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Abstract

Aim: NG2 cells in the brain are comprised of pericytes and NG2 glia and play an
important role in the execution of cerebral hypoxia responses, including the induc-
tion of erythropoietin (EPO) in pericytes. Oxygen-dependent angiogenic responses
are regulated by hypoxia-inducible factor (HIF), the activity of which is controlled
by prolyl 4-hydroxylase domain (PHD) dioxygenases and the von Hippel-Lindau
(VHL) tumour suppressor. However, the role of NG2 cells in HIF-regulated cerebral
vascular homeostasis is incompletely understood.

Methods: To examine the HIF/PHD/VHL axis in neurovascular homeostasis, we
used a Cre-loxP-based genetic approach in mice and targeted Vhl, Epo, Phdl, Phd2,
Phd3 and Hif2a in NG2 cells. Cerebral vasculature was assessed by immunofluores-
cence, RNA in situ hybridization, gene and protein expression analysis, gel zymog-
raphy and in situ zymography.

Results: Vil inactivation led to a significant increase in angiogenic gene and Epo
expression. This was associated with EPO-independent expansion of capillary net-
works in cortex, striatum and hypothalamus, as well as pericyte proliferation. A com-
parable phenotype resulted from the combined inactivation of Phd2 and Phd3, but
not from Phd2 inactivation alone. Concomitant PHD1 function loss led to further
expansion of the neurovasculature. Genetic inactivation of Hif2a in Phd1/Phd2/Phd3

triple mutant mice resulted in normal cerebral vasculature.
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1 | INTRODUCTION

Although the human brain accounts for only ~2% of body
weight, it consumes approximately 20% of the body's oxy-
gen and glucose-derived energy.1 When oxygen levels fall
below normal range, hyperaemia coupled with redistribution
of blood flow occurs immediately, thereby increasing cere-
bral oxygenation.™ If the supply of oxygen remains insuffi-
cient, additional adaptive responses come into play to avert
the detrimental effects of hypoxia on the brain. In this case,
cells activate transcriptional and metabolic responses that are
regulated by the hypoxia-inducible factor (HIF) pathway.4'6
The activity of HIF transcription factors, which consist of an
oxygen-regulated a-subunit (either HIF1a, HIF2a0 or HIF3ar)
and a constitutively expressed p-subunit, is controlled by pro-
lyl 4-hydroxylase domain dioxygenases PHD1, PHD2 and
PHD3. PHD2 is the main dioxygenase that controls HIF activ-
ity under normoxia, as PHD2 inhibition alone is sufficient for
HIF activation in many cell types.”® HIF-PHD dioxygenases
act as cellular oxygen sensors and hydroxylate specific proline
residues within the HIFa subunit in an oxygen- and iron-de-
pendent manner. Under normoxia, prolyl 4-hydroxyaltion of
HIFa leads to its proteasomal degradation via ubiquitylation
by the von Hippel-Lindau (VHL)-E3 ubiquitin ligase com-
plex. Under hypoxia, proline 4-hydroxylation and thus HIF«
degradation are impaired resulting in cellular HIFx accumula-
tion and the formation of HIFo/f heterodimers in the nucleus.
This increases the expression of genes involved in the regula-
tion of multiple biological processes such as vasculogenesis
and angiogenesis, energy metabolism and erythropoiesis.4’5

In the brain, chronically low oxygen levels promote vas-
cular remodelling through the induction of various pleiotro-
pic and angiogenic factors including erythropoietin (EPO)
and vascular endothelial growth factor A (VEGFA), which
increase perfusion and delivery of oxygen to the brain paren-
chyma.g'14 Although hypoxia-induced neurovascular angio-
genesis and remodelling is a well-recognized phenomenon
in neuropathology, the cell types and molecular pathways
involved in this response are not well characterized.

NG2 cells play an important role in neurovascular homeo-
stasis and consist of pericytes and NG2 glia, a subpopulation
of glia that give rise to myelinating oligodendrocytes.'”!’
While pericytes represent an essential cellular component of

Conclusion: Our studies establish (a) that HIF2 activation in NG2 cells promotes
neurovascular expansion and remodelling independently of EPO, (b) that HIF2 activ-
ity in NG2 cells is co-controlled by PHD2 and PHD3 and (c) that PHD1 modulates
HIF2 transcriptional responses when PHD2 and PHD3 are inactive.

angiogenesis, brain, erythropoietin, HIF, pericytes, prolyl 4-hydroxylase domain

the cerebral vasculature,18 NG2 glia have also been shown to
contribute to neurovascular homeostasis.'® Pericytes stabilize
capillaries, contribute to vascular growth and are involved in
blood brain barrier formation and maintenance.” They fur-
thermore control capillary diameter and cerebral blood flow,
and process toxic metabolites.!*1 Pericytes represent a
heterogeneous cell population that can be identified by cer-
tain molecular markers such as platelet-derived growth fac-
tor receptor § (PDGFRB) and neural/glial antigen 2 (NG2),
which is encoded by the chondroitin sulphate proteoglycan
4 (Cspg4) gene.20 NG?2 is a 300-kDa single-membrane span-
ning chondroitin sulphate proteoglycan, which is expressed
by all brain pericytes and by NG2 glia, and acts as a corecep-
tor for platelet-derived growth factor (PDGF).2*%

Although vascular dysfunction has been shown to worsen
brain hypoxia, little is known about the role of NG2 cells in
cerebral hypoxia responses.ls’23’27’28 To better understand the
role of HIF in neurovascular homeostasis, we conditionally in-
activated Vhl, Phdl, Phd2, Phd3 and Hif2a in NG2 cells tak-
ing advantage of Ng2-cre transgenic mice.” We found that Vhl
gene deletion, which results in robust HIF activation, increased
capillary density in cortex, striatum and hypothalamus, pericyte
proliferation and led to transcriptional and phenotypic changes
consistent with vascular remodelling. These changes occurred in
an EPO-independent manner. A comparable phenotype was ob-
served when Phd?2 and Phd3 were inactivated together, whereas
Phd?2 inactivation alone did not induce a vascular phenotype.
Concomitant Phdl inactivation in Phd2™~Phd3™~ NG2 cells
further enhanced HIF2-dependent neurovascular expansion.

