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Purpose. Pathological neovessel formation impacts many blinding vascular eye diseases.
Identification of molecular signatures distinguishing pathological neovascularization from
normal quiescent vessels is critical for developing new interventions. Twist-related protein 1
(TWIST1) is a transcription factor important in tumor and pulmonary angiogenesis. This study
investigated the potential role of TWIST1 in modulating pathological ocular angiogenesis in
mice.

MEetHoDs. Twist] expression and localization were analyzed in a mouse model of oxygen-
induced retinopathy (OIR). Pathological ocular angiogenesis in TZe2-driven conditional Twist1
knockout mice were evaluated in both OIR and laser-induced choroidal neovascularization
models. In addition, the effects of TWIST1 on angiogenesis and endothelial cell function were
analyzed in sprouting assays of aortic rings and choroidal explants isolated from Twistl
knockout mice, and in human retinal microvascular endothelial cells treated with TWIST1
small interfering RNA (siRNA).

Resurrs. TWIST1 is highly enriched in pathological neovessels in OIR retinas. Conditional
Tie2-driven depletion of Twist] significantly suppressed pathological neovessels in OIR
without impacting developmental retinal angiogenesis. In a laser-induced choroidal
neovascularization model, Twistl deficiency also resulted in significantly smaller lesions
with decreased vascular leakage. In addition, loss of TwistI significantly decreased vascular
sprouting in both aortic ring and choroid explants. Knockdown of TWIST1 in endothelial cells
led to dampened expression of vascular endothelial growth factor receptor 2 (VEGFR2) and
decreased endothelial cell proliferation.

Concrusions. Our study suggests that TWIST1 is a novel regulator of pathologic ocular
angiogenesis and may represent a new molecular target for developing potential therapeutic
treatments to suppress pathological neovascularization in vascular eye diseases.
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roliferative neovascularization (NV) is a major pathological

feature of blinding vascular eye diseases. These include
retinopathy of prematurity, diabetic retinopathy, and neovascu-
lar age-related macular degeneration, which are leading causes
of vision loss in children, working-age adults, and the elderly in
the developed world.!'"# Pathological neovessels in these
diseases differ from normal quiescent vessels in both morphol-
ogy and function. They are highly proliferative with increased
vascular permeability, which leads to exudates, hemorrhage,
and retinal detachment.®> Defining the molecular pathways
distinguishing pathological NV from normal blood vessels is
critical for the development of targeted therapies to control
these blinding diseases.®”

Our previous study identified a novel transcription factor,
Twist-related protein 1 (TWIST1), important for pulmonary
vascular integrity.® This finding led us to hypothesize that
TWIST1 may contribute to vascular pathologies in retinopathy
as well. TWIST1 is a basic helix-loop-helix (HLH) domain-
containing transcription factor and was originally identified in
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Drosophbila by the presence of twisted torsos in embryos that
lacked the Twist1 gene.®'° In humans, TWISTI is located on
chromosome 7p21-p22, and its heterozygous mutations are
responsible for autosomal dominant Saethre-Chotzen syn-
drome, one of the most common craniosynostosis syn-
dromes.''-13 TWIST1 is a critical marker and regulator of
epithelial-mesenchymal transition, a process that is crucial for
embryonic development and tumor progression. TWIST1
controls mammalian embryonic development including limb
budding and cranial neural tube closure,'# and regulates many
other biological processes including osteoblast differentiation,
tumor growth, metastasis, and drug resistance.'> 17 These
diverse functions of TWIST1 are achieved through transcrip-
tional regulation of its target genes by recognizing a consensus
Enhancer-box (CANNTG) motif on the promoter region of
target genes to influence their transcription.'®

The importance of TWIST1 in regulating the angiogenic
process is demonstrated by previous work in normal and tumor
angiogenesis.!*!71° Knockdown of Twist1 impacts embryonic
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vascular growth in Xenopus,?° and it is suggested that TWIST1
promotes tumor angiogenesis through promoting secretion of
vascular endothelial growth factor (VEGF) or mediating
chemoattractant chemokine (C-C motif) ligand 2 (CCL2)-
dependent macrophage recruitment.'21.22 Recently we found
that in the lung, TWIST1 controls vascular integrity,® which is
also compromised in vascular eye diseases. Based on these
findings, we hypothesize that TWIST1 may also impact
pathological NV in the eye.

In the present study, we investigated the functional role of
TWIST1 in pathological ocular angiogenesis in mice. Since
systematic deletion of Twistl is embryonically lethal >34 we
generated conditional knockout mice lacking Twistl in Tie2-
expressing cells. These mice were evaluated in a well-
established mouse model of oxygen-induced retinopathy
(OIR) with pathological retinal NV,2> and also in a laser-
induced choroid neovascularization (CNV) model.2® We found
significant upregulation and localization of TWIST1 in patho-
logical neovessels in OIR. Conditional depletion of Twist1
significantly dampened pathological NV in both OIR and laser-
induced CNV models. Mechanistically we found that this
proangiogenic effect of Twistl may be mediated in part
through direct promotion of vascular sprouting and endothelial
cell proliferation by regulating vascular endothelial growth
factor receptor 2 (Vegfr2) levels. TWIST1 may therefore
represent a novel marker for pathological retinal NV and play
a significant role in regulation of pathological angiogenesis in
vascular eye diseases.

