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Nrf2 acts cell-autonomously in endothelium to regulate
tip cell formation and vascular branching
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Angiogenesis, in which new blood vessels form via endothelial cell
(EC) sprouting from existing vessels, is a critical event in embryonic
development and multiple disease processes. Many insights have
been made into key EC receptors and ligands/growth factors that
govern sprouting angiogenesis, but intracellular molecular mech-
anisms of this process are not well understood. NF-E2-related fac-
tor 2 (Nrf2) is a transcription factor well-known for regulating the
stress response in multiple pathologic settings, but its role in de-
velopment is less appreciated. Here, we show that Nrf2 is in-
creased and activated during vascular development. Global
deletion of Nrf2 resulted in reduction of vascular density as well
as EC sprouting. This was also observed with specific deletion of
Nrf2 in ECs, but not with deletion of Nrf2 in the surrounding non-
vascular tissue. Nrf2 deletion resulted in increased delta-like ligand
4 (Dl14) expression and Notch activity in ECs. Blockade of DIl4 or
Notch signaling restored the vascular phenotype in Nrf2 KOs. Con-
stitutive activation of endothelial Nrf2 enhanced EC sprouting and
vascularization by suppression of DIl4/Notch signaling in vivo and
in vitro. Nrf2 activation in ECs suppressed DIl4 expression under
normoxia and hypoxia and inhibited DIl4-induced Notch signaling.
Activation of Nrf2 blocked VEGF induction of VEGFR2-PI3K/Akt
and downregulated HIF-2a in ECs, which may serve as important
mechanisms for Nrf2 inhibition of DIl4 and Notch signaling. Our
data reveal a function for Nrf2 in promoting the angiogenic
sprouting phenotype in vascular ECs.

Angiogenesis is a critical event in embryonic development and
multiple disease processes, including tumorigenesis, pro-
liferative diabetic retinopathy, atherosclerosis, and peripheral
arterial disease (1). Angiogenesis is initiated by endothelial cell
(EC) sprouting, which is driven and guided by a VEGF gradient.
The specification of endothelial tip and stalk cells, prominently
regulated by delta-like 4 (D114)/Notch signaling, is a major con-
trol point in EC sprouting (2, 3). The tip and stalk cell pheno-
types are dynamic, and precise modulation of sprouting and
branching patterns is crucial in angiogenesis (4). However, the
mechanisms regulating this process are still not completely clear.

NF-E2-related factor 2 (Nrf2) is a ubiquitous transcription
factor induced by endogenous and exogenous stressors (5). Nrf2
is normally sequestered in the cytoplasm and targeted for ubig-
uitination by its repressor, Kelch-like ECH-associated protein 1
(Keapl). Upon activation, Nrf2 is released from Keapl and
translocates into the nucleus to activate the transcription of
multiple cytoprotective genes. Nrf2 is known to play a critical
role in many disease settings, offering a mechanism for cellular
protection (5). Oncogene-induced Nrf2 transcription was found
to promote tumorigenesis by enhancing detoxification in cancer
cells (6). Apart from cytoprotection, recent studies showed that
Nrf2 contributes to cancer development by modulating meta-
bolic activities (7) and maintenance of hematopoietic stem cell
function by regulating quiescence and self-renewal (8), impli-
cating a role of Nrf2 in multiple cellular processes. Although
Nrf2 plays a critical role in multiple pathologic settings, very little
attention has been devoted to its role in regulating basic physi-
ologic processes during development.
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Nrf2 has been found to regulate angiogenesis, but the role of
Nrf2 in angiogenesis in vivo is context-dependent. Knockdown
of Nrf2 contributes to the suppression of colon tumor angio-
genesis (9), whereas deletion of Nrf2 leads to exacerbation of
ischemia-induced angiogenesis in limbs and lung (10, 11). The
effect of Nrf2 in these settings is likely related, in part, to its
influence on the levels of angiogenic factors in the tissue milieu.

Although Nrf2 appears to play a regulatory role in angiogen-
esis, the cellular context of Nrf2’s effects remain to be determined,
as well as the underlying intracellular mechanisms. Here, by using
genetic loss of function (LOF) and gain of function (GOF), we find
that Nrf2 promotes angiogenic sprouting and vascular branching
in an EC-autonomous manner. Based on in vivo, ex vivo, and in
vitro experiments, we identify that suppression of D114 and Notch
signaling contributes to the enhanced sprouting capacity of ECs
with Nrf2 activation. Together, these results reveal that Nrf2 is
a critical intracellular regulator of ECs governing angiogenic
sprouting and implicate a unique function of Nrf2 in regulating
angiogenesis.

