD3; MEFs, n=4; VEGF; CGNs, n=3 independent experiments, **P<0.01; *P<0.05 and
ns, not significant, by one-way ANOVA). See also Figure S1.
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Figure 2. Inhibition of Proteasomal Degradation and PHD Activity Restores the HIF-1α-
Mediated Hypoxic Response in p75NTR−/− Cells
(A) Western blot for HIF-1α stabilization in WT and p75NTR−/− MEFs treated with MG132
for 1 hour before hypoxia (1% O2). β-Actin loading controls were performed on the same
membrane. The HIF1-α/β-actin ratio is normalized to the hypoxic WT cells. Representative
image from n=3 independent experiments is shown.
(B) Western blot for HIF-1α stabilization in WT and p75NTR−/− MEFs treated with DFO for
1 hour before hypoxia (1% O2). β-Actin loading controls were performed on the same
membrane. The HIF1-α/β-actin ratio is normalized to hypoxic WT cells. Representative
image from n=3 independent experiments is shown.
(C) Immunocytochemistry for HIF-1α nuclear accumulation in WT and p75NTR−/− MEFs
treated with DFO for 5 hours (1% O2) (WT hypoxia, n=163; p75NTR−/− hypoxia, n=240;
WT hypoxia, n=114; p75NTR−/− hypoxia, n=189). Values are mean ± SD of the HIF1-α/β-
actin ratio (n=2 independent experiments, *P<0.05 by unpaired Student's t test).
(D) Real-time PCR analysis of GLUT1 and PHD3 gene expression in WT and p75NTR−/−

MEFs treated with DFO for 5 hours (200 μM). Values are mean ± SEM (n=3 independent
experiments, *P<0.05; by one-way ANOVA).
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Figure 3. Siah2 Zinc Fingers Directly Associate with the Juxtamembrane Domain of the p75ICD
(A) Endogenous co-immunoprecipitation of p75NTR with Siah2 in whole brain extracts from
P9 mice exposed to hypoxia (9% O2 for 6 hours) and in MEFs after hypoxia (1% O2 for 6
hours in presence of MG132). Lysates were immunoprecipitated with anti-Siah2 or IgG
control antibodies, and western blots were developed with anti-Siah2 or anti-p75NTR

antibodies.
(B) Immunoprecipitation of Myc-Siah2 with HA-p75FL and Flag-p75ICD transfected in
HEK293T cells subjected to normoxia or hypoxia (1% O2) for 5 hours in presence of
MG132. Lysates were immunoprecipitated with anti-Myc antibody, and western blots were
developed with anti-HA and anti-Siah2 antibodies.
(C) Mapping of the p75NTR sites required for interaction with Siah2. Immunoprecipitation
of Myc-Siah2 with truncated forms of HA-p75 and Flag-p75 transfected in HEK293T cells
subjected to hypoxia (1% O2) for 5 hours in the presence of MG132. Lysates were
immunoprecipitated with anti-Myc antibody, and western blots were developed with anti-
HA, anti-flag and anti-Siah2 antibodies. Schematic diagram of amino-terminal and carboxy-
terminal truncated forms of HA-p75. TM, transmembrane domain; DD, death domain; ICD,
intracellular domain.
(D) Western blot for HIF-1α and p75NTR in p75NTR−/− MEFs transfected with the HA-
p75Δ151 mutant that lacks the p75NTR juxtamembrane domain, HA-p75FL, or the HA-
p75Δ3 control mutant that lacks 3 distal aminoacids of the p75ICD. Cells were subjected to
5 hours of hypoxia (1% O2). β-Actin loading controls were performed on the same
membrane. Representative images from n=3 independent experiments is shown. TM,
transmembrane domain; DD, death domain; ICD, intracellular domain.
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(E) Peptide array mapping of the Siah2 sites required for the interaction with p75ICD.
Schematic diagram of the Siah2 protein shows the domain organization. Peptide library
screened with recombinant His-p75ICD revealed two distinct domains of Siah2 that interact
with the ICD of p75NTR: the RING domain (peptide 20) and the two SIAH/SINA zinc finger
domains (peptides 27–36). ZF1: Zinc finger domain 1, ZF2: zinc finger domain 2.