METHODS AND MATERIALS

Animals

These studies adhered to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research and were
approved by the Institutional Animal Care and Use Committee
at Boston Children’s Hospital. Twist /771 mice were
generated as described previously.® Tie2-Cre-expressing
C57BL/6 mice (stock no. 004128) and ROSA mT/mG reporter
mice (stock no. 007576) were from Jackson Laboratory (Bar
Harbor, ME, USA). All other experiments were performed in
C57BL/6J mice (stock no. 000664; Jackson Laboratory) unless
otherwise specified.

Oxygen-Induced Retinopathy, Retina Dissection,
Staining, and Imaging

The oxygen-induced retinopathy mouse model was conducted
as previously reported.?>27-28 Briefly, to induce retinopathy,
mouse pups with nursing mothers were exposed to 75% *= 3%
oxygen from postnatal day (P)7 to P12 (phase I. vaso-
obliteration) and returned to room air until P17 (phase II
neovascularization).?>27 In phase I, central retinal vessel loss is
induced due to the high concentration of oxygen exposure; in
phase II, vessel loss promotes stabilization of hypoxia-induced
factors (HIFs), as well as expression of angiogenic factors such
as VEGF stimulating pathological NV at the border between
avascular and vascular zones, with maximum levels of
pathological neovessels observable at P17 (Fig. 1A).%” At P17,
mice were anesthetized with ketamine/xylazine and euthanized
by cervical dislocation. Eyes were immediately enucleated and
fixed in 4% paraformaldehyde in phosphate-buffered saline
(PBS) for 1 hour at room temperature, followed by dissection of
the retinas. Dissected retinas were stained overnight with
fluoresceinated Griffonia simplicifolia type 1 Isolectin By
(Alexa Fluor 594 conjugated, 1:100 dilution, cat. no. 121413;
Invitrogen [now Life Technologies], Grand Island, NY, USA) in
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1 mM CaCl, in PBS at room temperature. After washing with
PBS three times, for 15 minutes each, retinas were whole-
mounted onto microscope slides (Superfrost/Plus, 12-550-15;
Thermo Fisher Scientific, Waltham, MA, USA) with photorecep-
tor side down and embedded in antifade reagent (SlowFade,
§2828; Invitrogen). Mosaic images covering the whole-mounted
retinas were taken at X5 magnification with a fluorescence
microscope (AxioObserver Z1 microscope; Carl Zeiss Micros-
copy, Jena, Germany) and generated with image merging
software (AxioVision 4.6.3.0; Carl Zeiss Microscopy) to produce
a whole image of the retina.

Generation of Twistl Conditional Knockout Mice
and Tie2 Reporter Mice

Tie2-specific conditional Twist1 knockout mice (Tie2-Twist1°K0)
and littermate control mice (Twist /"%y were generated by
crossing Tie2-Cre-expressing C57BL/6 mice with Twist 1//0x/ox
mice (Fig. 2A).8 Tie2-Cre reporter mice were generated by
crossing Tie2-Cre mice with ROSA mT/mG reporter mice.

Quantification of Retinal Vessel Loss and
Neovascularization

Quantification of the retinal vasculature was carried out as
previously described.??-3! Retinal vaso-obliteration and NV in
OIR retinas were quantified using Adobe Photoshop (Adobe
Systems, San Jose, CA, USA) and Image]J from National Institutes
of Health (Bethesda, MD, USA; http://rsbweb.nih.gov/ij/
download.html). The avascular area was visualized by absence
of Isolectin B4 staining, which was manually outlined with
Adobe Photoshop, and the number of pixels in the selected area
was compared with the total number of pixels in the whole
retina. The pathological neovascular tufts were recognized by
their abnormal aggregated morphology from the normal finely
branched vascular network. The number of pixels in abnormal
neovascular areas was quantified using a previously established
computer-aided SWIFT_NV method and also normalized as
percentage of the whole retina area.? The percentages of vaso-
obliteration and NV were compared between Tie2-Twist1°%°
mice and littermate control Twist /'*/'* mice. Evaluation was
done blindly with respect to the identity of the samples.