In summary, our studies suggest that NG2 cells play a key
role in neurovascular vasculogenesis and angiogenesis that
is EPO-independent and identify distinct roles for individual
HIF-PHDs in the regulation of HIF2-dependent transcrip-
tional responses.

2 | RESULTS

2.1 | Vhldeletion in NG2 cells expands and
remodels neurovasculature

To examine the neurovascular consequences of HIF activa-
tion in NG2 cells, we targeted the VHL tumour suppressor.
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Vhl inactivation in NG2 cells results in neurovascular remodelling and expansion. A, Representative immunofluorescence (IF)

images of frozen brain sections from Cre™ control and NG2-VAI™~ mice (age 9-10 wk) stained for markers of pericytes (PDGFRB), basement
membrane (laminin and collagen IV) and endothelial cells (CD31); cortex; scale bar, 100 pm. Nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI, blue fluorescence). There is complete overlap between PDGRFB and laminin IF staining. White arrows exemplify double-
positive structures. B, Quantification of PDGFRB-, laminin-, collagen IV- and CD31-positive area expressed as percentage of Cre™ control, (n = 3).
C, Relative mRNA transcript levels in NG2-VhI™~ cortex expressed as fold-change compared with Cre™ control, (n = 3-5). D, Representative
images of multiplex RNA FISH of cortical tissue from Cre™ control, NG2-VhI™~ and hypoxic wild-type mice (normobaric hypoxia, 8% O, for

24 h) detecting angiopoietin 2 (green fluorescent signal) and Pdgfrb-expressing cells (red fluorescent signal). White arrows depict cells positive
for both Angpt2 and Pdgfrb; red arrows depict cells in the direct vicinity of micro-vessels that are positive for Angpt2 and negative for Pdgfrb.
White structures represent auto-fluorescent red blood cells. Nuclei were stained with DAPI (blue fluorescent signal); scale bar, 10 um. Data

are represented as mean + SEM; two-tailed Student's ¢ test; *P < .05, P < .01 and *P < .001 compared with Cre™ control. Adgrel, adhesion
G-protein-coupled receptor E1; Angptl, angiopoietin 1; Angpt2, angiopoietin 2; Pgf, placental growth factor; Ptgs2, prostaglandin-endoperoxide
synthase 2; Slc7a5, solute carrier 7a5; Tgfbl, transforming growth factor beta 1, Vcaml, vascular cell adhesion molecule 1; Vegfa, vascular
endothelial growth factor A; Wnt7b, wingless-type MMTV integration site family, member 7B

Vhl inactivation results in robust HIF activation because of
complete abrogation of HIFa degradation.4 We took advan-
tage of transgenic mice that express Cre-recombinase under
control of the Ng2 promoter and generated Ng2-cre Vht"**1ox
mice, which from hereon are referred to as NG2-Vhl™'~
mutants. Ng2-cre targets brain pericytes and NG2 glia.1425
NG2-VhI™~ mutant mice had a normal life span and were
characterized by elevated red blood cell (rbc) counts from in-
creased EPO production.14 As part of the initial morphologi-
cal analysis, we performed immunofluorescence (IF) staining
for PDGFRB in brains from adult NG2-VA[™”~ mutant and

Cre™ littermate control mice (9-10 weeks old). PDGFRB is
a commonly utilized molecular marker for pericytes and is
specific for pericytes in the brain.”’ IF staining demonstrated
a 65% increase in the area positive for PDGFRB staining
(Figure 1A,B). To investigate whether increased PDGFRB
staining resulted from an increase in pericyte numbers, we
performed high-resolution fluorescence RNA in situ hybrid-
ization (RNA FISH) in conjunction with nuclear 4',6-diamid-
ino-2-phenylindole (DAPI) staining. RNA FISH revealed a
90% increase in the number of Pdgfrb* cells in cortex com-
pared to control (Figure SIA). Because pericytes modulate
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endothelial cell behaviour and function,
tigated capillary density by IF staining for cluster differenti-
ation antigen 31 (CD31). CD31 immunostaining revealed an
increase in capillary area by ~50% in NG2-Vhl™~
compared with control. Furthermore, capillary bed expan-
sion was associated with a ~50% increase in the area positive
for collagen type IV and laminin, both markers of basement
membranes, in which endothelial cells and pericytes are typ-
ically embedded (Figure 1A,B).

To further corroborate our findings, we performed IF
staining for a second pericyte marker, NG2. Because it has
been reported that NG2 is also expressed by oligodendrocyte
precursor cells,”® we performed double IF staining for NG2
and CD31 to discriminate between NG2 pericytes and NG2
glia; capillary pericytes are in close proximity to endothelial
cells and extend cellular processes along and around capil-
laries.'> Combined NG2/CD31 staining demonstrated that
NG2 expression was only associated with CD31-positive
structures and was consistent with IF results for PDGFRB
and CD31 double staining (Figure S1B). Taken together our
combined IF and RNA FISH data indicate that the expansion
of cerebral capillary beds in NG2-VAil™~ mice was associated
with an increase in the number of pericytes.

Cerebral vasculature expansion in NG2-VhI™~ mice was
furthermore associated with significantly increased transcript
levels of angiogenic factors, such as vascular endothelial
growth factor A (Vegfa), angiopoietin 2 (Angpt2), trans-
forming growth factor beta 1 (Tgfbl) and solute carrier 7a5
(Slc7a5), with increased phosphorylation of focal adhesion
kinase (FAK) at tyrosine residue 576 (phospho-FAK576) and
with enhanced activity of matrix metalloproteinase 9 (MMP-
9) (Figure 1C and Figure S1C,D).