Sequences of RING and ZF domains are outlined and the Siah2 peptides interacting with
p75NTR are shown in bold. See also Figure S2.
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Figure 4. p75NTR Regulates HIF-1α Stabilization through Siah2
(A) Western blot for Siah2 in WT and p75NTR−/− MEFs after 5 hours of normoxia or
hypoxia (1% O2). β-Actin loading controls were performed on the same membrane. Values
are mean ± SEM of the Siah2/β-actin ratio (n = 3 independent experiments, *P<0.05; ns, not
significant, by oneway ANOVA), normalized to hypoxic WT cells.
(B) Immunocytochemistry of Siah2 accumulation in WT and p75NTR−/− MEFs after 5 hours
of normoxia and hypoxia (1% O2). Values are mean ± SEM of the percentage of Siah2+

area, normalized to the total cell number (WT normoxia, n=244; WT hypoxia, n=455;
p75NTR−/− normoxia, n=130; p75NTR−/− hypoxia, n=319; *P<0.05; ns, not significant, by
one-way ANOVA).
(C) Real-time PCR analysis of SIAH2 expression in WT and p75NTR−/− MEFs after 5 hours
of normoxia or hypoxia (1% O2). Values are mean ± SEM (n = 3 independent experiments,
**P< 0.01; ns, not significant, by one-way ANOVA).
(D) Western blot for HIF-1α and Siah2 in WT and p75NTR−/− MEFs electroporated with
Myc-Siah2 after 5 hours of normoxia or hypoxia (1% O2). β-Actin loading controls were
performed on the same membrane. The HIF1-α/β-actin ratio is normalized to hypoxic WT
cells. Representative image from n=2 independent experiments is shown.
(E) Co-immunoprecipitation of Myc-Siah2 with HA-ubiquitin (HA-Ub) transfected in
HEK293T cells with p75FL or pCDNA3 control vector. Cells were subjected to normoxia or
hypoxia (1% O2) for 5 hours in the presence of MG132 as indicated. Lysates were
immunoprecipitated with anti-Myc antibody, and western blots were developed with anti-
HA and anti-Siah2. The Ubiquitin/Siah2 ratio determined by densitometry is shown.
Representative image from n=3 independent experiments is shown.
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(F) Western blot for p75NTR and Siah2 in total lysates of HEK293T cells transfected with
Myc-Siah2, HA-ubiquitin (HA-Ub), p75FL or pCDNA3 control vector. Cells were subjected
to normoxia or hypoxia (1% O2) for 5 hours in the presence of MG132 as indicated. Western
blots were developed with anti-p75NTR, anti-Siah2 and anti-β-Actin antibodies. The Siah2/
β-actin ratio determined by densitometry is shown. Representative image from n=3
independent experiments is shown.
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Figure 5. Hypoxia Induces Proteolytic Cleavage of p75NTR by γ-secretase to Control Siah2
Abundance and HIF-1α Stabilization
(A) Western blot for p75NTR in p75NTR−/− MEFs electroporated with p75FL and subjected
to 5 hours of normoxia or hypoxia (1% O2). Cells were treated with 1 μM of compound E
and 20 μM of TAPI for 14 and 2 hours before hypoxia. Based on the predicted molecular
weight, the arrows indicate the full length receptor (~75 kDa, FL), the carboxy-terminal
fragment (~25 kDa, CTF) or the intracellular domain (~20 kDa, ICD). β-Actin loading
controls were performed on the same membrane. Representative image from n=3
independent experiments is shown.
(B) Western blot for p75NTR in WT MEFs subjected to 5 hours of normoxia or hypoxia (1%
O2). Cells were treated with 1 μM of compound E and 20 μM of TAPI for 14 and 2 hours
before hypoxia. MG132 was added 4 hours before hypoxia. Representative image from n=3
independent experiments is shown.
(C) Western blot for HIF-1α expression in WT MEFs in normoxia and during 2, 4 and 6
hours of hypoxia (1% O2). Cells were pretreated with 1 μM of compound E 14 and 2 hours
before hypoxia. β-actin loading controls were performed on the same membrane. The ratio
HIF1-α/β-actin is normalized to the non-treated WT cells after 6 hours of hypoxia.