Results

Genetic Ablation of Nrf2 Reduces Angiogenic Sprouting and Vascular
Density. To determine the importance of Nrf2 during sprouting
angiogenesis, we investigated developmental angiogenesis in the
retina in Nrf2-deficient mice (Nif27/7) at postnatal day (P) 5.
Nif27'~ retinas exhibited reduced tip cells and filopodia projec-
tions, branch points, and vascular density (Fig. 1 A-E), whereas
no significant change was observed in length of vasculature
extensions (Fig. S14). The in vivo EC proliferation assay (BrdU
incorporation assay) showed a decreased number of BrdU™ ECs
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Fig. 1. Genetic ablation of Nrf2 reduces angiogenic sprouting and vascular density. (A) Blood vessels were visualized by PECAM-1 staining of retinas at P5.

Decreased vascular density (B), branch points (C), sprouts (D), and filopodia (E) were observed in Nrf2~~ retina (n = 6). (F and G) Isolectin B4 (green) and BrdU
labeling (red) of retinas at P5 demonstrate reduced EC proliferation in Nrf2~~ (n = 4). (Scale bar, 50 pm.) (H) NG2* pericytes in capillaries or SMA* vascular
smooth muscle cells in arterioles were indistinguishable between WT (Nrf2*"*) and Nrf2~'~ retinas at P5. (Scale bar, 100 pm.) (/) Nrf2 is expressed in developing
blood vessels, and strong expression was observed in the sprouting vascular front. Arrowheads indicate Nrf2 expression in tip cells and stalk cells (A, artery; V,
vein). (J) Nrf2 expression was increased in the ganglion cell layer (GCL) of retina at P5 compared with PO. Nrf2 was highly expressed in the vessels and
surrounding area (arrowheads). Nrf2 localization in the nucleus was apparent (arrows). HV, hyaloid vessels; INL, inner nuclear layer. (K) Inmunoblot analysis
of Nrf2 in the retinas of WT mice at PO and P5. f-Actin was used as a loading control (n = 3). (L) Quantitative RT-PCR analysis of Nrf2 and Nrf2 target genes in

the retinas of WT mice at PO and P5 (n = 5). Data are presented as mean + SEM (**P < 0.01).

(BrdU/IsoB4 positive) in Nrf2~'~ retina compared with wild-type
(WT) (Fig. 1 F and G). NG2* pericytes in capillaries or smooth
muscle actin (SMA)* vascular smooth muscle cells in arterioles
were indistinguishable between WT and Nrf2~'~ retinas (Fig. 1H).

Nrf2 Is Induced and Activated in the Developing Retina. We then
examined Nrf2 localization and expression in retinal vessels.
Nrf2 expression was found in arteries, veins, and capillaries by
retinal whole-mount staining. Strong Nrf2 expression was ob-
served at the vascular leading front, including tip and stalk cells
(Fig. 1I). Nrf2 was faintly expressed in WT retina at birth (i.e.,
PO; Fig. 1J and K) before retinal vascular development. At P5,
increased Nrf2 protein was observed in developing vessels and
surrounding retinal tissue, including nuclear localization. (Fig. 1
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J and K). Quantitative PCR (qPCR) results demonstrated sig-
nificant up-regulation of Nrf2 and Nrf2 target gene expression
(Fig. 1L), confirming increased Nrf2 expression and activity in
the developing retina.

Nrf2 Regulates Angiogenic Sprouting in an EC-Autonomous Manner.
To 1nvest1gate whether EC-intrinsic Nrf2 regulates sprouti fg an-
giogenesis in vivo, we obtained EC-specific KO mice [Nrf2/*/ox
(Nif2 77y;Cdh5-Cre] by mating Nrf2"" with VE-Cadherin-Cre
mice. Cdh5-Cre has been previously demonstrated to attain a re-
combination efficiency of 88% in retinal vasculature ECs (12).
Similar to Nif27~, Nif2"":Cdh5-Cre mice exhibited reduced
sprouting angiogenems characterized by decreased number of tip
cells, filopodia, branch points, and vascular density (Fig. 2 A-E).
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Fig. 2. Nrf2 regulates angiogenic sprouting in an EC-autonomous manner. (A) Blood vessels were visualized by PECAM-1 staining of retinas at P5. Decreased
vascular density (B), branch points (C), sprouts (D), and filopodia (E) were observed in mice with loss of Nrf2 in ECs (i.e., Nrf2™";Cdh5-Cre), whereas no change
in retinal vasculature was observed in mice with loss of Nrf2 in nonvascular retinal tissue (i.e., Nrf2?:Six3-Cre) compared with control (Nrf2™") at P5 (n = 6). (F
and G) Isolectin B4 (green) and BrdU labeling (red) of retinas at P5 demonstrate reduced EC proliferation in N2 cdh5-Cre (n = 4). (Scale bar, 50 pm.) (H and /)
Decreased area of the deep vascular plexus was observed in Nrf2™:Cdh5-Cre retina at P9 (n = 6). (Scale bar, 500 ym.) (J and K) Decreased outgrowth of aortic

ring explants from Nrf2™f.Cdh5-Cre (n = 6). (Scale bar, 200 um.) Data are presented as mean + SEM (*P < 0.05; NS, not significant).

