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Abstract

Angiogenesis is a multistep process that requires highly regulated endothelial cell (EC) behavior. The transcription factor
Kriippel-like factor 4 (KLF4) is a critical regulator of several basic EC functions; we have recently shown that KLF4 dis-
turbs pathological (tumor) angiogenesis by mediating the expression of members of VEGF and Notch signaling pathways.
Notch signaling is central to orchestration of sprouting angiogenesis but little is known about the upstream regulation of
Notch itself. To determine the role of KLF4 in normal (developmental) angiogenesis, we used a mouse retinal angiogenesis
model. We found that endothelial-specific overexpression of KLLF4 in transgenic mice (EC-K4 Tg) leads to increased vessel
density, branching and number of tip cell filopodia as assessed on postnatal day 6 (P6). The hypertrophic vasculature seen
with sustained KLF4 overexpression is not stable and undergoes prominent remodeling during P7-P12 resulting in a normal
appearing retinal vasculature in adult EC-K4 Tg mice. We find that KLLF4 inhibits Delta-like 4 (DLL4) expression in the
angiogenic front during retinal vascular development. Furthermore, in an oxygen-induced retinopathy model, overexpression
of KLF4 results in decreased vaso-obliteration and neovascular tuft formation that is similar to genetic or pharmacologic
DLLA4 inhibition. Mechanistically, we show that KLLF4 disables the activity of the essential Notch transcriptional activator
RBP-J by interfering with binding of co-activators NICD and MAML at intron 3 of the Notch ligand DLL4. In summary,
our experimental results demonstrate a regulatory role of KLF4 in developmental angiogenesis through regulation of DLL4
transcription.
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Introduction

Angiogenesis encompasses the formation of new vessels
from preexisting vascular beds and involves sequential
sprout formation, lumen formation, mural cell cover-
age, and finally, stabilization of the new network. This
process is tightly regulated by hypoxia-dependent proan-
giogenic factors, such as vascular endothelial growth fac-
tor (VEGF), which binds to its receptors on ECs [1]. In
addition to external stimuli, the dynamic regulation of
endothelial cell (EC) proliferation and angiogenic sprout-
ing also involves intrinsic signaling interactions between
ECs, which are regulated by the NOTCH pathway [2—4].
Notch receptors are transmembrane proteins that transform
extracellular signals initiated by ligands into intracellu-
lar signaling events. Ligand binding to the extracellular
domain of NOTCH receptors initiates proteolytic cleav-
age resulting in release into the cytoplasm of a peptide
termed the Notch intracellular domain (NICD). NICD
translocates to the nucleus and engages transcription factor
RBP-J. This interaction assists in bringing together other
co-activator proteins of the mastermind-like (MAML)
family. The resulting RBP-J-NICD-MAML complex then
interacts with the transcription machinery, effecting acti-
vation of NOTCH-dependent target genes [5]. Delta-like
ligand 4 (DLLA4) is one of five mammalian Notch ligands
and is a crucial regulator of sprouting angiogenesis. The
interaction of DLL4 and NOTCHI1 in an EC results in
inhibition of DLL4 expression in the adjacent ECs, a
process called lateral inhibition [6]. During sprouting
angiogenesis, DLL4-mediated NOTCH activity regulates
endothelial sprouting and proliferation. In the context of
decreased NOTCH-DLL4 interaction, an overabundance
of endothelial sprouting occurs. While the effect of DLL4
deficiency on tip versus stalk cell differentiation is a matter
of continued investigation [7], it is agreed that it leads to a
disturbance of the process necessary to form a functional,
mature new vascular network [8—10]. The role of NOTCH
signaling is widely appreciated in angiogenesis and vascu-
lar biology; however, the molecular mechanisms govern-
ing upstream regulation of NOTCH genes have remained
elusive.

Kriippel-like factors (KLFs) are a family of evolution-
arily conserved zinc finger DNA-binding transcription
factors that play diverse roles during differentiation and
development [11-13]. Previous studies identified KLF4 as
critical regulator of EC homeostasis, vascular inflamma-
tion, and thrombosis [14, 15]. Recently, our group showed
that sustained KLF4 expression promotes ineffective tumor
angiogenesis leading to diminished tumor growth [16].
Within the background of demonstrated roles of KLLF4 in
endothelial homeostasis and pathologic angiogenesis, we
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focus herein on the role of KLLF4 in developmental angio-
genesis, oxygen-induced retinal vascular pathology, and
the molecular mechanism of the transcriptional regulation
of key factors of Notch signaling.

Methods
Mice

All mice were bred on a C57B1/6 background. EC-K4 Tg mice
were generated in our laboratory as previously described [15,
16], with constitutive expression of human KLF4 in EC-K4
Tg mice driven by the VE-cadherin promoter. For creation of
the inducible endothelial KLF4 knockout mice (KLF4/2EC),
we mated KLF4 flox/flox and CDH5(PAC)CreERT2 mouse
lines (kindly provided by K. Kaestner, University of Pennsyl-
vania, USA, and R.H. Adams, University of Miinster, Ger-
many, respectively). To trigger gene inactivation in newborn
mice, intraperitoneal injections of 50 pl tamoxifen (1 mg/
ml in ethanol/peanut oil) were given daily on P1-P3 [17].
Robustness and endothelial specificity of KLF4 knockdown
were demonstrated by QPCR and western blot analysis of
mouse blood, lung, and isolated ECs (data not shown). Retinal
phenotypes of mutant mice were analyzed at postnatal day
P4-adulthood, as indicated in each experiment. All animals
and protocols were used in accordance with the Institutional
Animal Care and Use Committee of Case Western Reserve
University and the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Processing and analysis of retinas