(D) Western blot for HIF-1α and Siah2 in WT MEFs treated with 1 μM of compound E for
14 hours before 5 hours of hypoxia (1% O2). β-Actin loading controls were performed on
the same membrane. Representative images from n=3 independent experiments are shown.
(E) Western blot for HIF-1α and p75NTR in p75NTR−/− MEFs transfected with p75FL,
p75ICD and p75-FasTM and subjected to 5 hours of normoxia of hypoxia (1% O2). β-Actin
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loading controls were performed on the same membrane. Representative image from n=3
independent experiments is shown.
(F) Co-immunoprecipitation of Myc-Siah2 with HA-ubiquitin (HA-Ub) in HEK293T cells
transfected with p75FL, p75FasTM or pCDNA3 subjected to normoxia or hypoxia (1% O2)
for 5 hours. Lysates were immunoprecipitated with anti-Myc antibody, and western blots
were developed with anti-HA, and anti-Siah2 antibodies. Western blot of total cell lysates
developed with anti-p75NTR and anti-Siah2 antibodies is shown. The Ubiquitin/Siah2 ratio
and the Siah2/β-actin ratio determined by densitometry are shown for the IP fraction and
total cell lysate respectively. Representative images from n=2 independent experiments are
shown. See also Figure S3.
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Figure 6. Loss of p75NTR Reduces HIF-1α Stabilization and VEGF Expression and Regulates
Neovascularization in Retinal Hypoxia
(A) Whole-mount retinas from WT and p75NTR−/− P17 mice exposed to normoxia or OIR
were stained with the vascular marker Alexa-Fluor 594–conjugated isolectin B4 from
Griffonia simplicifolia. Dashed lines outline the vaso-obliterated area.
(B) Quantification of the vaso-obliterated area and neovascular tuft formation in normoxia
in WT and p75NTR−/− mice (n=3 per genotype) or in hypoxia WT (n=8) and p75NTR−/− mice
(n=9). Results are presented as mean ± SEM. (*P<0.05 and **P<0.01, by unpaired Student's
t test). Analysis was performed on animals from 3 independent litters.
(C) Immunohistochemical staining for HIF-1α, VEGF and p75NTR in normoxia and hypoxia
in the central retina of P12 mice 12 hours after OIR. gcl, ganglion cell layer; ipl, inner
plexiform layer.
(D) Western blot for HIF-1α in normoxic and hypoxic retinas of WT and p75NTR−/− P12
mice 6 hours after return to room air. β-Actin loading controls were performed on the same
membrane. Three mice from n=3 independent litters are shown.
(E) Real-time PCR analysis of VEGF gene expression in WT and p75NTR−/− P12 mice 6
hours after return to room air. WT normoxia, n=3; p75NTR−/− normoxia, n=5; WT hypoxia,
n=9; p75NTR−/− hypoxia, n=9; **P<0.01 by one-way ANOVA. Values are mean ± SEM.
Analysis was performed on animals from three independent litters.
(F) Western blot for p75NTR and HIF-1α in normoxic and hypoxic retinas of WT P12 mice
treated with LY411575 or vehicle. β-actin loading controls were performed on the same
membrane. p75ICD is detected in lane 2. Representative western blot is shown from an
average of n=6 animals in each experimental condition.
(G) Western blot for HIF-1α in normoxic and hypoxic retinas of WT P12 mice treated with
LY411575 or vehicle. β-actin loading controls were performed on the same membrane.
Representative western blot is shown from an average of n=6 animals in each experimental
condition.
(H) Real-time PCR analysis of VEGF gene expression in WT P12 mice treated with TAPI-2,
LY411575 or vehicle. WT vehicle, n=5; WT TAPI-2, n=6; WT LY411575, n=6; **P<0.01,
***P<0.001 by unpaired Student's t test. Values are mean ± SEM. See also Figure S4.
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Figure 7.
Working Model for the Role of p75NTR in the Regulation of HIF-1α-Mediated Hypoxic
Response through the Ubiquitin Ligase Siah2
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