There was no change in length of vascular extensions (Fig. S1B).
To study the effects of Nrf2 in nonvascular tissue on retinal
vascular development, we crossed Nrf2™" with Six3-Cre trans-
genic mice (13). Cre activity in retina from Six3-Cre mice was
verified by crossing with Rosa26-mTmG reporter mice (14) (Fig.
S1 C-Q) and confirmed Cre expression in retinal neurons and
glia, but not blood vessels. In contrast to Nr]‘Zﬁ/ﬁ;th5-Cre, NifZﬂ/ﬁ;
Six3-Cre did not lead to significant changes in retinal vascu-
larization at P5 (Fig. 2 A-E). A reduction in BrdU" ECs was
observed in Nif2"#:Cdh5-Cre retina, whereas deletion of Nrf2 in
nonvasculature (Nrf2"%:Six3-Cre) did not cause significant
changes in the number of proliferating EC (Fig. 2 F and G).
Similar to superficial vasculature, growth of the deep vascular
plexus was suppressed in Nrf2™",Cdh5-Cre retina at P9 (Fig. 2 H
and /). In addition, aortic rings from Nif2":Cdh5-Cre mice
displayed reduced sprouting with decrease in EC outgrowth area
(Fig. 2 J and K), compared with corresponding control mice.
These results strongly suggest an EC-autonomous function of
Nrf2 in the regulation of sprouting angiogenesis.

Deletion of Endothelial Nrf2 Leads to Aberrant Activation of DIl4/
Notch Signaling. We assessed VEGF protein levels in developing
retinas to determine whether the reduced angiogenesis from
deletion of Nrf2 could be attributed to the changes in VEGF
expression. Surprisingly, changes in VEGF expression did not
correlate with the vascular phenotypes. Sprouting angiogenesis
decreased in Nrf2™'~ retina, whereas VEGF expression was un-
affected. In contrast, Nrf2ﬂ/ﬂ;th5—Cre mice exhibited restrained
sprouting angiogenesis, whereas VEGF protein levels were in-
creased in developing retina (Fig. 3 A-C).

E3912 | www.pnas.org/cgi/doi/10.1073/pnas.1309276110

Given the critical role of DIl4 in regulating angiogenic
sprouting, we hypothesized that DIl4/Notch signaling might be
modulated by Nrf2 deletion. WT (functional) Nrf2 was absent in
Nrf27~ retina (Fig. S24). DIl4 and Notch target gene (Nrarp,
HeslI, and Heyl) expression was higher in Nrf2~/~ retina com-
pared with WT at PS5 (Fig. 3D). Interestingly, despite a slight
increase in DIl4 mRNA, only one of three assessed Notch target
genes was differentially expressed in Nrf2";Six3-Cre retina
compared with control (Fig. 3E). WT Nrf2 was decreased in la-
ser-capture microdissected vessels from Nrf2™%;Cdh5-Cre retina
(Fig. S2D), whereas expression of DIl4, Nrarp, Hesl, and Heyl
were all significantly increased compared with control (Fig. 3F).
Immunofluorescence studies demonstrated increased DIl4 ex-
pression in the vascular leading front in both Nrf2~/~ (Fig. S2E)
and Nrf2"",Cdh5-Cre retina (Fig. 3G) compared with corre-
sponding control. Therefore, EC-intrinsic Nrf2 negatively regu-
lates DIl4/Notch signaling in retinal vascular development.

Inhibition of DIl4/Notch Signaling Abrogates the Restrained Sprouting
Angiogenesis in Nrf2-Deficient Mice. We next sought to determine
whether the restrained sprouting angiogenesis in Nrf2-deficient
mice could be attributed to the aberrant increase in DIl4 and
Notch signaling. To address this, we analyzed whether blockage
of DIl4/Notch signaling would restore sprouting angiogenesis in
Nrf2 mutants. The administration of neutralizing D14 antibody
or y-secretase inhibitor N-[N-(3,5-difluorophenacetyl-L-alanyl)]-
S-phenylglycine t-butyl ester (DAPT) resulted in a hyperdense
and hyperbranched vasculature in WT retina 24 h after treat-
ment as previously reported (15) (Fig. 4 A and C). Discrepancy
of vessel density between WT and Nrf2~/~ was corrected by