Dissection and whole-mount staining of retinas were per-
formed as previously described [17]. Enucleated eyes were
fixed for 1 h in 4% paraformaldehyde, rinsed three times in
PBS, dissected, and stored in methanol at — 20 °C. Immuno-
histochemistry of whole-mount samples was performed by
using isolectin IB4 (IsoB4; Thermo Fisher Scientific, catalog
#121411, 1:200), rabbit anti-DLL4 antibody (Abcam, catalog
#ab7280, 1:50), rabbit anti-desmin antibody (Abcam, cata-
log #ab8592, 1:100), mouse anti- a-SMA (Sigma, catalog
#F3777, 1:100), and rabbit anti-collagen IV (Abcam, cata-
log #ab6586, 1:100). For detection, suitable specific Alexa
Fluor-coupled secondary antibodies were used (Thermo
Fisher Scientific, 1:1000). For the in vivo BrdU incorpo-
ration assay, 100 pg of BrdU (BD Pharmingen) per gram
of body weight was injected intraperitoneally 4 h before
the mice were euthanized with CO, followed by cervical
dislocation.
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Retinas were isolated and collected for analysis as above.
BrdU-positive cells were stained by mouse antiBrdU anti-
body (Cell signaling, catalog #5292, 1:100).

Microscopy and image analysis

Fluorescent images were taken using a Leica DM2000
microscope for low-magnification images and a Leica Sp8
confocal laser scanning microscope for high-magnification
images. The images were processed using Image] (NIH,
Bethesda, MD) and vascular characteristics of the retina
were analyzed using Angiotool software (National Cancer
Institute) [18]. Quantification is based on a minimum of
six mutant and six control animals for each time point and
experimental condition, and mice were litter-matched. For
phenotypic analysis, low-magnification images were taken of
isolectin B4-labeled control and mutant retinas. A composite
picture of the whole retinal vasculature was obtained from
partially overlapping images (X 10 lens) by using Photoshop
CS5 (Adobe Systems) as shown previously [17]. Quantita-
tion of percent of surface area covered by vessels (vascu-
lar density) was performed in each quadrant of the whole
mount on the vascular plexus located between an artery and
a vein (i.e., area coverage). Quantitation of branching points
and vessel length was performed using the entire composite
picture of the retina. For quantitation of sprouts and filopo-
dia, confocal images of the angiogenic front were used. The
angiogenic front was defined as the line between line con-
necting the bases of the sprouting ECs and line connecting
the tips of filopodia. The vessels density of angiogenic front
was calculated as the ratio of surface area covered by vessels
per total area limited by angiogenic front on one side and a
line 200 um form angiogenic front across a whole retina. The
total number of filopodia was counted per angiogenic front
in each field and calculated as the ratio of the total number
of filopodia at the angiogenic front line per field (250 pm).
Arteries and veins were identified based on standard mor-
phological criteria. The total length of a-SMA-positive
arteries was measured in each retina from the optical nerve
head in the central retina to the end of the a-SMA-positive
portion of the arteries. Pericyte coverage was quantified as
the desmin-positive area among the total isolectin B4-pos-
itive area. To analyze vessel remodeling, the whole-mount
retinas were labeled with isolectin B4 and collagen IV. A
set of high-resolution images of the central capillary plexus
between an artery and a vein was taken and quantified for the
ratio of collagen IV positive to isolectin B4 negative sprouts.

Oxygen-induced retinopathy and intravitreal
injections

Oxygen-induced retinopathy was induced as previously
described [19]. Briefly, P7 litters were placed in hyperoxia

(75% oxygen) to induce pervasive capillary obliteration in
the central retina. After 5 days hyperoxia (P7-P12), the lit-
ters were placed back in room air. At P17, the mice were
euthanized and the retinas were processed for whole-mount
staining. For short-term studies designed to evaluate the
mechanisms leading to vaso-occlusion, pups were exposed
to hyperoxia from P9 to P10. Five minutes prior to eutha-
nasia, mice are perfused via jugular vein with fluorescein-
labeled Griffonia Simplicifolia Lectin I (GSL; Vector Labo-
ratories, catalog #FL-1201, 25 mg/kg) [20]. Recombinant
mouse DLL4 and DLL4-Fc (R&D Systems, 200 ug/ml) was
injected intravitreally (300 nl) at P6 as described previously
[20] and the pups were sacrificed after 24 h to evaluate the
rescue effect of DIl4 on mutant retinal vessels phenotype.
Quantification of avascular area and neovascular tufts was
performed as described previously [19, 21]. Briefly, ves-
sels stained with isolectin B4 were outlined in Photoshop
CS6 and the number of pixels in vascularized areas were
compared to the total number of pixels of the entire retina.
The morphology of neovascular tufts were identified under
microscope and pixel area of pathologic neovascular tufts
were quantified and compared to the total pixel area in whole
retina.

Luciferase reporter assays

HUVEC were plated in 24-well plates and transfected at
60-70% confluency. pPCDNA3 expression vectors (0.1 pg/
well) containing either full-length KLF4 or mutant KLF4
lacking the DNA-binding zinc finger domains KLF4(—) ZnF
[15] were transfected where indicated. pGL4.10 reporter
plasmids expressing luciferase under the control of a pro-
moter region consisted of the 2.0 kb region upstream of the
DIll4 transcription start site (—2008 bp), the 820 bp intron
3 of DII4 (Intron 3), or both the 2.0 kb region and intron 3
(—2008bp + Intron3). Renilla-expressing plasmids (0.1 pg
per well) were included as an internal control to correct
for transfection efficiency. Luciferase assays were analyzed
using the Dual-Luciferase Reporter Assay System (Promega)
at 48 h after transfection.