The strongest mRNA induction (~4-fold) was observed
for Angpt2, which has been shown to be highly expressed in
regions of vascular remodelling.3o Although Angpt2 is pre-
dominantly found in endothelial cells, expression in perivas-
cular cells has been proposed.30’31 To examine if Angpt2 is
expressed in pericytes we performed multiplex RNA FISH
in NG2-VhI™~ mutants with probes detecting Angpr2 and
Pdgfrb mRNA. RNA FISH detected a ~6-fold increase in
the total number of Angpt2/Pdgfrb double-positive cells in
the cerebral cortex compared to control, which was associ-
ated with an increase in the percentage of Angpt2-expressing
pericytes (2.8 + 1.1% for control and 14.8 + 1.7% for NG2-
VhI™~ mice). In order to examine Angpr2 in a more phys-
iological model, we exposed mice to normobaric hypoxia
(8% O, for 24 hours) and performed multiplex RNA FISH
(Figure 1D). We found that Angpt2 expression was restricted
to vascular structures, where it is expressed in endothelium
and pericytes, and observed a ~3-fold increase in the per-
centage of Angpr2-expressing pericytes in cerebral cortex,
which is in line with findings from NG2-VAI™~ mutants (data
not shown). Taken together these results demonstrate that

mutants

pericytes in the murine cerebral cortex respond to hypoxia
with the induction of Angpt2.

Similar to cortex, increased angiogenic gene expres-
sion, capillary density and pericyte numbers were also
found in striatum and hypothalamus from NG2-VA[™~ mice
(Figures S1 and S2 and data not shown). We furthermore per-
formed in situ zymography in conjunction with IF and found
that the activity of MMP-9 co-localized with NG2 expres-
sion in the striatum (Figure S2C). This finding suggested that
MMP-9 enzymatic activity was contained within the vascular
compartment in pericytes. Increased MMP-9 activity is a key
feature of vascular remodelling and angiogenesis,”” and has
been shown to be induced by hypoxia.13

To assess whether neurovascular expansion and remod-
elling in NG2-VhI™~ mice resulted from inflammation, we
assessed the expression of genes involved in the regulation of
inflammation and endothelial cell activation. The expression
of prostaglandin-endoperoxide synthase 2 (Ptgs2, also known
as Cox-2), adhesion G-protein-coupled receptor EI (Adgrel
or F'4/80) or vascular cell adhesion molecule 1 (Vcam-1) was
not increased in the brain from NG2-VhI™"~ mice, suggesting
that the neurovascular phenotype of NG2-VhI™~ mice is un-
likely to result from neuroinflammation (Figure 1C).

In summary, our findings demonstrate that VAl inactiva-
tion in NG2 cells induced molecular changes consistent with
vascular remodelling and resulted in the expansion of cere-
bral capillary beds, which was associated with an increase in
pericyte numbers.

2.2 | Vascular expansion in NG2-Vhl”™ mice
is not EPO-dependent

We have previously reported that NG2-VhI™~ mice ex-
press increased levels of EPO in the brain,'* which is
known to have pro-angiogenic effects.’>>> Therefore, we
hypothesized that vascular expansion observed in NG2-
VAl mice could have been partially induced by paracrine
effects of EPO on endothelial cells. To test this hypoth-
esis, we generated NGZ—Vhl_/_Epo_/_ double mutant mice,
in which brain and serum EPO were no longer elevated.'*
We used IF staining to characterize the neurovasculature
in NG2-Vhl™~Epo™~ mutants by analysing the expression
of molecular markers for pericytes (PDGFRB), endothe-
lial cells (CD31) and basement membrane (collagen IV)
(Figure 2A). NG2-Vhl™"Epo™~ mice were characterized
by increased capillary density in both cerebral cortex and
striatum as assessed by CD31 staining and were not sig-
nificantly different from NG2-Vhal™™ mice (172 + 12.11%
vs 146 + 16.65%) (Figure 2B). Moreover, the expression
of angiogenic genes was increased in cortex and striatum
from NG2-VhI™~Epo™" mice and was comparable in mag-
nitude to NG2-VAl™~ mutants (Figure 2C). Taken together,
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our data suggest that EPO does not play a significant role in
neurovascular expansion and remodelling induced by Vhl
gene inactivation in NG2 cells.

2.3 | Combined inactivation of Phd2 and
Phd3 but not inactivation of Phd2 alone is
associated with neurovascular expansion

Although the VHL protein is an integral part of the HIF
oxygen sensing machinery, it is not an oxygen sensor sensu
stricto. Therefore, we next investigated the role of indi-
vidual HIF-PHD oxygen sensors in the regulation of neu-
rovascular homeostasis. For this, we generated mice with
individual or combined conditional inactivation of Phdl,
Phd?2 and Phd3 using Ng2-cre transgenic mice. Because
PHD?2 inactivation alone is sufficient for HIFa stabiliza-
tion in many cell types, where it functions as the main
HIF-prolyl 4-hydroxylase, we first evaluated the cerebral
vasculature of NG2-Phd2™~ animals.®*° Surprisingly, ge-
netic inactivation of Phd2 did not result in pericyte, en-
dothelial cell or basement membrane expansion as assessed
by IF for PDGFRB, CD31 and collagen IV (Figure 3A,B).

Vegfa

Angpt2 Angpt1 Vegfa Angpt2 Angpt1
Consistent with the lack of a vascular phenotype, transcript
levels of Vegfa, Angpt2, Angptl, Tgfbl, fibroblast growth
factor 2 (Fgf2) or C-X-C motif chemokine 12 (Cxcll2) were
not increased in cerebral cortex from NG2-Phd2™~ mu-
tants (Figure 3C).

Because Phd3 transcript levels were increased in whole
tissue homogenates from different NG2-Phd2™~ brain re-
gions, which contained a mixture of Phd2-deficient and
non-deficient cell types (Figure 3D), we hypothesized that
increased PHD3 catalytic activity may have compensated
for the loss of PHD2 function preventing the activation of
HIF signalling. To test this hypothesis, we generated and
characterized NG2-Phd2™~Phd3™~ double-mutant mice. IF
analysis of frozen sections for pericyte, endothelial cell and
basement membrane markers PDGFRB, CD31 and collagen
IV revealed a significant expansion in capillary density, peri-
cyte numbers and basement membrane area in cortex com-
pared with control (Figure 3A,B).