Wei et al.
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Fig. 3. Deletion of endothelial Nrf2 leads to increased DIl4/Notch signaling. (A-C) VEGF protein levels at P5 (n = 5). (D) Quantitative RT-PCR analysis of D//4

and Notch target genes in the retinas of Nrf2~'~ and WT mice at P5 (n = 4). (E) Quantitative RT-PCR analysis of D/l4 and Notch target genes in the retinas of =
Nrf2™"f-Six3-Cre and control mice at P5 (n = 6). (F, Upper) Laser-capture microdissection of blood vessels. (Scale bar, 100 um.) (F, Lower) Quantitative RT-PCR 5
analysis of D/lI4 and Notch target genes in laser-capture microdissected blood vessels from Nrf2™f.cdh5-Cre and control retinas at P5 (n = 5). (G) Increased DIl4 E
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— treatment of DIl4 antibody or DAPT, resulting in a similar de-
gree of vessel density in Nrf2~~ and control retina (Fig. 4 A-D).
We also performed similar pharmacologic inhibition studies with
the ex vivo aortic ring assay. Supplementation of neutralizing D114
antibody or DAPT in culture medium completely abrogated the
reduction of EC outgrowth area of Nif2"";Cdh5-Cre aortic rings
(Fig. 4 E and F). These data confirm that the reduced vascular
sprouting and density in mice with loss of endothelial Nrf2 is the
consequences of increased DIl4/Notch signaling.

Deletion of the Nrf2 Repressor Keap? in ECs Promotes Sprouting
Angiogenesis. In light of the vascular phenotype of Nrf2-deficient
mice, we postulated that Nrf2 GOF in ECs might enhance sprout-
ing angiogenesis in the developing retina. Transgenic mice with
deletion of Keap! in ECs (Keap""";Cdh5-Cre) were obtained
by mating Keap"*°* (Keap ") mice with VE-Cadherin-
Cre mice. Keap """, Cdh5-Cre retina exhibited hypersprouting
(i.e., greater abundance of tip cells and filopodia), enhanced
branching, and increased vascular density at P5 (Fig. 5 A-E).
BrdU incorporation assay showed increased numbers of pro-
liferative ECs (BrdU/IsoB4 positive; Fig. 5 F and G). Similar to
superficial vasculature, growth of the deep vascular plexus was
dramatically increased in KeapI™";Cdh5-Cre retina at P9 (more
than twofold; Fig. 5 H and I). In contrast to the results in Nrf2-
deficient retina, Keap";Cdh5-Cre retina exhibited decreased
levels of VEGF (Fig. S34).

Activation of Endothelial Nrf2 by Keap? Knockdown Enhances EC
Angiogenic Capacity via Suppression of DIl4/Notch Signaling. Our
cell-specific KO studies implicate an EC-autonomous role for
Nrf2 activation in the regulation of sprouting angiogenesis. We

Wei et al.

therefore found it useful to use an in vitro system of retinal ECs
to gain further insights into the regulation of cell signaling by
Nrf2. Increased Nrf2 expression and activity in human retinal
ECs (HRECs) from knockdown of Keapl was confirmed by
Western blot analysis of Nrf2 and qPCR of Nrf2 target genes
(Fig. S3 B and C). Endothelial growth medium with low con-
centrations of growth factor was used, as Keapl deletion can
suppress proliferation under starvation conditions (7). Keapl
knockdown enhanced HREC tube formation (Fig. 5 and K) and
spheroid sprouting (Fig. 5 O and P) in the presence of low and
high levels of VEGF. The data indicate that Nrf2 activation
enhances VEGF promotion of angiogenesis and sprouting in
vitro and further supports the EC-autonomous role of Nrf2.

We next investigated whether Nrf2 promotes the angiogenic
phenotype in ECs by modulation of DIl4/Notch signaling. Im-
munofluorescence studies demonstrated increased D114 expres-
sion in the vascular leading front in Keap™;Cdh5-Cre retina
(Fig. SL). Strikingly, Nrf2 overexpression by infection with Ad-
Nrf2 or Nrf2 activation by Keap! knockdown in HRECsS resulted
in reduced protein levels of DII4 and cleaved Notch intracellular
domain (NICD), the active form of Notch (Fig. S3 E and F). In
addition, expression of DIl4 and Notch target genes was down-
regulated by Keapl knockdown in HRECs collected from
the tube formation assay (Fig. 5M). The changes in DIl4/Notch
signaling were well correlated with the angiogenic phenotype,
further implicating DII4/Notch signaling in the regulation of
angiogenesis by Nrf2.