Quantitative PCR

All gPCR reagents used were from Light Cycler 480 kits
(Roche, 04887-301001 or -352001) using probes from the
Roche Universal Probe Library. Gene expression was nor-
malized to platelet EC adhesion molecule (PECAM-1) using
the AAC, method and shown as relative fold-change to the
respective control. Control samples are normalized to 1 and
fold-change values are expressed relative to the respective
control. Primer sequences are shown in Table 1.
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Table 1 qPCR primers

Target sequence  Forward sequence

Reverse sequence

KLF4 ctttctccacgttcgegt cggggctaacaaagatatge cectggeaatgtacttgtgat
Notchl gaagcacctccggaacct cggtgttcagegagatee

Dil4

Hesl

Pecam

gacgcagtgtcttctcce caccttggeggtetegta gtggtgggtgcagtagttga
gtcacctegttcatgeactc actcgacaggatggaaatcac

KLF4 primers for qPCR were designed to amplify both mouse and human mRNA transcripts

Chromatin immunoprecipitation assays (ChIP)

ChIP assays were performed according to the manufactur-
er’s instructions of a commercial ChIP assay kit (Millipore,
17-295). Briefly, HUVEC were infected with empty virus or
an adenovirus overexpressing human KLF4 for 48 h, then
fixed in 1% paraformaldehyde at 37 °C for 10 min. The fixed
HUVEC were then washed in cold PBS containing protease
inhibitors, scraped from the culture dish, and resuspended
in lysis buffer. DNA was sheared to fragments between
~200 and 1000 bp in size using a Bioruptor sonicator (6
cycles, 30 s each cycle, “high” power). The cell lysate was
collected and diluted tenfold, followed by treatment with a
protein A-agarose/salmon sperm DNA slurry. The superna-
tant was then incubated overnight at 4 °C with 5 pg of anti-
body against KLF4 (Sigma, catalog #HPA002926), NICD
(Abcam, catalog #ab27526), MAML1 (Cell Signaling,
catalog #12166), RBP-J (Abcam, catalog #b25949), or IgG
control. The immunoprecipitant was collected by pulldown
with the protein A-agarose/salmon sperm DNA slurry and
washed. DNA-protein cross-links were reversed with 5 M
NaCl, and DNA was recovered using the Qiagen PCR puri-
fication kit. Input and immunoprecipitated products were
subjected to qPCR using the primers listed in Table 2. Data
are normalized to input DNA and expressed as a percentage
of input.

Immunoprecipitation

HUVEC were transfected with a pPCDNA3 vector contain-
ing the full-length KLF4 sequence or not (as control). After
2 days, the cells were lysed and cell extracts were precleared
with protein A-agarose (50% v/v). The supernatants were
then immunoprecipitated with 2 pg anti-RPB-J antibody

Table 2 Chromatin immunoprecipitation primer sequences

(Abcam, ab25949) overnight at 4 °C. Protein complexes
were collected by centrifugation at 12,000 rpm for 60 s
at 4 °C and washed five times with RIPA buffer. Bound
proteins were resolved by SDS-PAGE and transferred to
a nitrocellulose membrane, followed by blotting with the
anti-KLF4 (R&D, AF3640), NICD (Cell Signaling, 4147),
anti-MAML1 (Cell signaling, 12166), and RPB-J (Abcam,
ab25949) antibodies. The immunoblots were developed
using chemiluminescence (SuperSignal West Dura Extended
Duration Substrate, Thermo Scientific, USA) and visualized
using the Chemidoc MP Imaging System (Bio-Rad, Hercu-
les, CA, USA). The experiments were replicated three times.

Statistics

All data are reported as the mean + SD. Student’s two-tailed
non-paired ¢ test were used to determine the statistical signif-
icance. The significance level was set at p <0.05 and notated
by an asterisk (*).

Results

EC-specific overexpression of KLF4 results
in increased sprouting angiogenesis in the retina

In mice, development of the retinal vasculature occurs dur-
ing postnatal days P1-P21. We used a mouse model of reti-
nal angiogenesis, as it is highly amenable to the investiga-
tion of the molecular mechanism of normal (developmental)
angiogenesis. Perturbations of this system correlate well to
human disease; for example, the mouse model of OIR is
commonly used to study the retinopathy of prematurity suf-
fered by premature infants.

Target sequence Forward sequence

Reverse sequence

KLF site (+63 bp)
RBP-J site (+ 195 bp)

gttctaggegggggaagt gttatttttggcgtgggaac

agctccaggecaagcetaag ggaattcgegaaaggtgtaa

Primers flanking the putative binding sites for KLF4 and RBP-J in intron 3 of the D14 gene that were used in ChiP assays. +bp indicates the

number of bases away from the first base in intron 3
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EC-K4Tg

Fig. 1 EC-specific KLF4 overexpression alters retinal angiogenesis. a
Endogenous KLF4 expression is seen throughout the developing reti-
nal vasculature including arteries, veins, and capillaries. Representa-
tive confocal images of a P6 wild-type retina quadrant (left), the cen-
tral vascular plexus (right upper), and angiogenic front (right lower)
stained for KLF4 (white). “A” indicates artery; “V” indicates vein. b
Confocal images show increased vessel density in P6 whole-mount
retinas of EC-K4 Tg mice (IsoB4, white). The angiogenic front inset