Taken together, our data demonstrate that PHD2 func-
tion loss in NG2 cells alone is not sufficient for HIF activa-
tion and suggest that increased Phd3 expression is capable
of compensating for the loss of PHD2 catalytic activity in
NG?2 cells.
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FIGURE 3 Combined inactivation of Phd2 and Phd3 but not inactivation of Phd2 alone promotes cerebral vascular expansion. A,
Representative immunofluorescent images of frozen brain sections from Cre™ control, NG2-Phd2™" -, NG2-Phd2™~Phd3™"~ (NGZ-Phd2,3’/ 7)and
NG2-Phdl™"Phd2™"Phd3™~ (NG2-Phd1-37") mice stained for PDGFRB, CD31 and collagen IV; scale bar, 100 um. B, Quantification of cortical
PDGFRB-, CD31- and collagen IV-positive areas expressed as percentage of Cre~ control (n = 3-6). C, Relative cortical mRNA transcript levels in
homogenates from cortex of Cre~ control, NG2-Phd2™~, NG2-Phd2™~Phd3™~ and NG2-Phdl~~Phd2™~Phd3~"~ mice expressed as fold-change
compared to Cre™ control (n = 4-11). D, Phd3 transcript levels in striatum (ST), hypothalamus (HYT); cortex (CTX) and hippocampus (HP) from
Cre~ control and NG2-Phd2™~ mice. Data are represented as mean + SEM; one-way ANOVA followed by Tukey's post hoc analysis; *P < .05,
TP < .01 and *P < .001 compared with Cre™ control; P < 0.05, TP < 0.01, and P < 0.001 compared with NG2-Phd2™"Phd3 ™"~ mice. Angpt1,
angiopoietin 1; Angpt2, angiopoietin 2; Cxcll2, C-X-C motif chemokine 12; Fgf2, fibroblast growth factor 2; Tgfbl, transforming growth factor

beta 1; Vegfa, vascular endothelial growth factor A

2.4 | PHDI1 modulates neurovascular
expansion in NG2-Phd2™~Phd3™"~
double mutants

To gain insights into the role of the third HIF-prolyl 4-hydroxy-
lase, PHD1, in the regulation of neurovascular homeostasis,
we co-inactivated Phdl in NG2-Phd2™"Phd3™"" mice. NG2-
Phdl™~Phd2™~Phd3™"~ triple mutant animals were charac-
terized by a significant increase in capillary density compared
with NG2-Phd2™~Phd3™"~ mice (Figure 3A,B). These pheno-
typic changes were associated with a further increase in angio-
genic gene expression (Figure 3C). Additional increases were
observed for Vegfa, Angpt2 and Tgfbl compared with NG2-
Phd2™~Phd3™~ mutants, whereas F. gf2 and Cxcll2 transcript
levels were only elevated in NG2-Phdl ™~ Phd2™~Phd3™" tri-
ple mutant brains and not in NG2-Phd2™"~Phd3™"~ double mu-
tants (Figure 3C). Thus, our findings establish that, although
combined Phd2/Phd3 inactivation in NG2 cells is sufficient for

the induction of angiogenic gene expression and neurovascular
expansion, neurovascular expansion is submaximal in NG2-
Phd2™~Phd3™" brains and can be further stimulated by the ad-
ditional co-inactivation of Phdl.

2.5 | Combined inactivation of Phd2 and
Phd3 in NG2 cells is associated with pericyte
proliferation

We next investigated to what degree neurovascu-
lar expansion in NG2-Phd2”"Phd3™~ and NG2-
Phdl™~Phd2™~Phd3™"~ mice was associated with vascular
cell proliferation. We performed IF staining for prolifera-
tion marker antigen Ki 67 (Ki67) and quantified the num-
ber of cortical Ki67* nuclei per tissue area. As shown in
Figure 4, co-inactivation of Phd2 and Phd3 was associ-
ated with a significant increase in the total number of
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Ki67* nuclei in cerebral cortex compared with control
(6.14 +0.095 vs 5.13 + 0.188 Ki67" cells mm ™7 in control).
Co-inactivation of Phdl resulted in an additional increase
in Ki67" cells compared with NG2-Phd2™"~Phd3™~ mice
(7.342 + 0.479 Ki67" cells mm_z). Because the total num-
ber of Ki67" cells was increased in NG2-Phd2™~Phd3™"~
and NG2-Phd 1™~ Phd2™~Phd3™"~ mice, we next examined
whether Ki67 expression was co-localized with pericyte
marker PDGFRB and performed double IF staining for both
PDGFRB and Ki67 (Figure 4A). NG2-Phd2™'~Phd3™"~ and
NG2-Phd1™~Phd2™~Phd3™" mice were characterized by
a significant increase in the number of PDGFRB*Ki67*
cells compared with Cre~ control (2.079 + 0.195 and
2.860 + 0.209 cells mm’z, respectively, vs 0.639 + 0.07
cells mm~2 in control) as well as increase in the fraction
of PDGFRB*/Ki67" cells within the Ki67* cell population
(33.6% and 38.9%, respectively, vs 12,9% in Cre™ control)
(Figure 4B). Furthermore, the PDGFRB Ki67-double-
positive cell number correlated well with the size of the
PDGFRB-positive area (Pearson's r value of 0.8895 with
P =.0002) suggesting that pericyte expansion in Phd dou-
ble and triple mutants was associated with pericyte prolif-
eration (Figure 4B). Taken together, our data indicate that
the combined Phd inactivation not only results in an expan-
sion of the neurovascular capillary bed but also induces
pericyte proliferation.

2.6 | Neurovascular expansion in NG2-
PhdI™~Phd2™~Phd3™~ mutant mice requires
HIF2 signalling