Laser-Induced CNV, Dissection, Staining, and
Imaging

Choroidal neovascularization was induced by laser photocoag-
ulation of Bruch’s membrane with the Micron IV image-guided
laser system (Phoenix Research Labs, Pleasanton, CA, USA).
Briefly, 14- to 16-week-old Tie2-Twist1°%° and littermate
Twist V"%10X mice were anesthetized with ketamine/xylazine
and pupils were dilated with Cyclomydril (Alcon, Fort Worth,
TX, USA). Laser photocoagulation (300 mW, 70 ms, with ~100-
pum spot size) was performed with four laser burns in the 3, 6,
9, and 12 o’clock position of the posterior pole of the fundus at
equal distance (2-3 disc diameters) from the optic nerve head.
Seven days after laser photocoagulation, mice were anesthe-
tized and euthanized by cervical dislocation, with eyes
immediately enucleated and fixed in 4% paraformaldehyde in
PBS for 1 hour at room temperature, followed by dissection of
the posterior eye cups consisting of the retinal pigment
epithelium (RPE)/choroid/sclera. To visualize the induced CNV,
dissected RPE/choroid/sclera was treated with 0.1% Triton X-
100 PBS for 1 hour at room temperature before labeling of
choroid NV tufts overnight with Isolectin B4 in 1 mM CacCl, in
PBS at room temperature. After staining, the eye cups were
washed three times, for 15 minutes each, followed by flat-
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Ficure 1. Enrichment of TWIST1 in pathological retinal neovascularization in retinopathy. (A) Pathological neovascularization (NV) was induced in
a mouse model of oxygen-induced retinopathy (OIR) by exposing neonatal mice and their nursing mothers to 75% = 3% oxygen from postnatal day
(P)7 to P12 (phase I, vaso-obliteration) and returning them to room air from P12 to P17 (phase II, vasoproliferation). (B) Twist1 mRNA expression
was measured by RI-qPCR in OIR retinas at P14 and P17 compared with age-matched room air control mice (*P < 0.05). Protein levels of TWIST1 in
OIR retinas were evaluated at P17 compared with normoxic control using Western blot. (C) TWIST1 localizes specifically in pathological neovessels
in OIR, with immunohistochemical staining showing colocalization of TWIST1 antibody (green) and Isolectin B4 (red, blood vessel marker) in retinal
flat mounts (left) and in retinal cross sections showing areas surrounding the ganglion cell layer (right). Arrows indicate areas of colocalization
(scale bar: 100 pm). (D) TWIST1 antibody staining (green) does not colocalize with pericyte marker NG2 (1magenta) or macrophage marker F4/80
(magenta) in retinal flat mounts (scale bar: 100 pm). (E) Twist] mRNA expression was analyzed in laser capture microdissected (LCM) pathological
NV tufts and neural layers (RGC, INL, and ONL) from unfixed OIR retinas compared with normal vessels and corresponding neural layers isolated
from normoxic retinas at P17, using RT-qPCR (***P < 0.001; *P < 0.05; n.s., not significant). Images on the right show representative retinal cross
sections from normoxia and OIR retinas stained with Isolectin B; (red) and DAPI (blue), with dotted lines highlighting microdissected normal
vessels and pathological neovessel tufts. GCL, ganglion cell layer, INL, inner nuclear layer, ONL, outer nuclear layer.

mounting onto slides with sclera side down in mounting Fundus Fluorescein Angiography
medium. Whole-mounted choroid images were taken at X10
and X20 magnification. Burns with bleeding were excluded,
and only burns with bubble formation indicating breakage of

Fundus fluorescein angiography (FFA) was performed 6 days
after laser photocoagulation. Mice were anesthetized and
pupils were dilated as described above. Fluorescein AK-FLUOR
Bruch’s membrane were included in the study. Fused lesions (100 mg/mL, NDC 17478-101-12; Akorn, Lake Forest, IL, USA)
and those lesions more than five times the mean lesion size in was diluted to 10 mg/mL and injected intraperitoneally at 10

the same group were excluded according to established nL/g (body weight). Fluorescent fundus images were taken
protocol.?® Both laser photocoagulation and CNV lesion with a Micron IV retinal imaging system at 5 and 10 minutes
quantification were performed in a masked fashion with the after injection for observation of the posterior fundus area
researchers blinded to the identity of samples. To collect laser-  including the laserinduced CNV lesions. Image] was used by a

masked observer to quantify the fluorescence intensity of CNV
lesions. Briefly, the lesion areas were manually selected and
measured using the “integrated intensity” function of ImageJ.
The difference in integrated intensity between 5 and 10
dissection of posterior segment of eyeball with careful removal minutes was recorded as an indicator of vascular leakage. In
of retina and sclera, CNV membrane/choroid complex was  addition, fluorescein leakage was also graded by two indepen-
collected in liquid nitrogen for RNA isolation.2® dent masked observers using previously established criteria: O

induced CNV membrane, posterior retinal area containing
laser-induced CNV membrane/choroid complex was collected
from mice at day 7 after laser photocoagulation. After
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Ficure 2. Conditional depletion of Twist1 in Tie2-expressing cells suppresses pathological neovessel formation in OIR. (A) Schematic illustration
shows generation of Tie2-specific conditional Twist! knockout mice (Tie2-Twist1*°) created by crossing Tie2-Cre mice with Twist /"% mice
exhibiting disruption in the Twist! gene in Tie2-expressing cell with active Cre recombinase, which deletes floxed Twistl gene. (B) Retinal
vasculature of Tie2-Cre reporter mice crossed with Rosa mT/mG reporter strain, which universally expresses a red-fluorescent protein (mT). When
crossed with Tie2-Cre mice, mT (red) is removed in Tie2-expressing cells with Cre recombinase expression, converting to a green fluorescent
protein (mGFP), visible in blood vessels, confirming the expression of T7e-2-driven Cre recombinase in retinal vessels (scale bar: 200 um). (C) RT-
qPCR confirms that Twist1 expression was significantly depleted in OIR retinas of Tie2-Twist1*° mice compared with Twist 1/**//1°x littermate
controls at P17 (*P < 0.05). (D) Retinal blood vessel development in Tie2-Twist1°5° mice and Twist I/'*/1% littermate controls was analyzed at P5
and P7. Representative P7 retinal images with Isolectin B4 staining (red) are shown for visualization of retinal vasculature (highlighted with yellow
dasbed line) normalized against total retinal area (white dasbed line) (n =5-11/group at P5, P=0.59 and n =8-15/group, P=0.56, scale bar: 1000
pm). (B) Tie2-Twist1°K° mice and littermate Twist /1% control mice were exposed to OIR to induce retinopathy followed by retinal dissection
and staining with Isolectin By (red). Tie2-Twist1°%° retinas show significant suppression of pathological neovessels compared with Twist 1//0x//1ox
controls at P17 in OIR (1 = 10-12/group, scale bar: 1000 pm, **P < 0.01). There is no significant difference in vaso-obliteration between the two
groups at P17 (n = 10-12/group, P = 0.236; n.s., not significant).
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(not leaky), faint hyperfluorescence or mottled fluorescence
without leakage; 1 (questionable leakage), hyperfluorescent
lesion without progressive increase in size or intensity; 2a
(leaky), hyperfluorescence increasing in intensity but not in
size; 2b (pathologically significant leakage), hyperfluorescence
increasing in both intensity and in size.3%33