Endogenous KLF4 is expressed in arteries, veins, and
microvessels of the developing retinal vasculature, as dem-
onstrated at P6 in wild-type mice, with arterial expression
appearing strongest (Fig. 1a). In order to study the effect
of sustained overexpression of KLF4 during developmental

EC-K4Tg
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from the upper panel is shown enlarged in the lower panel. ¢ High
magnification of the angiogenic front shows increased number of filo-
podia (scored with yellow dots) in ECK4 Tg mice. whole-mount reti-
nas at P6 were stained with IsoB4 (white). d Quantification of vascu-
lature parameters in wild-type and EC-K4 Tg retinas as indicated in
experimental procedures. Vessel length is illustrated after normalized
to WT. Data are means +SD of at least six mice per group. *p <0.05.
Scale bar, a 100 um, b 200 ym, ¢ 25 pym

angiogenesis, we used transgenic mice with endothelial-
specific KLF4 overexpression driven by the VE-cadherin
promoter (EC-K4 Tg) [15]. The endothelial expression of
KLF4 in retinas of transgenic mice is 4-5 times that of
wild-type mice (Supplemental Fig. 1), consistent with over
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expression we have seen in other vascular beds [15, 16]. At
P6, the retinas of EC-K4 Tg mice had higher vessel density,
increased vessel branching, and increased total vessel length
(Fig. 1b—d). Tip cell filopodia are a key measure of angio-
genesis as they indicate that ECs at the angiogenic front
are responding to growth signals [22]. We found that the
angiogenic front of the retinal vasculature in the EC-K4 Tg
mice has more filopodia than is found in the respective con-
trol mice, suggesting excessive numbers of tip cells, leading
to increased vascular density. This disturbance of normal
angiogenesis appears to be related to the sustained overex-
pression of KLF4; mice with endothelial-specific deletion
of KLF4 (KLF4**FC) have no vascular defects in the retinal
vasculature at P6 (Supplemental Fig. 2). Combined, these
data show that EC-specific overexpression of KLF4 results
in hypertrophic vascular patterning in the early phase of reti-
nal development.

The role of KLF4 in mural cell coverage, EC
proliferation, and stability of blood vessels

To describe the normal development of blood vessels in
more detail, we analyzed additional factors involved in
angiogenesis such as mural cell coverage and EC prolifera-
tion. Since we previously had found that endothelial KLF4
deficiency can alter vascular muscularization in hypoxia-
induced pulmonary hypertension [23], we analyzed the cov-
erage of blood vessels by mural cells during normal angio-
genesis. We stained for desmin and a-smooth muscle actin
(«SMA) to detect pericytes and VSMCs, respectively [2,
24]. While ECK4 Tg mice have a higher density of desmin-
positive vessels compared to control (Fig. 2a, b), after nor-
malizing to total vessel density there is no difference (data
not shown), suggesting that altered EC interaction with peri-
cytes is not associated with the vascular hypertrophy seen
with sustained EC KLF4 expression. High-magnification
images (Supplemental Fig. 3) show that KLF4 expression
is limited to the elongated nuclei of the endothelium and
is seen in both SMA-positive and -negative vessels, with
possible enhanced expression at branch points. Staining of
pericytes with NG2 demonstrates that the bulbous, extravas-
cularly projecting pericyte nuclei do not express KLF4.
Endothelial overexpression of KLF4 led to a decrease in the
axial length of the aSMA-stained portion of the arteries in
P6 retinas (Fig. 2a, c, e). This may be an abnormality that
is secondary to the enhanced vascular density in the EC-K4
Tg mice, as morphologically identifiable arteries branch into
and meld with the peripheral vascular pattern when less dis-
tant from the optic nerve. Alternatively, this may indicate
that enhanced EC KLF4 leads to a reduction in arterial dif-
ferentiation during development. In adult mice, EC KLF4
deficiency increases the severity of pulmonary vascular mus-
cularization in hypoxia-induced pulmonary hypertension
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[23]. Hypoxia-induced KLF4 expression in SMC progeni-
tors increases dedifferentiation and clonal expansion of these
cells at the pulmonary arteriole muscular—unmuscular bor-
der [25]. Our (and others) current hypothesis is that KLF4
results in different vascular effects when expressed in EC
versus VSMC. KLF4 is expressed by EC under basal con-
ditions, with the most potent identified physiologic stimu-
lus being shear stress [14, 26]. KLF4 is not significantly
expressed in VSMC under basal conditions but is transiently
induced under noxious stimuli such as vascular injury [27]
or hypoxia as above. Interestingly, the only KLF4 signal we
saw in this study that could represent VSMC expression is
at a muscular—unmuscular border (Supplemental Fig. 3, left
column). Complete investigation of the meaning of the dif-
ferential aSSMC with EC KLF4 overexpression is the focus of
ongoing EC-VSMC crosstalk experiments in our laboratory.

Importantly, the distance from the optic nerve to the
angiogenic front is the same, throughout development, in
wild-type and EC-K4 Tg mice. In vivo labeling with 5-bro-
modeoxyuridine (BrdU) shows that EC-K4 Tg mice have
more BrdU-positive cells compared to control (Fig. 2d);
however, after normalization for total vascular density,
there is no difference between control and EC-K4 Tg
(Fig. 2f), suggesting that increased EC proliferation is not
the primary cause of the enhanced retinal vascular density
in the EC-K4 Tg mice. In addition, the normalization of
BrdU-positive cells to vascular density of angiogenic front
have not showed differences between groups. These data
are consistent with our previous in vitro data [16].