HIF-PHD dioxygenases target oxygen-sensitive HIFa subu-
nits for proteasomal degradation via hydroxylation of spe-
cific proline residues. Because we have previously shown
that EPO induction in NG2 pericytes was completely HIF2-
dependent,14 we examined the role of HIF2 in neurovascular
expansion by crossing the Hif2a conditional allele into the
NG2-Phdl™~Phd2™~Phd3™~ background. Homozygous
deletion of Hif2a in NG2-Phdl™~Phd2™~Phd3™~ mice re-
duced capillary density and pericyte proliferation to base-
line levels (Figure SA-C) and normalized angiogenic gene
expression completely (Figure 5SD). Consistent with HIF2
dependence is the increased abundance of Hif2a transcripts
in brain pericytes (~13-fold difference compared with Hifla)
as determined by single-cell RNA sequencing (Figure S3A),
and the significantly larger number of HIF2a-expressing
perivascular cells detected by immunohistochemistry (IHC)
in NG2-Phdl™"Phd2™"Phd3™~ brains compared with
HIF1a, 46.84 + 2.20 cells mm~2 for HIF2« vs 6.59 + 1.84
cells mm™ for HIFl« (Figure S3B). Taken together, our
data demonstrate that HIF2 is required for the induction of
angiogenic gene expression and expansion of neurovascular
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FIGURE 4 Combined inactivation of Phd2 and Phd3 in NG2
cells promotes pericyte proliferation. A, Representative high-power
immunofluorescence images of proliferating pericytes in cerebral
cortex depicted by white arrows. PDGFRB-positive cells are
identified by red fluorescence and proliferating cells by Ki67 staining
(green fluorescent signal). Nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI, blue fluorescence); scale bar, 40 um. B,
Quantification of cells in cerebral cortex from Cre™ control, NG2-
Phd2™~Phd3™~ and NG2-Phd1™~Phd2™~Phd3™" mice; (age

9-10 wk, n = 3-4). Left upper panel, Ki67T" cells; left lower panel,
proliferating pericytes (Ki67*PDGFRBY); right upper panel, ratio of
Ki67"PDGFRB™ cells over total number of Ki67" cells; right lower
panel, correlation between pericyte covered area (PDGFRB™ cells)
and proliferating pericytes; Cre™ control (empty circles); NG2-
Phd2™"Phd3™" (green circles); NG2-Phdl™~Phd2™~Phd3™~ mice
(coral-colored circles); Pearson's r = 0.8895, P = .0002 (two-tailed).
Data are represented as mean + SEM; one-way ANOVA followed by
Tukey's post hoc analysis, /P < .01 and *P < .001 compared with Cre”
controls. 'P < 0.05 compared with NG2-Phd2™~Phd3™~ mice

capillary beds in mice with combined inactivation of Phdl,
Phd2 and Phd3 in NG2 cells. Furthermore, our studies sug-
gest that HIF2a is the predominant HIFa subunit in NG2-
expressing cerebral perivascular cells.
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Vascular expansion and pericyte proliferation in mice with combined Phdl, Phd2, Phd3 deletion is HIF2-dependent. A,

Representative immunofluorescence images of frozen brain sections from Cre™ control, NG2-Phdl™~Phd2™~Phd3™~ (PhdI-3""") and NG2-
Phdl’/’PhdZ’/’PhdS’/’HifZa’/’ (Phd1-3, ’/’HifZa’/’) mice stained for markers of pericytes (PDGFRB), endothelial cells (CD31) and basement
membrane (collagen IV); scale bar, 100 um. B, Quantification of cortical PDGFRB-, CD31- and collagen IV-positive areas expressed as percentage
of Cre™ control, (n = 3-8). C, Quantification of proliferating cells (Ki67") and proliferating pericytes (Ki67" PDGFRBY) in cerebral cortex from
Cre™ control, NG2-Phd1 ™~ Phd2™~Phd3™"~ and NG2-Phd1™~Phd2™"~Phd3™~Hif2a™"~ mice, (n = 3-8). D, Relative mRNA levels in cortex
homogenates from Cre™ control, NG2-Phdl™~Phd2™'~Phd3™~ and NG2-Phdl™~Phd2™~Phd3™~Hif2”~ mice, (n = 3-8). Data are represented as
mean = SEM; one-way ANOVA followed by Tukey's post hoc analysis, *P < .05, P < .01 and *P < .001 compared with Cre™ controls, fip < 0.01
and P < 0.001 compared with NG2-Phd1™~Phd2~'~Phd3~~ mice. Angpt2, angiopoietin 2; Cxcl12, C-X-C motif chemokine 12; Fgf2, fibroblast
growth factor 2; Tgfbl, transforming growth factor beta 1; Vegfa, vascular endothelial growth factor A

3 | DISCUSSION

Here we have used cell-type-specific gene targeting in mice
to investigate the role of the HIF/PHD/VHL axis in neuro-
vascular homeostasis. We demonstrate that HIF2 activation
in NG2 cells induces a pronounced expansion and remod-
elling of the cerebral vasculature via the induction of pro-
angiogenic genes. Furthermore, our studies examine the role
of individual HIF-prolyl 4-hydroxylases in neurovascular
homeostasis and characterize their contributions to the reg-
ulation of HIF2-dependent gene transcription. In addition,
our data do not support a significant role for EPO in HIF2-
induced neurovascular expansion and remodelling.

We used Ng2-cre transgenic mice to target the HIF/PHD/
VHL axis in NG2 cells. Although NG2 is a widely used marker
of pericytes,20 NG2 glia, which give rise to a subpopulation of
oligodendrocytes, are also contained within the NG2 cell popu-
lation.? Notwithstanding this observation, we found strong co-
localization between NG2 and PDGFRB, and NG2 and CD31
by IF staining, suggesting that NG2 in the adult mouse brain
is predominantly expressed in cerebral pericytes. Ng2-cre-
mediated recombination, however, is predicted to occur in all
cells with a history of NG2 expression and their progeny, and
has been observed in pericytes and some oligodendrocytes.m'25

Pericytes are essential for vascular homeostasis as their
ablation results in loss of cerebral vascularity and disruption
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of the blood brain barrier.”” Pericytes express matrix metallo-
proteinases that enhance matrix degradation and facilitate en-
dothelial cell migration and the release of angiogenic factors
stored in the extracellular matrix.*® Furthermore, pericytes
secrete TGFB1, which activates the endothelial activin-like
receptor kinase 1 (ALKI)/mothers against decapentaplegic
homolog (SMAD) 1,5,8 pathway promoting endothelial cell
proliferation and migration.39 Consistent with these observa-
tions, we detected increased perivascular MMP-9 activity in
cortex and striatum from NG2-VA[™~ mice by zymography
as well as increased Tgfbl transcript levels in NG2-VAl™~
and Phd double and triple mutants. We also found that HIF2
activation in NG2 pericytes induced Angpt2, which encodes
the vascular growth factor angiopoietin 2. Angiopoietin 2 is
a pro-angiogenic ligand for the TEK receptor tyrosine kinase
(TIE2) and plays a context-dependent competitive antago-
nistic or agonistic role in TIE2 receptor autophosphorylation
and signalling.30’40’41 Because the TIE2 receptor, which is ex-
pressed in both, endothelial cells and NG2 pericytes, has been
shown to control angiogenesis and vessel maturation,***
data suggest that pericyte-derived angiopoietin 2 most likely
has contributed to the pro-angiogenic phenotype in our mod-
els through autocrine mechanisms and/or paracrine effects on
endothelial cells. Our RNA FISH studies provide clear evi-
dence that brain pericytes are sources of angiopoietin 2 under
conditions of hypoxia and genetic HIF activation. This had
not been clearly established in previous studies.*”