Laser Capture Microdissection (LCM) of Retinal
Vessels and Neuronal Layers

Eyes from P17 OIR or age-matched normoxic control mice were
embedded in optimal cutting temperature (OCT) compound,
sectioned at 10 pm, mounted on ribonuclease (RNase)-free
polyethylene naphthalate glass slides (cat. no. 115005189; Leica
Microsystems, Wetzlar, Germany). For LCM, frozen sections
were dehydrated in 70%, 90%, and 100% ethanol for 30 seconds
each, washed with diethyl pyrocarbonate (DEPC)-treated water
for 15 seconds, then stained with fluoresceinated Isolectin By
with RNase inhibitor (cat. no. 03 335 399 001; Roche,
Indianapolis, IN, USA) at room temperature for 3 minutes.
Leica LMD 6000 system (Leica Microsystems) was used to laser
capture microdissect the pathological neovessel tufts from OIR
retinas or normal vessels from normoxic control retinas. Retinal
ganglion cell layer (GCL), inner nuclear layer (INL), and outer
nuclear layer (ONL) were also collected from OIR and
normoxic retinas. Microdissected samples were directly col-
lected into lysis buffer from the RNeasy micro kit (cat. no.
74004; Qiagen, Chatsworth, MD, USA).

Aortic Ring Sprouting Assay

Aortic ring sprouting assay was performed according to a
previously reported protocol.’#3> Briefly, aortas from Tie2-
Twist 1°K° mice and littermate control Twist 1//°/1°% mice were
dissected on ice, cut into approximately 1-mm-long rings, and
placed in growth factor-reduced Matrigel (cat. no. 354234; BD
Bioscience, San Jose, CA, USA) preseeded in 24-well tissue
culture plates and incubated at 37°C for 10 minutes. After the
Matrigel solidified, 500 pL complete medium (cat. no. 420-500;
Cell Systems, Kirkland, WA, USA) with CultureBoost-R (cat. no.
470-500-R; Cell Systems) was added to each well, and rings
were cultured for 7 days (medium was changed every 3
days).3%3¢ Photomicrographs of individual explants were taken
at 3, 4, 5, and 7 days after plating. Microvascular sprouting area
was quantified by measuring the area covered by growing
vessels with the SWIFT-Choroid/ImageJ computerized quanti-
fication method.3%35

Choroid Explant Sprouting Assay

Choroid sprouting assay was performed according to a
previously reported protocol.>* Briefly, eyes were kept on ice
after enucleated from Tie2-Twist1°5° mice and littermate
control Twist /1% mice. After removal of the anterior
segment, the choroid/sclera complex (also referred to as
“choroid explant”™) was separated from retina and cut into
approximately 1- X 1-mm pieces. Choroid explants were seeded
in growth factor-reduced Matrigel, cultured, and imaged with
methods similar to those described above for aortic rings.

Human Retinal Microvascular Endothelial Cell
Culture

Human retinal microvascular endothelial cells (HRMECs) (cat.
no. ACBRI 181; Cell Systems) were cultured in complete
endothelial culture medium supplemented with CultureBoost-
R and used from passage 4 to 7. Cells were transfected with
TWIST1 small interfering RNA (siRNA) (sense sequence: 5'-
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UUGAGGGUCUGAAUCUUGCUCAGCU-3’; antisense sequence:
5-AGCUGAGCAAGAUUCAGACCCUCAA-3’; Sigma-Aldrich
Corp., St. Louis, MO, USA) or negative control siRNA (cat.
no. 1027281, 21 bp with sequence unavailable from vendor;
Qiagen). The efficacy of siRNA knockdown was confirmed by
RT-quantitative PCR (qQRT-PCR) analysis of cells collected 48
hours after transfection. Cell proliferation was assessed at 48
and 72 hours after transfection with TWIST1 siRNA or negative
control siRNA using a MTT cell proliferation assay kit (cat. no.
V13154; Life Technologies, Grand Island, NY, USA) as
described previously.3® Additional samples were collected after
siRNA transfection for Western blot analysis.