To determine temporal changes in the organization of
the vascular network, we analyzed whole-mount retinas
between P4 and P21. As described earlier, EC-K4 Tg mice
have higher blood vessel density at the early phase of reti-
nal vascular development. This is seen at days P4 and P6
in Fig. 3a. At P10 and thereafter however, the density and
architecture of the retinal blood vessels in control and
EC-K4 Tg mice are indistinguishable (Fig. 3a). Analysis
of the retinal vasculature of adult mice showed no differ-
ence in vessel density in the adult EC-K4 Tg mice com-
pared to control (Supplemental Fig. 4). Remodeling and
maturation are later stages of sprouting angiogenesis, and
vessels of the retina undergo significant remodeling dur-
ing P10-P21 [28]. Regressing blood vessels leave empty
sleeves of extracellular matrix deposits rich in collagen IV
[29]. We found more matrix sleeves (collagen IV positive,
isolectin B4 negative) in EC-K4 Tg mice at P10 and P12
(Fig. 3b, c), indicating a more active remodeling process at
these time points. In summary, these data suggest that dif-
ferences in mural cell association with ECs in the context
of EC-KLF4 overexpression are related to the changes in
vascular density rather than to primary alterations of mural
cell numbers or EC proliferation.
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A WT

EC-K4Tg

Fig.2 KLF4 alter smooth muscle cell coverage of developing vessels
but does not affect endothelial cell proliferation. a Images stained to
identify vascular coverage by desmin and aSMA. Destine signal is
highlighted in the peripheral box, *SMA staining in the more central
box. P6 whole-mount wild-type and EC-K4 Tg retinas were stained
for IsoB4 (blue), a-smooth muscle actin (aSMA, red), and desmin
(green). b Expanded view of the peripheral box from (a). After nor-
malization for vascular density, there is no significant difference in
the EC coverage by desmin-positive pericytes (data not shown). ¢
Expanded view of the central box from (a). Developing arteries in

The administration of DLL4 results in rescue
of altered vascular development in EC-K4 Tg mice

The vascular alteration in EC-K4 Tg mice is reminiscent
of that seen with DLL4 deficiency, which is character-
ized by enhanced angiogenic sprouting and branching at
P6 [6, 20]. Thus, we assessed the amount of DLL4 by
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EC-K4 Tg retinas have decreased smooth muscle cell coverage com-
pared to wild type. Quantification of the smooth muscle cell coverage
was performed as in Experiment Procedures and normalized to WT,
shown in (e). d Proliferation of ECs was assessed by BrdU labeling
(green) of wild-type and EC-K4 Tg P6 whole-mount retinas. Nor-
malization of BrdU signal to total EC area (isolectin B4, red) demon-
strates that there is no difference in EC proliferation between WT and
EC-K4 Tg retinas, shown in (f). Data are means + SD of at least four
mice per group. *p <0.05. Scale bar a—¢ 100 um

immunostaining whole-mount mouse retinas. DLL4 is
largely expressed at the angiogenic front; DLL4 levels
were significantly decreased in EC-K4 Tg mice compared
to control (Fig. 4a). This observation is consistent with
our previous data which demonstrated that sustained over-
expression of KLF4 downregulates EC DI114 in culture
and in a tumor model of sprouting angiogenesis [16]. We
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WT

EC-K4Tg

Fig.3 Sustained KLF4 overexpression leads to increased vascular
density in early retinal vascular development, followed by enhanced
remodeling. a EC KLF4 overexpression results in increased retinal
vessel density at the early stage of retinal angiogenesis as shown by
images of IsoB4 stained whole-mount retinas harvested at P4 and
P6. However, images collected from P10 onward show similar vascu-
lar density in WT and EC-K4 Tg mice (WT upper rows, EC-K4 Tg,
lower rows). b The number of empty sleeves (collagen IV positive,

confirmed decreased endothelial expression of D114 and
the Notch target gene Hesl1 in the EC-K4 Tg retinas (Sup-
plemental Fig. 1). To determine whether adjustment of
DLLA4 protein level in the retina can ameliorate the angio-
genic phenotype seen in EC-K4 Tg mice, we performed
intravitreal injections of recombinant mouse DLL4 or
DLL4-Fc protein at P6. Analysis of whole-mount retinas
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isolectin negative) in the central capillary plexus is higher in EC-K4
Tg retina compared to WT, indicating enhanced remodeling. Confo-
cal images of whole-mount isolectin B4 (green) and collagen IV (red)
stained P10 retinas. ¢ Quantification of vascular density (upper panel)
and vascular remodeling (lower panel) in wild-type and EC-K4 Tg
retinas. Data are means + SD of at least six mice per group. *p <0.05.
Scale bar a 200 um, b 50 um

24 h after DLL4 administration (P7) shows a reversal of
the hypertrophic sprouting angiogenesis phenotype in the
EC-K4 Tg mice (Fig. 4b); however it does not affect the
vessels density (Supplemental Fig. 5). These data suggest
that hypertrophic developmental angiogenesis in the con-
text of sustained EC KLF4 expression is a consequence of
decreased DLL4—Notch signaling.
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A

WT

EC-K4Tg

DLL4 signal / EC surface area

Fig.4 Intravitreal administration of DLL4 rescues the hypertrophic
EC-K4 Tg retinal vascular phenotype. a EC KLF4 overexpression
leads to decreased DLL4 levels in the angiogenic front of the devel-
oping retinal vasculature. Confocal images of the angiogenic front
of representative whole-mount retinas from wild-type and EC-K4
Tg mice at P6 (left). Quantification of the relative DLL4 levels is
shown to the right. The retinal vasculature was stained with isolectin