Genetic studies in mice have suggested that NG2 glia
contribute to neurovascular homeostasis. Diphteria tox-
in-mediated deletion of NG2 glia using Ng2-cre transgenic
mice resulted in a reduction in cerebral vasculature and
supported a role for NG2 glia in cerebral angiogenesis.19
In addition, HIFa stabilization in Vhl-deficient SoxI0- and
Oligl-expressing cells led to the activation of Wnt7a/7b sig-
nalling and promoted cerebral angiogenesis.* VAl deletion
in this model was associated with tremor, ataxia and juvenile
lethality by postnatal day 21. In contrast, our studies in NG2
cells did not result in Wnt7 activation and did not produce
any visible neurological dysfunction in adult mice nor result
in premature death. This discrepancy in phenotypes may be a
reflection of differences in timing of HIF activation or in the
cell populations that were targeted by SoxI0-cre, Oligl-cre
and Ng2-cre transgenes. Although it is difficult to assess the
relative contribution of NG2 glia to the vascular phenotype
in our model, we did neither observe Angpt2 expression nor
increased MMP-9 activity in non-vascular cells or structures,
suggesting that NG2 pericytes have played a predominant
role in the development of the neurovascular phenotype in
our models.

Cells synthesize HIFa continuously. Under normoxia the
rate of HIFa synthesis and proteasomal degradation, which
is initiated by prolyl 4-hydroxylation, are in balance, result-
ing in non-detectable or very low cellular HIF« levels. Prolyl

our
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4-hydroxylation of HIF-a is executed by three 2-oxogluta-
rate-dependent dioxygenases, PHD1, PHD2 and PHD3.*
Among these, PHD2 is the main dioxygenase that regulates
HIF under normoxia, as inactivation of PHD2 alone results in
significant HIF activation in many cell types.("8 This notion
is furthermore supported by genetic studies in mice, where
germline inactivation of Phd2 resulted in embryonic lethal-
ity,36’45 whereas mice with Phdl or Phd3 germline deficiency
were viable.*> However, in some cell populations robust in-
duction of HIF target genes can only be achieved by simulta-
neous inhibition of all three PHDs.*®

Here, we show that the neurovascular phenotype in Phd
knockout mice requires either the combined inactivation
of Phd2 together with Phd3 or the combined inactivation
of Phd2 together with both Phd3 and Phdl (overview in
Figure 6). In contrast, the combined inactivation of Phdl
and Phd2 did not result in significant HIF activation (data
not shown). The most likely explanation for this finding is
that, under conditions of reduced or absent PHD2 function,
PHD3 generates sufficient hydroxylation activity to maintain
the balance between HIFa synthesis and degradation, thus
preventing cellular HIFax accumulation. PHD3 itself is hy-
poxia-regulated, and HIF is predicted to increase PHD3 lev-
els and thus hydroxylation activity, providing the basis for an
autoregulatory feed-back loop that readjusts the set-point for
HIF activation and fine tunes hypoxia responses.g"w’48 In sup-
port of this notion are our findings in NG2-Phd2 knock-out
mice, where significant increases in Phd3 transcript levels
were found in several anatomic subregions of the brain. Mice,
which are globally deficient for either Phdl or Phd3 do not
develop a significant vascular phenotype.45 49

Co-deletion of Phdl enhanced the neurovascular pheno-
type of NG2-Phd2™~Phd3™~ mice, further increased tran-
script levels of Vegfa, Angpt2 and Tgfbl, and induced the
expression of Fgf2 and Cxcll2, which were not elevated in
NG2-Phd2™~Phd3™~ mutants compared with control. This is
in contrast to the regulation of EPO in Ng2-cre mutants, where
the additional deletion of Phd! in NG2-Phd2™"~Phd3™'" mice
did not result in any further increase in Epo transcript lev-
els.!* Although we cannot completely rule out the possibil-
ity that PHDI acts through HIF-independent mechanisms,”
concomitant Hif2a inactivation, however, suggested that the
neurovascular phenotype in NG2-Phdl ~"Phd2™"Phd3™""
mice was completely HIF2-dependent. In support of this
notion are recent studies, which indicate that HIF-PHDs are
unlikely to hydroxylate targets other than HIFa.>!

Our data establish that the neurovascular phenotype in
NG2-Phdl™~Phd2™"Phd3™~ mice is completely HIF2-
dependent. This is in line with IHC analysis of NG2-
Phd1™"Phd2”"Phd3™" brains, which demonstrated that
the vast majority of perivascular cells expressed HIF2a
and not HIFla, and single-cell RNA sequencing analysis of
mouse brains, which indicated that Hifla transcript levels in



URRUTIA ET AL.

=L A TA PHYSIOLOGICA

pericyte

Phd2-- ~
-y W -
no detectable brain capillary
phenotype and

gene induction

Phd2,3--
* capillary density and
pericyte proliferation

Vegf
+ Angpt2

Tgfb1
Phd1,2,3/-

ﬁ capillary density and
pericyte proliferation

Vegf

Angpt2
Tgfb1
Fgf2

Cxcl12

FIGURE 6 Differential role of
individual HIF-PHDs in the regulation of
neurovascular homeostasis. Overview of
findings in mice with Phd gene inactivation
in NG2 cells. Angpt2, angiopoietin 2;
Cxcll2, C-X-C motif chemokine 12;

Fgf2, fibroblast growth factor 2; Tgfbl,
transforming growth factor beta 1; Vegfa,
vascular endothelial growth factor A

brain pericytes are very low compared to Hif2a.5*>* HIF2-
dependence of oxygen-regulated gene expression in brain
pericytes is not surprising as cells of the same histogenetic
origin such as perivascular EPO-producing cells in the kid-
ney also rely on HIF2 for the induction of transcriptional hy-
poxia responses.”® However, a subset of perivascular cells
in NG2-Phdl™~Phd2”"Phd3™~ brains expressed HIFla.
Although HIF1 and HIF2 co-regulate a large number of
genes, certain genes are predominantly HIF2-regulated, eg
EPO and OCT4, whereas others are predominantly HIF1-
dependent, such as genes encoding glycolytic enzymes.5 "tis
therefore plausible that HIF1a-expressing perivascular cells
in the brain are functionally different from those that express
HIF2a.