RNA Isolation, Reverse Transcription, and
Quantitative Real-Time PCR Analysis

Samples from cell culture, whole retinas, laser capture
microdissected retinal vessels/layers, and choroid or laser-
induced CNV membrane/choroid complex were lysed, homog-
enized with a mortar and pestle, and filtered through a
biopolymer-shredding system (QiaShredder columns; Qiagen).
Total RNA was then extracted using a RNeasy kit according to the
manufacturer’s instructions (Qiagen). Samples were treated with
DNase (Ambion, Inc., Austin, TX, USA) to ensure the removal of
contaminating genome DNA and subsequently reverse-tran-
scribed using random hexamers and a reverse transcriptase kit
(cat. no. 18080-044; Invitrogen). Polymerase chain reaction
primers for the housekeeping control genes (Cyclophilin A for
murine samples and B-ACTIN for human cells) and target genes
were designed using the Primer Bank (http://pga.mgh.harvard.
edu/primerbank/) and NCBI Primer Blast database (http://www.
ncbi.nlm.nih.gov/tools/primer-blast/). Quantitative analysis of
gene expression was done using a RT-qPCR sequence detection
system (ABI Prism 7300, TagMan; and SYBR Green master mix
kit, cat. no. 4605; Kapa Biosystems, Wilmington, MA, USA). Gene
expression was calculated relative to expression of housekeep-
ing control genes using the ACT method.?® The sequences of
primers included: mouse primers, Twistl forward 5-GAGCAGA
GACCAAATTCACAAG-3’ and reverse 5'-GGGACACAAACGAGTG
TTCA-3'; Vegfr2 forward 5-TTTGGCAAATACAACCCTTCAGA-3’
and reverse 5-GCAGAAGATACTGTCACCACC-3'; Cyclophilin A
forward 5'-CAGACGCCACTGTCGCTTT-3’ and reverse 5'-TGTCT
TTGGAACTTTGTCTGCAA-3'; human primers, TWIST1 forward
5-GACAAGCTGAGCAAGATTCAGA-3’ and reverse 5-TGAGCCA
CATAGCTGCAG-3'; VEGFR?2 forward 5-AGCGGGGCATGTACT
GACGATTAT-3’ and reverse 5-GGCGCACTCTTCCTCCAACTG-
3’, B-ACTIN forward 5-AGAGCTACGAGCTGCCTGAC-3" and
reverse 5'-AGCACTGTGTTGGCGTACAG-3'.

Western Blot Analysis

Western blot was performed as previously reported.?37
Retinal or HRMEC samples were lysed in RIPA buffer (cat.
no. 98035; Cell Signaling Technology, Danvers, MA, USA).
Pooled retinal lysates (15 ng) from three different animals were
loaded on an SDS-PAGE gel (cat. no. NP00336BOX; Invitrogen)
and electroblotted onto a polyvinylidene difluoride (PVDF)
membrane. For HRMECs, 15 pg protein was loaded into each
well of SDS-PAGE gel. After blocking, the membranes were
incubated overnight with primary antibodies at 4°C, followed
by washing and incubation with secondary antibodies with
horseradish peroxidase conjugation (Amersham [now GE
Healthcare], Piscataway, NJ, USA) for 1 hour at room
temperature. Chemiluminescence was generated by incuba-
tion with development solution (WP20005; Invitrogen) and
captured on film. Density of immunoreactive bands was
analyzed with ImageJ software. Primary antibodies included
TWIST1 (cat. no. sc-15293; Santa Cruz Biotechnology, Dallas,
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TX, USA), VEGFR2 (cat. no. 2479; Cell Signaling) and B-ACTIN
(cat. no. A1978; Sigma-Aldrich Corp.); secondary antibodies
included sheep anti-mouse IgG antibody (cat. no. NA931V; GE
Healthcare, Piscataway, NJ, USA) and sheep anti-rabbit IgG
antibody (cat. no. NA934V; GE Healthcare Life Sciences).

Immunofluorescence Histochemistry

For whole-mount immunofluorescence histochemistry (JHC),
mouse eyes were enucleated and fixed in 4% paraformaldehyde
at room temperature for 1 hour, followed by retinal dissection,
permeabilization with 0.1% Triton X-100 PBS (TXPBS) for 1
hour, and 5 minutes of antigen retrieval treatment (1% sodium
dodecyl sulfate in PBS) at room temperature. The whole-
mounted retinas were blocked using an anti-mouse IgG
solution (4.5% in PBS, M.O.M. Immunodetection Kit; Vector
Laboratory, Burlingame, CA, USA) for 1 hour and then in 10%
goat serum in TXPBS for 1 hour at room temperature. Retinas
were then incubated with primary antibodies for TWIST1 (1:50
dilution, cat. no. ab50887; Abcam, Cambridge, MA, USA) and
costained with Isolectin B4 and/or neural/glial antigen 2 (NG2)
antibodies (1:100 dilution, cat. no. AB5320; Millipore, Billerica,
MA, USA) or F4/80 antibodies (1:100 dilution, cat. no. ab6640;
Abcam) overnight at 4°C. After washing, the retinas were
incubated with corresponding secondary antibodies for 1 hour
at room temperature followed by imaging with confocal
microscopy (Leica Microsystems).

Statistics

Results are presented as mean * SEM for both in vivo and in
vitro studies. For all statistical analysis, two-sample Student’s -
test was performed with P value < 0.05 considered statistically
significant (z = number of eyes analyzed).

RESULTS

Enrichment of TWIST1 in Pathological Retinal
Neovascular Proliferation in Retinopathy

Using a well-established OIR model, we found that Twist1
mRNA expression was significantly upregulated during the
vasoproliferative phase of OIR at P14 and P17 compared with
age-matched room air control mice (P < 0.05). TWIST1 protein
levels in OIR retina were also increased at P17 compared with
age-matched normoxic control using Western blot (Fig. 1B).