Sustained overexpression of KLF4 results
in reduction of avascular area and neovascular tufts
induced by relative hyperoxia

Although the cause and pathogenesis of various human
ischemic retinopathies varies, the last stage is very similar
and is characterized by avascular areas and the formation
of neovascular tufts which project towards the vitreous and
are a hallmark of proliferative retinopathies [30].The OIR
model has been widely used to study the response of reti-
nal blood vessels to hyperoxia and to determine the molec-
ular factors involved in subsequent neovascular tuft forma-
tion [30-33]. The animal OIR model includes two phases:

1.25
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B4 (red) and DLL4 (green). b Intravitreal injection of DLL4 at P5
leads to normalization of filopodia number within 24 h. Images are
of whole-mount retinas of wild-type and EC-K4 Tg mice at P6 (har-
vested 24 h after administration of vehicle or DLL4 (50 ng) was
injected intravitreally). Quantification of filopodia is shown to the
right. Data are means + SD of at least four mice per group. *p <0.05.
Scale bar a 50 um; b 25 pm

(1) initial capillary vaso-obliteration induced by ambient
hyperoxia at P7-P12, which leads to avascular areas in the
retina, and (2) retinal hypoxia upon subsequent return to
room air at P12—-P17, with excessive release of angiogenic
factors that results in the formation of neovascular tufts.
In EC-K4 Tg mice, 24 h of hyperoxia (P7, 75% O,) results
in decreased vaso-constriction than in wild-type mice as
demonstrated by greater retinal perfusion at P8 (Fig. 5a).
After 5 days of hyperoxia (P7-P12) however, control and
EC-K4 Tg mice demonstrate a similar degree of vessel
loss (Fig. 5b, left panels). Finally, after return to room
air for 5 days (P12-P17), EC-K4 Tg mice demonstrated
less vessel loss and fewer neovascular tufts (Fig. 5b, right
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Fig.5 EC KLF4 overexpression ameliorates oxygen-induced retin-
opathy. a EC KLF4 overexpression leads to preservation of retinal
perfusion after a short exposure of perinatal mice to hyperoxia. Mice
were exposed to 75% O, for 24 h from P9 to P10 and then eutha-
nized. Perfused vessels are demonstrated by intravascular fluorescein-
labeled Griffonia Simplicifolia lectin signal (GSL perfusion, green)
and the entire vasculature demonstrated by staining of the whole-
mount specimens after fixation (IsoB4 staining, red). Areas with red
IsoB4 signal but lacking the green IsoB4 signal are non-perfused.
Quantification of the non-perfused area is shown below images. b

panels). In similar experiments performed in an inducible
endothelial KLF4 knockout mouse strain (KLF4"2E€) no
significant differences in vaso-obliteration or neovascular
tuft formation are seen compared to control mice (Supple-
mental Fig. 6). Thus, endothelial-specific overexpression
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After exposure to 5 days of hyperoxia (P7-P12), loss of retinal vas-
cularity is similar in wild-type and EC-K4 Tg pups; however, 5 days
after return to normoxia (P17), EC-K4 Tg mice have significantly less
severe pathological changes demonstrated by decreased avascular
area and fewer neovascular tufts. Retinas were stained with isolectin
B4. Quantification of the avascular area and neovascular areas was
performed as in experimental procedures is shown below images.
Data are means + SD of at least four mice per group. *p <0.05. Scale
bar a, b: 500 pm

of KLF4 results in decreased vaso-obliteration and neovas-
cular tuft formation. This is similar, though less profound,
to the phenotype seen with genetic or pharmacological
inhibition of DLL4 [34], likely due to the reduction, rather
than ablation, of DLL4 expression in our model.
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KLF4 interferes with RBP-J activator activity
and thereby downregulates DLL4 transcription

The human DLL4 gene is located on chromosome 15 and
composed of 11 exons (Fig. 6a), coding for a protein of
~70 kDa. While there are little data elucidating the D114
gene transcription in angiogenesis, recent reports show that
intron 3 of D114 is a well-conserved non-coding region and
regulates DLL4 transcription through the VEGF/MAPK
pathway [35-38]. We previously demonstrated, in vivo and
in vitro, that KLF4 regulates the expression of key mem-
bers of the NOTCH signaling pathway, and we reported on
several putative KLF4 binding sites in the upstream of the
mRNA start site of DLL4 transcription [16]. To establish
experimentally the effect of KLF4 on the 2 kb upstream and
intron 3 regions, we independently cloned and inserted these
regions into luciferase reporter plasmids. Transient tran-
scription experiments were performed with these plasmids
in HUVEC co-transfected with control or KLF4 expression
plasmids. As illustrated in Fig. 6b, ¢ KLF4 has a different
effect on the classical upstream “promoter” region versus
the intronic enhancer region of DLL4. KLF4 activates the
luciferase reporter driven by the 2 kb region upstream of the
DLLA4 transcriptional start site but inhibits reporter activity
of the plasmid containing the sequence from intron 3 of the
DLLA4 gene (Fig. 6b, c). As our in vivo and cell culture data
[16] demonstrated that KLF4 overexpression leads to inhi-
bition of the endogenous DLL4 gene, we suggest that the
intronic site comprises the important location for KLL4-medi-
ated regulation of DLL4. RBP-J is a transcriptional regulator
which can act as a repressor or activator of transcription of
Notch signaling genes when not bound or when in the com-
plex with NICD, respectively [16, 39]. To assess the effect
of the binding sites for KLF4 and RBP-J on expression, we
mutated the putative binding sites in intron 3 and performed
luciferase assays with these mutated reporter plasmids and
KLF4 expression plasmids coding for full-length KLF4 or
for KLF4 lacking the zinc finger domain.