Previous in vivo studies have shown that Epo is more
sensitive to hypoxia compared to other oxygen-regulated
genes such as Vegfa, as a lesser degree of hypoxia was
required for the induction of Epo.”® Differential sensitiv-
ity of gene transcription to HIF activation has also been
demonstrated in cultured cells treated with small molecule
HIF-PHD inhibitors (HIF-PHIS),59 and in clinical studies
in humans, where low doses of systemically administered
HIF-PHIs were sufficient for the stimulation of endoge-
nous EPO production but did not increase plasma VEGF
levels.®° Therefore, it is plausible that the induction of
Fgf2 and Cxcli2 may require cellular HIF2a levels that can
only be generated by the combined inactivation of all three
HIF-PHDs.

Because NG2-VhI™™ mice express very high levels of
EPO in the brain (~600 pg/mg tissue protein), which is
mostly pericyte-derived,14 we hypothesized that increased
EPO production in pericytes could have significantly
contributed to the vascular phenotype observed in NG2-
VAl mice. EPO is known to be a pleiotropic cytokine
that aside from stimulating rbc formation in the bone mar-
row, enhances angiogenesis and endothelial cell prolifera-
tion through EPO receptor activation in several tissues. >3
Furthermore, EPO may affect vascular homeostasis in-
directly through an increase in blood viscosity, which is
normally associated with elevated rbc counts.®' However,
the physiological relevance of these effects has been de-
bated.%% To investigate the potential role of pericyte-de-
rived EPO in cerebral angiogenesis in NG2-Vhl™~ mice, we
generated NG2-Vhl™~Epo™~ mice. Surprisingly, simulta-
neous inactivation of Epo did neither impact neurovascular
expansion nor affect angiogenic gene expression, although
the expression of Vegfa and Angpt2 had been reported to be
modulated by EPO.%%7 Our results are in line with previous
studies, which suggested that EPO receptors in endothelial
cells may not be detectable or functional.* Although our
studies demonstrate that local EPO production was not re-
quired for HIF-induced neurovascular expansion in NG2-
VhI™~ mice, we cannot completely exclude minor effects
on cerebral vasculogenesis or angiogenesis.

In summary, our data provide novel insights into the role
of HIF oxygen sensing in neurovascular hypoxia responses.
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Our data have implications not only for understanding
normal physiology but are of relevance to neurological
diseases, which are frequently associated with vascular at-
rophy and pericyte loss.% Our results are likely to stimulate
further research into the role of oxygen metabolism in neu-
rovascular function in health and disease.

4 | MATERIALS AND METHODS
4.1 | Generation and genotyping of mice
and animal procedures

The generation and genotyping of mice expressing Ng2-
cre and floxed alleles for Vhl, Hifla, Hif2a (Epasl), Epo,
Phdl (Egin2), Phd2 (Eginl) and Phd3 (Egin3) is de-
scribed elsewhere.'** Briefly, mice carrying floxed al-
leles were bred with Ng2-cre female mice. Ng2-cre Vhi"™
ﬂox; Ng2—CI’€ Vhlﬂox/ﬂox Epoﬂox/ﬂox; Ng2-CV€ Phdzﬂox/ﬂox
Phd3flox/flox; Ng2-cre Phd]ﬂox/ﬂox Phdzﬂox/ﬂox Phdjflox/flox
and Ng2-CV€ Phd]ﬂox/ﬂox Phdzﬂox/ﬂox Pl’ld}flOX/floxHif?CZfIOX/flox
are referred to as NG2-Val™~, NG2-Vhl”"Epo™", NG2-
Phdl™"Phd2™"~, NG2-Phd1™'~Phd2”"Phd3™"~ and NG2-
Phdl™~Phd2™~Phd3™ _HifZa_/ ~ mice respectively. Animals
were exposed to 8% hypoxia as previously described.'* Male
and female mice aged 9-10 weeks were used for the analysis.
All procedures involving mice were performed in accord-
ance with NIH guidelines for the use and care of live animals
and were approved by Vanderbilt University's Institutional
Animal Care and Use Committee (IACUC).

4.2 | DNA and RNA analysis

DNA analysis for genotyping was performed as described
previously.14 RNA was isolated from different anatomic re-
gions of the brain using the RNeasy kit according to the man-
ufacturer's protocol (Qiagen, Valencia, CA, USA). Relative
mRNA expression levels were assessed with qPCR and ana-
lysed with the relative standard curve method according to
the manufacturer's instructions (Applied Biosystems, Foster
City, CA, USA). 185 rRNA was used for normalization. A
detailed list of primer sequences used for gPCR can be found
in Supplemental Materials and Methods (Table S1).

4.3 | Single cell RNA sequencing
data analysis

scRNA seq analysis of mouse brains has been described
previously.sz’53 Data were accessed at: http://mousebrain.
org/genesearch.html. Search terms included Hifla, Epasl,
Eginl/Phd2, Egin2/Phdl and Egln3/Phd3. Expression levels
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of mRNA species were validated against an independently
obtained scRNA seq data set, accessible at: http://betsholtzl
ab.org/VascularSingleCells/database.html.