Localization of TWIST1 showed strong and specific staining
in pathological neovessels using TWIST1 antibody costained
with Isolectin B4 in flat mounts of P17 OIR retinas. There was
minimal TWIST1 antibody staining in surrounding normal
vessels (Fig. 1C). In cross sections of P17 OIR retinas, TWIST1
staining colocalized with nuclear counterstain DAPI (4,6-
diamidino-2-phenylindole) in cells with cell surface membrane
stained positive for Isolectin By, consistent with the known
role of TWIST1 as a nuclear transcription factor (Fig. 1C).
Moreover, TWIST1 antibody staining colocalized with neither
pericyte marker NG2 nor macrophage marker F4/80 (Fig. 1D).
These data suggest that expression of TWIST1 is highly
enriched in pathological neovessels but barely detectable in
normal quiescent vessels, blood vessel-associated pericytes, or
macrophages.

Enrichment of TWIST1 in pathological neovessels was also
quantitatively confirmed in neovessels isolated from OIR retinas.
Laser capture microdissection was used to isolate pathological
neovascular tufts from OIR retinas at P17 and normal vessels
from age-matched normoxic control retinas. There was ~12-fold
enrichment of Twist] mRNA level in pathological neovessels
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from OIR compared with that in normoxic vessels. Modest levels
of Twist] were also observed in retinal neuronal layers, with
higher levels in OIR than in normal neuronal layers (Fig. 1E).
These data confirm that Twist] is upregulated in pathological
retinal neovessels and suggest that it may potentially contribute
to pathological vessel proliferation in retinopathy.

Conditional Depletion of Twistl1 in Tie2-
Expressing Cells Suppresses Pathological
Neovascularization in OIR

Since homozygous Twistl null mutant embryos die around
embryonic day 11.5 (E11.5) with vascular defects and delay of
cranial neural tube closure,?324 to further evaluate the role of
OIR-induced Twistl upregulation in retinal neovessels, we
created Tie2-specific conditional Twist] knockout mice (Tie2-
Twist1°K°) by crossing Tie2-Cre mice with Twist /0% mice
exhibiting floxed disruption in the Twist! gene.®2* Expression
of Tie2-driven Cre recombinase in retinal vessels was confirmed
by crossing with floxed reporter mice (Rosa mT/mG), showing
that retinal vessels display GFP (green fluorescence protein) as
an indication of Cre expression, while other retinal cells not
expressing Cre recombinase remain red (Fig. 2B). Substantial
reduction of Twist] mRNA expression in Tie2-Twist1°° retinas
was confirmed by RT-PCR compared with Twist/"0x/10x
littermate controls at P17 with OIR (P < 0.05, Fig. 2C). Retinal
blood vessel development was comparable between Tie2-
Twist1°KC and Twist /"*"* mijce at both P5 and P7, with more
than 80% of total retinal area vascularized in both groups at P7
(n=5-11/group at P5, P=0.59; n=38-15/group at P7, P=0.56,
Fig. 2D). Importantly, Tie2-TwistI°° mice subjected to OIR
showed significantly decreased levels of pathological NV at P17
compared with Twist /"% Jittermate controls (12.0% =
0.37% of total retinal area in Tie2-Twist1°€C versus 14.83% *
0.81% of total retinal area in Twist /"%y = 10-12/group, P
< 0.01, Fig. 2E). The vaso-obliterated retinal area did not differ
significantly between Tie2-Twist1°¥° and Twist /"% mice at
P17 (n = 10-12/group, P = 0.230, Fig. 2E). These data suggest
that conditional Twist! knockout leads to significantly de-
creased levels of pathological NV in OIR.

Tie2-Driven Conditional Knockout of Twistl
Results in Suppression of Laser-Induced Choroidal
Neovascularization

In order to determine whether TWIST1 also regulates patho-
logical CNV, we treated adult T7e2-Twist1°5° mice and littermate
Twist /"% controls with laser photocoagulation to induce
CNV. Seven days after laser treatment, choroids were dissected
and stained with Isolectin By to visualize CNV. Tie2-Twist 10
mice showed significantly smaller CNV lesion size than that of
littermate Twist 1"/ controls (24,699 *+ 3738 um? in Tie2-
Twist1°KC versus 34,705 = 3,704 pm? in Twist "% p = 20-
26 eyes/group, P < 0.05, Figs. 3A, 3B). In addition, at 6 days
after laser photocoagulation, mice were subjected to FFA to
evaluate levels of vascular leakage from CNV lesions. Images
were taken at 5 and 10 minutes after intraperitoneal injection of
fluorescein sodium. Vascular leakage measured by the difference
in fluorescent intensity of exudated fluorescein sodium between
5 and 10 minutes showed 32.1% decreased levels in Tie2-
Twist1°K° mice compared to Twist " mice (P < 0.05).
Moreover, leakage grading showed that the percentage of
lesions with significant pathologically leakage, defined as grade
2b lesion, was also much lower in Tie2-TwistI1°*° mice
compared with littermate Twist 1//%/1% controls (31.2% of total
lesions in Tie2-Twist1°KC versus 55.4% in Twist "7 p = 18-
27 eyes/group, Figs. 3C, 3D).
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FiGure 3. Tie2-driven conditional knockout of Twist1 results in suppression of laser-induced choroidal neovascularization. (A) Tie2-Twist 1°5° mice
and littermate Twist /"% controls were subjected to laser photocoagulation to induce CNV. Seven days after treatment, choroids were dissected,
stained with Isolectin B4 (red), and flat-mounted for imaging. (B) Quantification of CNV lesion sizes shows that Tie2-Twist1°K© lesions are
significantly smaller compared with lesions from Twist 1//0¥/1°% littermate controls (7 = 20-26 eyes/group, *P < 0.05; ON, optic nerve head; scale
bar: 100 pm). (C) CNV leakage in Tie2-Twist1°K° mice and littermate floxed controls was imaged with fundus fluorescent angiography 6 days after
laser treatment. Images were taken at 5 and 10 minutes after intraperitoneal injection of fluorescein sodium. (D) Quantification of fluorescent
intensity of exudated fluorescein sodium and leakage grading show significantly decreased levels of vascular leakage in Tie2-Twist1°€° mice
compared with littermate Twist /¥ control. Differences in fluorescent intensity of exudated fluorescein sodium between 5 and 10 minutes
were quantified and normalized against that of the Twist I///'* littermate control as an indicator of vascular leakage. In addition, levels of leakage
were evaluated by leakage grading according to established methods. Grade 0: not leaky; grade 1: questionable leakage; grade 2a: leaky; grade 2b:

pathologically significant leakage (n = 18-27 eyes/group, *P < 0.05, scale bars: 200 pum).

Loss of Twist]l Decreases Vascular Sprouting in
Aortic Ring and Choroidal Explants

Having established that loss of Twist] in Tie2-expressing cells
suppresses pathological ocular NV in both OIR and laser-
induced CNV models, we next evaluated the effects of
conditional knockout of Twistl on vascular sprouting using
ex vivo aortic ring and choroid sprouting assays. Fragments of
aorta and peripheral choroid were dissected from Tie2-
Twist1°KC mice and littermate Twist /"/'0% control mice and
cultured according to previous published protocols.34-36:38
Starting from 3 days after explanting, the vascular sprouting
areas in Tie2-Twist1°K° aortic rings were consistent and
significantly less (~4-fold at day 7) than those of littermate
Twist /"% controls (n = 5-6/group, P < 0.001, Fig. 4A).
Similar effects were also observed in choroidal explants, with
sprouting area in Tie2-Twist1°K° showing significant slower
vascular growth compared with Twist 1//0%/1%% controls at day 7
(n =10-11/group, P < 0.05, Fig. 4B).

Enrichment of Vegfir2 Levels in OIR Retina and
Laser-Induced CNV Membrane Is Consistent With
Increased Twistl Levels

To further evaluate the role of TWIST1 in pathological
angiogenesis, we evaluated in the OIR neovessels expression
levels of a potential Twist]l target gene, Vegfr2, which is a

critical receptor for angiogenic growth factor VEGE and
contains a potential TWIST1 binding site. Significantly higher
levels of Vegfr2 mRNA were found in laser capture microdis-
sected pathological NV tufts isolated from P17 OIR mice (~3-
fold, P < 0.05, Fig. 5A), consistent with increased levels of
Twist1 in pathologic neovessels (Fig. 1E). Vegfr2 mRNA levels
were also significantly suppressed in Tie2-Twist1°%C retinas
compared with Twist /"% controls (Fig. SA), supporting a
causal role of Twistl in regulating Vegfr2 expression. In
addition, both Twistl and Vegfr2 mRNA levels were signifi-
cantly increased in laser-induced CNV membrane compared
with normal choroid without laser treatment (Fig. 5B), further
supporting a role of Twistl in promoting pathological
choroidal angiogenesis.

TWIST1 Suppression With siRNA Decreases
VEGFR?2 Expression and Proliferation of Retinal
Microvascular Endothelial Cells

Next we used siRNA to knock down TWISTI in HRMEC
culture. TWIST1 siRNA effectively suppressed expression of
TWIST1 by ~78% compared with negative control siRNA,
indicating successful inhibition of TWIST1 expression (Fig.
5C). Inhibition of TWIST1 by siRNA significantly suppressed
VEGFR2 mRNA expression by ~60% (P < 0.001, Fig. 5C).
Protein levels of TWIST1 and VEGFR2 also showed significant
decrease, with TWIST1 suppressed by ~54% and VEGFR2 by
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Ficure 4. Loss of Twistl decreases vascular sprouting in aortic ring
and choroid explants ex vivo. (A) Fragments of aorta were dissected
from adult Tie2-Twist1°5° mice and littermate Twist I/"*7/"°% control
mice and cultured as explants. Vascular sprouting areas were
quantified, with aortic ring explants from Tie2-Twist1°5° mice showing
significantly decreased sprouting areas compared with those of
Twist 1"of1ox littermate controls. Vascular sprouting areas are ex-
pressed as relative units normalized against the area of Tie2-Twist 1K
rings at day 3 (**P < 0.001, n = 5-6/group, scale bar: 1 mm). (B)
Peripheral choroid/sclera fragments were obtained from adult 77e2-
Twist1°K° mice and littermate Twist 1"/ control mice and cultured
as explants. Vascular sprouting areas in choroid explants from 7Tie2-
Twist1°K° mice show significantly decreased levels compared with
those of Twist I/'o//1% littermate controls at day 7 (P < 0.05, n = 10-
11/group, scale bars: 500 um).

~50% at 48 hours after TWISTI siRNA treatment compared
with control siRNA (P < 0.05, Fig. 5D). In addition, at 48 and
72 hours after siRNA transfection, endothelial cell proliferation
was analyzed with MTT assay. Proliferation of HRMECs was
significantly decreased after transfection with TWIST1 siRNA
for 72 hours, compared with control siRNA-treated HRMEC (P
< 0.001, Fig. 5E). These results suggest that the effect of
TWIST1 on angiogenesis may be mediated in part through its
modulation of VEGFR2 and endothelial cell proliferation.