(KLF4(-) ZnF) required for binding to DNA. These
assays confirm that an intact RBP-J site is required for
RBP-J-mediated transactivation, and that KLF4 is required
for KLF4-mediated inhibition of transactivation by RBP-J
(Fig. 6d). In addition, we also show that KLF4 inhibits trans-
activation by the co-activator NICD (Fig. 6e). To assess the
effect of these sites on DLL4 expression, we performed
chromatin immunoprecipitation (ChIP) assays in HUVEC
to confirm the effect of KLF4 on association of Notch tran-
scription factor with the intron 4 KLF4 and RBP-J sites.
We found that only KLF4 binds to the KLF4 binding site,
whereas RBP-J, NICD, MAML, and KLF4 associate with
RBP-J site (Fig. 6f). Moreover, overexpression of KLF4
does not alter binding of RBP-J, but it does decrease the
association of NICD and MAML with the intron 3 RBP-J

binding site. However, we performed immunoprecipitation
of RBP-J protein in HUVEC cells (Fig. 6f). Immunoprecipi-
tation data showed that RBP-J binds MAML and NICD pro-
teins in control group. After KLF4 overexpression, RBP-J
does not bind MAML and NICD proteins but bind KLF4
protein. Combined, these results show that endothelial KLF4
regulates endothelial DLL4 expression through a highly con-
served site in intron 3 of the DLL4 gene.

Discussion

Sprouting angiogenesis is a dynamic multi-phase process
involving EC tip and stalk cell determination, proliferative
vascular patterning, and finally a remodeling phase that cul-
minates in a pruned, mature structure that provides a new
path for blood circulation. We have previously shown that
sustained endothelial KLF4 overexpression causes a pro-
found dysregulation of tumor sprouting angiogenesis, mark-
edly limiting tumor growth due to deficient perfusion [16].
We provided mechanistic data indicating that this vascular
alteration occurred via inhibition of NOTCH-DLL4 signal-
ing by KLF4, leading to an imbalance of tip versus stalk cell
development. Importance of this finding was supported by
the KLF-Notch interaction being evolutionarily preserved;
in Drosophila, Kriippel (Kr) determines the fate of neural tip
cells in developing malpighian tubules, and Kr expression
is controlled by Notch-dependent (Delta) signaling [16, 37].
As there are significant signaling and morphological differ-
ences between tumor and normal developmental angiogen-
esis [16, 40], we performed the current study to explore the
role of KLF4 in developmental angiogenesis. Here we show,
using a mouse retinal model, that endothelial-specific KLF4
overexpression results in excessive sprouting and branching
during the early stage of vascular development. Interestingly,
this vascular phenotype is not stable, and through enhanced
processes of remodeling, the mature retinal vasculature of
EC-KLF4 Tg mice is morphologically indistinguishable
from WT.

Notch signaling through DLL4 expression is integral
in coordination of the dynamic phenotypic and functional
changes of ECs as they interconvert between tip and stalk
cell roles during sprouting angiogenesis. Moreover, aspects
of Notch signaling regulate remodeling and maturation of
arterial retinal vessels [16, 40-42] as well veins and capil-
laries [16, 28]. We do not know if the enhanced remod-
eling leading to normalization of the vascular tree in our
EC-KLF4 Tg mice is related to the early inhibition of DLL4
expression, or if it is an entirely independent process. A lit-
erature search did not reveal published data documenting
the time course of retinal vascular remodeling in DLL4-
deficient mice beyond the proliferative phase. While altera-
tion of Notch signaling has no effect on cell proliferation,
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Fig. 6 KLF4 inhibits D114 transcription via binding to a site in intron
3. a Schematic of the human DIl4 gene. The black arrowhead indi-
cates the transcriptional start site and orientation, black boxes repre-
sent exons. Two regions were assessed for transcriptional activity in
luciferase reporter assays; the upstream —2008 bp region and intron
3. Relative locations of sequences identified as possible binding sites
for KLF4 and RBP-J are shown in the expanded region above. Lucif-
erase constructs with mutation of either the RBP-J or KLF4 binding
sequence are illustrated to the upper right, with mutated site indicated
by gray box. Results from transient transcription assays show that
KLF4 increases transcriptional activity of the 2008 bp region of the
Dll4 gene but inhibits transcriptional activity of the intron 3 region
(b). ¢ KLF4 is required for inhibition of RBP-J mediated transcrip-
tional activity of the intron 3 region. Decreased activity of the con-
struct with the mutated RBP-J site is assumed to be due to lack of
association of endogenous RBP-J. The KLF4(—) ZnF construct lacks
the DNA-binding domain of KLF4. d Transactivation of intron 3 by
NICD requires an intact RBP-J site. KLF4 inhibits NICD-mediated,
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RBP-J-dependent transactivation. Assays were performed in HUVEC.
Expression vectors for full-length KLF4, KLF4 lacking the DNA-
binding domain (KLF4(—) ZnF), and NICD were used in (b-d). e
In ChIP assays, we demonstrate that KLF4 is the only transcription
factor of those assessed in this experiment that associates measurably
with the KLF4 binding site. On the other hand, NICD, RBP-J, and
MAML associate with the RBP-J site, as shown previously. KLF4
inhibits the association of NICD and MAML to the RBP-J site but
does not alter RBP-J association. HUVEC lysate was subjected to
immunoprecipitation using an antibody against the transcription
proteins listed on the X-axis or non-immunized serum as a negative
control, followed by qPCR with primers flanking either the intron 3
KLF4 or RBP-J site. f In the immunoprecipitation assay, we demon-
strated that KLF4 overexpression in HUVEC cells decreased RBP-J
binding with NICD and MAML proteins. Data represent means +SD
of 3 independent experiments.*p <0.05, comparing Con to KLF4 or
Con to NICD condition; Qp <0.05, comparing NICD to NICD + KLF4
condition



Angiogenesis (2019) 22:295-309

307

the activity of NOTCH signaling in arterial cells does show
a direct correlation with arterial smooth muscle coverage
[16, 28].