44 | IF and IHC

Frozen brain sections of 15 pm thickness were fixed in 10%
neutral-buffered formalin for 30 minutes at room tempera-
ture, permeabilized with 0.5% saponin in PBS for 15 min-
utes, washed, and blocked in 10% normal goat serum in PBST
(0.1% Tween-20 in PBS). Sections were then incubated with
the respective antibodies in LowCross-Buffer® (CANDOR
Biosciences, Wangen, Germany) at 4°C overnight, followed
by secondary antibody incubation. ProLong® Gold Antifade
Mountant with DAPI (Life Technologies, Carlsbad, CA,
USA) was used for mounting. Slides were scanned with
an Apiro® Versa 200 imaging system (Leica Biosystems,
Richmond, IL, USA). A detailed list of antibodies used in
this study can be found in Supplemental Materials and
Methods (Table S2). For single (NG2) and dual (NG2/CD31)
IF staining, samples were fixed in a zinc-based fixative con-
taining 100 mmol/L Tris (pH 7.4), 3 mmol/L Calcium ac-
etate, 25 mmol/L Zinc acetate and 35 mmol/L Zinc chloride.
For quantification of the stained area, a threshold was set for
background staining, and the section was analysed with NIH
image analysis software ImagelJ (version 1.47).

For the detection of HIF1a and HIF2« in formalin-fixed,
paraffin-embedded brain sections an antigen retrieval solu-
tion (Agilent Dako, Santa Clara, CA, USA; #51699) and the
CSA II Biotin-free Tyramide Signal Amplification System kit
(Agilent Dako, Santa Clara, CA, USA; #K1497) were used
according to the manufacturer's instructions. Following over-
night incubation with primary antibodies at 4°C (Table S2),
sections were incubated with rabbit link (Agilent Dako, Santa
Clara, CA, USA; #1501). 3,3’-Diaminobenzidine (DAB) was
used as chromogenic substrate. For visualization of vascular
structures IHC was combined with IF staining using lyco-
persicon esculentum (tomato) lectin (Vector Laboratories,
Burlingame, CA, USA; #DL-1177). IHC/IF stained slides
were mounted with ProLong® Gold Antifade Mountant with
DAPI (Life Technologies, Carlsbad, CA, USA). Slides were
scanned with an Apiro® Versa 200 imaging system (Leica
Biosystems, Richmond, IL, USA) and perivascular HIF1a-
and HIF2a-expressing cells were manually counted using the
image J multipoint tool. Cell numbers were normalized by
area (mm_z).

4.5 | RNA FISH studies

The RNA scope multiplex fluorescent kit was used for de-
tection of Angpt2 (488 nm) and Pdgfrb transcripts (750 nm)
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in formalin-fixed, paraffin-embedded 10 pm thick brain
sections as per the manufacturer's protocol (Advanced Cell
Diagnostics, Hayward, CA, USA). Slides were scanned with
an Apir0® Versa 200 imaging system (Leica Biosystems,
Richmond, IL, USA). Images were captured at 40x magnifi-
cation using the Leica Digital Image Hub (Leica Biosystems,
Richmond, IL, USA) as previously described.'*

4.6 | Immunoblot analysis and
gelatin zymography

Cerebral cortex and striatum were dissected on ice. Tissue
was homogenized in ice-cold buffer containing 150 mmol/L
NaCl, 50 mmol/L. Tris-HCI, 1% NP-40, pH 8.0 supple-
mented with 5% protease and 1% phosphatase inhibitor
cocktail (Millipore-Sigma, St. Louis, MO, USA). Protein
concentrations were measured using a DC Protein Assay
kit (Bio-Rad, Hercules, CA, USA). Samples were denatured
in Laemmli buffer and proteins separated with 7% or 10%
SDS-PAGE and transferred to PVDF membrane filters. Non-
specific binding was blocked with TBS buffer containing
0.1% Tween 20 (TBST) and 5% skimmed milk (Millipore-
Sigma, St. Louis, MO, USA). Membranes were incubated at
4°C overnight with antibodies detecting p-FAK (Tyr 576)-R
or B-actin followed by incubation with secondary horserad-
ish peroxidase-conjugated goat anti-rabbit IgG or goat anti-
mouse IgG antibodies (Abcam, Cambridge, MA, USA) for
2 hours in TBST and 5% skimmed milk (Bio-Rad, Hercules,
CA, USA). Immunoreactivity was detected by ECL prime
enhanced chemiluminescence (Amersham, GE Healthcare,
Thermo Fisher Scientific, Waltham, MA, USA). B-Actin was
used for normalization. MMP-9 and MMP-2 activity was as-
sessed by gelatin zymography. The same samples were sub-
jected to SDS-PAGE electrophoresis in 9% acrylamide-bis
gel containing 0.1% gelatin (Millipore-Sigma, St. Louis, MO,
USA). Gels were washed, incubated for 1 hour in activation
buffer (50 mmol/L Tris—HCI, 6 mmol/L. CaCl2, 1.5 pmol/L
ZnCl12, pH 7.4) containing 2.5% Triton X-100 and then in-
cubated at 37°C for 24h in the same buffer without Triton
X-100. The gels were subsequently stained with Coomassie
brilliant blue R-250 (Bio-Rad, Hercules, CA, USA) followed
by immersion in de-staining solution (40% methanol, 10%
acetic acid, 50% water). Gels were then digitalized and densi-
tometrically analysed with Image J (NIH image analysis soft-
ware Imagel; version 1.47).

4.7 | Insitu zymography

In situ gelatinolytic activity was assessed using a com-
mercially available kit (Life Technologies, Carlsbad, CA,

USA) as previously describedy.69 Frozen brain sections of
10 pm thickness were incubated for 1 hour at 37°C in a hu-
midified chamber in a reaction buffer containing the gela-
tin fluorescein conjugate (50 pg ml™"). Sections were then
fixed in a zinc-based fixative, washed in PBS and stained
with an NG2 antibody as described earlier. ProLong®
Gold Antifade Mountant with DAPI (Life Technologies,
Carlsbad, CA, USA) was used for mounting and images
were captured at 20x magnification using an epifluorescent
microscope (Axio Imager, Carl Zeiss, Pleasanton, CA,
USA).

4.8 | Statistical analysis

Data are reported as mean + SEM. Statistical analyses were
performed with Prism 5 software (GraphPad Software, Inc,
La Jolla, CA, USA) using the unpaired two-tailed Student's ¢
test with Welch's correction as needed, or one-way analysis
of variance (ANOVA) followed by Tukey's post hoc analy-
sis to compare between three or more groups. P values < .05
were considered statistically significant.
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