To dissect a distinct effect of Nrf2 on Notch signaling, we
cultured Keapl siRNA-transfected HRECs in rDll4-coated
plates. Keapl knockdown reduced NICD levels in HRECs
stimulated with rDll4. In addition, Keapl knockdown completely

PNAS | Published online September 23, 2013 | E3913
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Fig. 4. Inhibition of DIl4/Notch signaling abrogates the restrained sprouting
angiogenesis in Nrf2-deficient mice. (A and C) PECAM-1-stained P5 retina
from Nrf2~~ and WT mice after 24 h treatment (P4-P5) with DIl4 antibody
(intravitreous injection) (A) or DAPT (i.p. injection) (C). DIl4 antibody or
DAPT administration results in comparable vascular hyperplasia in the af-
fected region (between dashed lines) in Nrf2~'~ and WT retinas. (B and D)
Quantification of vascular density in P5 retinas after 24 h treatment (P4-P5)
with DII4 antibody (intravitreous injection; B) or DAPT (i.p. injection; D); n=6
per group for DIl4 antibody injection; n = 5 per group for DAPT injection. (E)
Aortic ring explants from Nrf2™.Cdh5-Cre and control mice treated with
Dll4 antibody or DAPT, respectively. (F) Quantification of outgrowth area of
aortic explants shown in E (n = 7). (Scale bar, 200 pm.) Data are presented as
mean + SEM (*P < 0.05 and **P < 0.01; NS, not significant).

abrogated the induction of DIl4 expression in HRECs cultured
on rDIll4-coated plates (Fig. 5N). The crucial role of Notch sig-
naling in the regulation of sprouting by Nrf2 was further con-
firmed by Notch inhibition studies with DAPT. When treated
with DAPT, control siRNA-transfected HRECs regained
sprouting to levels similar to Keapl siRNA-transfected HRECs
(Fig. 5 O and P), indicating that Nrf2 regulates EC sprouting via
a Notch-dependent mechanism.

Given that hypoxia-inducible factor 2 alpha (HIF-2a) has been
implicated in the induction of D14 (16), we investigated whether
Nrf2 activation affects hypoxia-induced DIl4. Western blotting
demonstrated an increased level of hypoxia-inducible factor 1
alpha (HIF-la), HIF-2a, DIl4, and NICD in control HRECs

E3914 | www.pnas.org/cgi/doi/10.1073/pnas.1309276110

under hypoxia. Keapl knockdown substantially inhibited the in-
duction of HIF-2a, DIl4, and NICD, but accentuated HIF-1a
expression (Fig. 50). The decreased HIF-2a mRNA was detec-
ted in HRECs with Keap! knockdown under hypoxia (Fig. 5R)
or in blood vessels from Keapl™",Cdh5-Cre mice (Fig. 55).

Nrf2 Activation Inhibits PI3K/Akt-Dependent Notch Signaling in ECs.
Activation of PI3K/AKT plays an essential role in the induc-
tion of DIl4/Notch signaling (17-19). We therefore investigated
whether PI3K/Akt is involved in the suppression of DIl4/Notch
signaling by Nrf2. We found that Keapl knockdown totally
blocked the induction of PI3K activity by VEGF (Fig. 64).
Consistent with effects on VEGF-induced PI3K activity, VEGF-
induced phosphorylation of Akt in HRECs was abrogated by
Keapl knockdown. VEGF-induced VEGFR2 phosphorylation
was suppressed by Keapl knockdown. In contrast to its effects on
Akt, Nrf2 activated Erk. Phosphorylated Erk was surprisingly
induced in Keapl siRNA-treated HRECs in the absence of
VEGF, whereas comparable levels of phospho-Erk were ob-
served in control siRNA- and Keapl siRNA-transfected HRECs
in the presence of VEGF (Fig. 6B). Decreased phospho-Akt
was observed in lung and retina from Keapl™;Cdh5-Cre mice.
Western blotting also showed decreased D114 and NICD protein
in lung from Keap™",Cdh5-Cre mice (Fig. 6C). PI3K inhibition
with LY294002 significantly reduced DI/l4 and Heyl expression in
control siRNA-treated HREC to a comparable level to that of
Keapl siRNA treatment (Fig. 6 D and E). To further implicate
the involvement of Akt in DIl4/Notch signaling, we infected
HRECs with adenovirus encoding a constitutively active mutant
of Akt. Reduction in the expression of DIl4 and NICD in
HRECs by Keapl knockdown was largely reversed by adenovirus-
mediated enhancement of Akt activity (Fig. 6F). Taken together,
these results suggest that Nrf2 inhibition of DI14/Notch signaling
by Nrf2 in sprouting angiogenesis is, at least partially, ascribed to
the suppression of PI3K/Akt.