KLFs are evolutionarily conserved zinc finger DNA-bind-
ing transcription factors that play varied roles during cell
differentiation, normal development, and pathology [8—10].
KLFs 4 and 2 are particularly closely related by sequence
and are expressed in ECs. They display partially overlap-
ping regulation and function: their expression is induced
by hypoxia and shear stress, and in turn they modulate
diverse inflammatory and vasoactive stimuli [14, 15]. The
pattern of KLF expression can change in these conditions
and expression of certain KLFs may overlap at some point
[13, 43]. Recently, Sangwung et al. showed that a single
allele of either Klf4 or KIf2 is necessary and sufficient for
maintenance of vascular integrity [13, 43]. Thus, the fact
that EC-specific KLF4 knockdown results in no change in
sprouting developmental angiogenesis in our model suggests
functional compensation by other Kriippel-like factors.

In our developmental angiogenesis experiments, as in
others, it is unknown whether the phenotypic abnormali-
ties seen during early retinal angiogenesis lead to func-
tional consequences. As the hyperoxia-induced retinopathy
model mimics the perfusion and vessel pathologies seen in
the retinopathy of prematurity which lead to vision loss,
we used this model to predict the functional consequences
of endothelial KLF4 overexpression during a pathological
insult. Our data indicate that KLF4 acts not only to main-
tain blood vessel perfusion but also to limit capillary regres-
sion and tuft formation induced by exposure to hyperoxia.
In these settings, attenuation of vessel loss, improving flow
in existing vessels, and regulation of neoangiogenesis after
hypoxic insult might have beneficial effects. These effects of
KLF4 on blood vessels are likely correlated with inhibition
of the DLL4-NOTCH pathway.

The profound effect of DLL4-NOTCH signaling on
sprouting angiogenesis enhances the interest in determin-
ing the molecular mechanism by which this occurs. Ear-
lier studies have shown that VEGF (mediated by VEGF
receptors) upregulates D114, and that activation of both
integrin and phosphatidylinositol 3-kinase/Akt signaling
transmit the effect of VEGF on DIl4 expression [35, 44,
45]. Foxc proteins are essential for vascular development
and are involved in arterial specification; they have also
been shown to directly bind to an — 3.7 kb upstream pro-
moter region of D114 [46]. VEGF-induced DI114 expres-
sion is enhanced by Foxc1 and Foxc2 [47], and the inte-
grin-mediated upregulation of DII4 in particular appears
dependent upon the transcription factor Foxc2. More
recently, an in silico search of the DI1l4 locus identified a
highly conserved enhancer region in the third intron that
can direct arterial specification independent of the endog-
enous (upstream) promoter [37]. Combined loss of SOXF

and RBP-J binding sites in the intron 3 enhancer leads
to ablation of D114 expression and arterial specification.
The function of SOXF endothelial transcription factors
is incompletely defined, but pleiotropic and redundant
roles of the vertebrate sox7, sox17, and sox18 proteins
have been found during cardiovascular development [48].
Of interest, the D113 intron 3 enhancer does not contain
functional binding sites for Foxc transcription factors, and
works independently of the endogenous promoter, rais-
ing the possibility that Foxc and SOX have independently
regulated roles and function in D114 regulation [5, 37, 49,
50]. In the current work, we demonstrate that KLLF4 dif-
ferentially regulates the transcriptional activity of a DLL4
upstream promoter region and the intron 3 enhancer. While
both regions are highly evolutionarily conserved and have
binding sites for KLF4, we postulate that the inhibitory
effect of KLF4 on DLL4 expression is mediated primar-
ily by the 91 bp site in intron 3. Our data support KLF4-
mediated inhibition of DLL4 expression via disruption of
the RBP-J-NICD-MAML complex in intron 3 of DLL4,
with resultant dysregulation of developmental angiogen-
esis. These data represent an important refinement of the
understanding of the molecular mechanism of Notch sign-
aling in developmental angiogenesis and may contribute
a new tool for differentiating the functions of other tran-
scription factors involved in cardiovascular development.

Together, our previous data and the current work demon-
strate the need for dynamic expression of EC KLF4 during
both pathological and developmental angiogenesis. When
EC KLF4 expression is sustained, Notch signaling through
DLLA4 is disrupted and a hyperdense vasculature ensues. In
tumor angiogenesis, this limits tumor growth. In develop-
mental angiogenesis, this effect appears to resolve during
enhanced remodeling and no functional adverse conse-
quences are apparent in the adult animal. In fact, sustained
KLF4 expression during oxygen-induced retinopathy dis-
plays potentially protective phenotypic features. KLF4 is a
critical regulator of EC homeostasis, vascular inflammation,
and thrombosis. The data herein provide another fundamen-
tal reason for the discovery of pharmacological agents that
modulate the expression of EC KLF4 for amelioration of
human vascular disease.
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