Discussion

The present study identifies Nrf2 as an essential regulator in
sprouting angiogenesis. Nrf2 is significantly increased and acti-
vated during vascular development. Deficiency of Nrf2 in ECs
suppresses angiogenic sprouting, whereas constitutive activation
of Nrf2 in ECs promotes hypersprouting and vascular density.
Strikingly, deficiency of Nrf2 in the nonvascular retinal cells had
no appreciable effect on vascular sprouting, further highlighting
the EC-autonomous role of Nrf2. Modulation of DIl4/Notch
signaling by Nrf2 appears to be critical for the increase in
sprouting angiogenesis. Nrf2 activation by release from Keapl
blocks VEGF-induced VEGFR2-PI3K/Akt in ECs, which may
serve as a major mechanism for Nrf2 inhibition of DIl4 and
Notch signaling. Under hypoxia, suppression of HIF-2a by Nrf2
activation could be an independent mechanism for the decreased
Dll4 expression in ECs (Fig. 6G).

In tumor angiogenesis, N1f2 in cancer cells plays an important
role in HIF-lo—dependent VEGF expression (20), and sup-
pression of Nrf2 leads to a reduction of VEGF and blood vessel
formation in a mouse xenograft setting (9). In our study, ablation
of Nrf2 in the nonvascular retina had no appreciable effect on
VEGEF levels or vascular sprouting. The results suggest a distinct
role of Nrf2 in regulating physiological angiogenesis. In retinal
vascular development, VEGF levels were influenced by Nrf2
status in ECs, in a manner that suggested an Nrf2-dependent
feedback mechanism. We speculate that increased Notch sig-
naling in Nrf2-deficient ECs might reduce responses to VEGF
and therefore elicit up-regulation of VEGF. Conversely, de-
creased Notch signaling in Nrf2-overexpressing ECs might en-
hance VEGF response and lead to a down-regulation of VEGF.
Strikingly, we observed no changes in VEGF expression in either
Nif27'= or Nrf2"".Six3-Cre retina, indicating that the feedback
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significant).

expression of VEGF in tissues surrounding the developing
vasculature is Nrf2-dependent. These results suggest that Nrf2 in
nonvascular retina is not required for physiological sprouting
angiogenesis, and imply a crucial role of EC-intrinsic Nrf2 in
deciding the fate of vascular development.

The finding that nonvascular Nrf2 does not affect vascular
sprouting in the retina allows the retinal vasculature to be used
as an in vivo model for investigating the specific role of EC-
intrinsic Nrf2 in sprouting angiogenesis. We found compromised
sprouting angiogenesis in N7f27'~ mice in the developing retinal
vasculature, which is consistent with a previous study that
showed defects in the deep vascular network in Nif2™/~ retina
(21). Similar to the superficial vasculature, the deep retinal
vasculature is also thought to form by sprouting angiogenesis
(22). We found that this critical role of Nrf2 in sprouting an-
giogenesis is EC-autonomous. A previous cell culture study
suggested an essential role of Nrf2 in maintenance of EC an-
giogenic capacity. Knockdown of Nrf2 or overexpression of
Keapl impaired proliferation, migration, and tube formation in
cultured coronary arterial ECs (23). Our studies demonstrate the
proangiogenic ability of EC-intrinsic Nrf2 in vivo, as well as its
specific effect on sprouting.

Strikingly, we identified restrained DI14/Notch signaling by
activation of endothelial Nrf2, which contributes to enhance-
ment of vascular sprouting at the angiogenic front. The retinal
vascular phenotype we observed with Nrf2 activation in the
Keapl KO mice is similar to that found in DIl4*~ mice (15, 24,
25), in which hypersprouting was observed with no effect on the
length of vascular extensions. In our study, the compromised
sprouting resulting from Nrf2 deficiency could be rescued by
blocking D14 or inhibiting Notch activity in vivo, ex vivo, and in
vitro, which further confirms the involvement of DIl4/Notch
signaling in regulation of angiogenesis by Nrf2. Moreover, consti-
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tutively active Nrf2 suppressed DIl4-induced Notch activation,
suggesting that Nrf2 might directly inhibit Notch activity in ad-
dition to targeting DIl4. The inhibition of Notch exacerbated
DI14 reduction, which contributes to spreading and synchronized
suppression of Notch signaling in ECs (26). Interestingly, an in
vitro study has reported the binding of Nrf2 to the antioxidant
response element in the Notchl promoter, with up-regulation of
Notchl in liver and mouse embryonic fibroblasts (27). This up-
regulation is opposite to the down-regulation we found in ECs,
suggesting that the role of Nrf2 in regulating Notch signaling may
be cell type-dependent.

VEGF-VEGFR2 signaling plays an essential role in the acti-
vation of DIl4/Notch (28). We observed inhibition of VEGF-
induced phosphorylation of VEGFR2 and PI3K/Akt, but not
Erk, in ECs with constitutively active Nrf2. Previous work has
demonstrated that PI3K/AKT positively regulates DIl4/Notch
signaling, and the induction of DII4 expression and Notch sig-
naling is abrogated by blockade of PI3K/Akt phosphorylation
(17-19). We therefore postulated that the inhibition of PI3K/Akt
by Nrf2 activation might contribute to the suppression of DIl4/
Notch that we observed in ECs. This was supported by decreased
expression of DIl4 and Notch target genes in ECs treated with
PI3K inhibitor, and restoration of DIl4 protein levels and Notch
activity in ECs expressing constitutively active Akt. Cross-talk
between the Keapl/Nrf2 pathway and PI3K/Akt pathway has
been reported in several studies. Nrf2 has been shown to be
activated via phosphorylation by PI3K/Akt (29), and pharma-
cological activation of Nrf2 leads to inhibition of Akt phos-
phorylation in cancer cells (30-32) and myofibroblasts (33). Our
data reveal a critical role of Nrf2 in the regulation of PI3K/Akt
activity in ECs, conferring enhanced angiogenic capacity.

The importance of PI3K/Akt as a mediator of Nrf2 regulation
of DIll4/Notch is supported by the currently available studies
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investigating Akt GOF and LOF in ECs by using adenovirus-
mediated gene transfer of Akt mutants. Akt GOF in ECs
resulted in increased levels of DIl4 and Notch signaling and
target gene expression (17, 19), similar to our findings with Nrf2
LOF in ECs. Conversely, Akt LOF exhibited reduction in DIl4
and Notch signaling (17), similar to our findings with Keapl LOF
and Nrf2 GOF.

We observed distinct, contrasting patterns of Akt and Erk
phosphorylation in ECs after Keapl inactivation. Under basal
conditions, Keapl-deficient ECs (with constitutively active Nrf2)
exhibit enhanced Erk phosphorylation, which could serve to
promote EC proliferative capacity. With VEGF stimulation,
Keapl-deficient ECs exhibit suppression of PI3K/Akt, which
serves to promote angiogenic capacity via suppression of DIl4/
Notch. These results suggest a complex role of Nrf2 in the reg-
ulation of VEGFR2 signaling in ECs.

Materials and Methods

Animals. The Nrf2~~, Nrf2™, and Keap1™" mice have been described pre-
viously (34, 35). VE-Cadherin-Cre mouse was obtained from Jackson Labo-
ratory and Six3-Cre mouse was a gift from Yasuhide Furuta (M. D. Anderson
Cancer Center, Houston, TX). Mice were used in accordance with protocols
approved by the Institutional Animal Care and Use Committee of The Johns
Hopkins University School of Medicine.

Whole-Mount Immunofluorescence Staining and BrdU labeling. Whole-mount
Nrf2 staining was performed by using the Mouse on Mouse (M.O.M.) Fluo-
rescein Kit (Vector Laboratories). Alexa-conjugated isolectin GS-IB; from
Griffonia simplicifolia (1:150; Invitrogen) was used for vessel staining.
Staining with secondary antibody only was used as a negative control (Fig.
S1R). Retinal platelet/endothelial cell adhesion molecule 1 (PECAM-1) and
DIl4 staining was performed as previously described (36). The following
primary antibodies were used: monoclonal mouse anti-Nrf2 (5 ng/uL; R&D
Systems), monoclonal rat anti-mouse PECAM-1(1:50; BD Pharmingen), and
polyclonal goat anti-mouse DIl4 (15 ng/uL; R&D Systems). BrdU labeling was
performed as previously described (37) with minor modification. BrdU
(Invitrogen) was injected at 300 pg per pup intraperitoneally 2 h before
euthanasia. Following isolectin staining, retinas were refixed, washed, and
incubated in HCl. BrdU was detected by using Alexa 594-conjugated anti-
BrdU mouse monoclonal antibody (Invitrogen). Fluorescently stained retinas
were analyzed by a laser scanning microscope (model 710; Zeiss).

Quantitative Analysis. The vessel area density in postnatal mouse retinas was
calculated as previously described (38). Relative vascular density was de-
termined by measuring PECAM-1-positive surface area in relation to the
total vascularized area. By using the same micrographs, the number of
branch points per field was quantified as previously described (25). The point
where three capillary segments met was counted as one branch. The number
of sprouts and the number of endothelial filopodia per 100-um vessel length
were counted at the sprouting vascular front as previously described (39).
For each retina, 10 to 14 random fields were selected to analyze. The quan-
tification was performed by using ImagelJ software in a masked fashion.

Cryosection Immunofluorescence Staining. Eyeballs were enucleated and di-
rectly embedded in optimal cutting temperature medium (Sakura Finetek) at
—80 °C. Cryosection Nrf2 staining was performed by using the M.O.M.
Fluorescein Kit. Stained samples were visualized by using a laser scanning
microscope (model 710; Zeiss). Staining with secondary antibody only was
used as a negative control (Fig. S15).

Laser-Capture Microdissection. Laser-capture microdissection was performed
as previously described (40). Vessels were microdissected with the LMD 6000
system (Leica Microsystems) and collected directly into RLT lysis buffer in the
RNeasy Micro Kit (Qiagen). Assessments of levels of PECAM-1 (EC marker)
and Six3 (marker for non-EC retinal tissue) using real-time PCR confirmed the
high purity of microdissected vessels (Fig. S2 B and C)

Aortic Ring Assay. Aortic ring assay was performed as previously described
(41). Aortic rings (1 mm) were cultured in a 1:1 mixture of growth factor

1. Carmeliet P (2005) Angiogenesis in life, disease and medicine. Nature 438(7070):
932-936.
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reduced Matrigel (BD Bioscience) and EC growth medium-2 (EGM-2; Lonza)
for 3 d. The z-stack phase-contrast images of the embedded aortas were
collected on an Axiovert 200 M microscope (Zeiss).

Cell Cultures. HRECs (Cell Systems) were used at passage <10. For silencing
experiments, HRECs were transfected with 25 nM negative control siRNA
(catalog no. 4390846; Ambion) or human Keap1 siRNA (catalog no. 4392420;
Ambion) by using Lipofectamine 2000 transfection reagent (Invitrogen).
Human VEGF (R&D Systems) and LY294002 (Calbiochem) were used for
stimulation and PI3K inhibition experiments, respectively. For Nrf2 over-
expression, HRECs were infected with control adenovirus (Ad-GFP) or ade-
novirus encoding Nrf2 (Ad-Nrf2) as described previously (42). For activation
of Akt, HRECs were infected with control adenovirus (Ad-CMV-null, catalog
no. 1300; Vector Biolabs) or adenovirus encoding Akt (ca) [Ad-CA-Akt1
(Myr), catalog no. 1020; Vector Biolabs].

Tube Formation Assay. Tube formation assay was performed as previously
described (43). Ten random fields displaying tubes in each well were selected
for analysis after culture in a collagen-sandwich gel for 24 h. Total tube
length per field was quantified by using ImageJ software in a masked
fashion. For gPCR analysis, type | collagenase (Worthington Biochemical) was
added to dissolve collagen. Cells were collected by centrifugation and sub-
jected to RNA purification by using an RNeasy Mini Kit (Qiagen).

Spheroid Sprouting Assay. The spheroid sprouting assay was performed as
previously described (44) with minor modification. Spheroids were seeded
into 300-uL collagen solution containing collagen | from rat tail (BD Bio-
sciences) in a 24-well plate. EGM-2 or EGM-2 supplemented with VEGF or
DAPT was added to the top of collagen. Five hours later, images were taken
by using an Axiovert 200 M microscope (Zeiss). Spheroid sprouting area (10
spheroids per condition) was quantified by using Adobe Photoshop.

PI3K Activity Assay. PI3K activity was assessed by using FACE PI3-kinase p85
ELISA Kit (Active Motif) according to the manufacturer’s instructions. Phos-
phorylated and total PI3K were measured, and results were normalized to
cell number.

Chemical Interventions. To inhibit DIl4-Notch signaling, purified anti-mouse
Dll4 antibody (BioLegend) or DAPT (Sigma-Aldrich; dissolved in DMSO) were
used. To induce Notch signaling, plates were coated with human recombinant
DIl4 (1 pg/mL; R&D Systems).

gPCR. Total RNA isolation from retina and reverse transcription were per-
formed as previously described (34). For laser-capture microdissected vessels,
total RNA was purified by using the RNeasy Micro Kit (Qiagen). cDNA was
synthesized using the iScript cDNA Synthesis Kit (Bio-Rad). Real-time PCR was
performed by using SYBR Premix Ex Taq (Takara) with a Stratagene Mx3005P
qPCR system (Agilent Technologies). Primers for Nrf2 were designed to
amplify exon 5, to allow differentiation between WT (functional) Nrf2 and
the mutated Nrf2 in the KO mice. Results from retina or ECs were normal-
ized by cyclophilin A or GAPDH, respectively.

Western Blot. Western blot was performed as previously described (36). The
following antibodies were used: rabbit anti-Nrf2, mouse anti-GAPDH
(Abcam), rabbit anti-p-actin, rabbit anti-NICD, rabbit anti-phospho-Akt,
mouse anti-Akt1, mouse anti-phospho-p44/42 MAPK (Erk1/2), rabbit anti-
p44/42 MAPK (Erk1/2), and rabbit anti-DIl4 (Cell Signaling Technology).

Statistical Analysis. Results were expressed as mean + SEM. Data were ana-
lyzed by unpaired Student t test. P values less than 0.05 were considered
statistically significant.
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