DIScuUSSION

Pathological neovessel proliferation plays a critical role in many
blinding vascular eye diseases.">4 Elucidation of the underly-
ing mechanisms of pathological neovessel formation is
essential for developing potential therapeutic treatments to
suppress NV in these sight-threatening diseases. TWIST1, a
hypoxia-induced transcription factor,>® was reported to posi-
tively regulate tumor angiogenesis.'%17:1%40 Qur previous work
shows that TWIST1 is important for regulating pulmonary
vessel permeability.® In this present study, we investigated
whether TWIST1 mediated neovascular proliferation in mouse
models of pathologic ocular angiogenesis. Our results suggest
that TWIST1 is a novel marker for pathological retinal
neovessels, and that TWIST1 promotes pathological ocular
NV, in part through modulating Vegfr2-dependent angiogenesis
and endothelial cell proliferation (Fig. 6).
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In this study, we found that Twist/ mRNA was highly
expressed in OIR at the hypoxia stage (P14 and P17),
consistent with a previous report.! The first phase of vessel
loss in retinopathy results in retina ischemia, inducing tissue
hypoxia in the second phase and thereby stabilization of the
HIF-10,%? which was reported to regulate Twistl expression by
binding directly to a hypoxia-response element in the proximal
region of Twist1 promoter.3® Therefore upregulation of Twist1
in retinopathy is consistent with its suggested role as a HIF-
responsive gene. Importantly, localization of TWIST1 protein
shows strong specific enrichment in pathological retinal
neovessels in OIR retina and minimal staining in surrounding
normal quiescent retinal vessels or other cell types (pericytes,
macrophages, or neurons). The enrichment of Twist1 in NV is
confirmed quantitatively with laser capture microdissected
retinal cellular layers showing that the highest level is found in
pathological neovessels, suggesting that TWIST1 may represent
a novel marker of pathologically proliferating vascular endo-
thelial cells in the retina.

We found that conditional depletion of Twist]l in Tie2-
expressing cells in OIR significantly suppressed pathological
retinal neovessel formation, where endothelial cell prolifera-
tion plays an important role.¥3 Tie-2-driven Twist] deficiency
did not influence development retinal angiogenesis nor vaso-
obliteration in OIR, suggesting that while TWIST1 is important
for pathological vessel proliferation, Tie2-driven expression of
Twist] is potentially dispensable for normal retinal vessel
development, and may not impact endothelial cell apoptosis
during vessel loss. In an additional model of laser-induced CNV,
we also observed significantly suppressed CNV in Tie2-
Twist1°%° mice, further supporting a key role of TWIST1 in
pathological ocular angiogenesis. These findings are in line
with a proangiogenic role of TWIST1 in pathological condi-
tions, as reported previously in tumor angiogenesis.!®-2122
Consistent with our previous report of TWIST1 regulating
vascular integrity in the lung,® in the CNV model, depletion of
Twist1 also leads to decreased vascular leakage. This observa-
tion may reflect a potential effect of Twist] on regulating
Vegfr2 and Tie2 expression (Supplementary Fig. S1),® both of
which control cell-cell junctional integrity and leakage.

Our ex vivo angiogenesis assays—both aortic ring and
choroid sprouting assays—indicate that loss of TWIST1 leads to
decreased vascular sprouting from explants, confirming the
proangiogenic role of TWIST1. These assays are widely used to
analyze angiogenic roles of potential factors and to comple-
ment in vivo models of pathological angiogenesis.3>%% A
potentially significant role of TWIST1 in choroid angiogenesis
and CNV formation is also supported by higher expression
levels of Twistl in laser-induced CNV membrane compared
with normal choroid. Additional retinal endothelial cell culture
shows decreased endothelial cell proliferation when TWIST1 is
knocked down with siRNA, further supporting a causal role of
TWIST1 in mediating endothelial cell proliferation, which is an
essential functional aspect of pathologic angiogenesis as
observed in proliferative retinopathy and age-related macular
degeneration.®>4¢ Together these data strongly support a
vascular endothelial cell-specific role of TWIST1 in promoting
endothelial cell function and proliferation, which may underlie
the observed effects of TWIST1 in proliferating pathological
angiogenesis in OIR and laser-induced CNV models.

While both OIR and laser-induced CNV models have
inflammatory components,?® and inflammatory cells (including
macrophages) contribute to both OIR and CNV formation,*7-4°
absence of TWIST1 staining in retinal macrophages in our study
suggests a minimal role of inflammation in observed TWIST1
effects on ocular angiogenesis, although 77e2 is known to be
expressed in both vascular endothelial cells and macrophages,
and TWIST1 was reported to promote macrophage recruitment
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Ficure 5. Enrichment of Vegfr2 in OIR retinas and laser CNV membrane; TWIST1 suppression with siRNA reduce VEGFR2 levels in human retinal
microvascular endothelial cells (HRMECs) and its proliferation. (A) Vegfr2 mRNA expression level is increased (~3-fold) significantly in laser capture
microdissected (LCM) pathological NV tufts from OIR retinas compared with normal vessels isolated from normoxic retinas at P17. Vegfr2 mRNA
level was also significantly suppressed (~50%) in Tie2-Twist1°€© retinas compared with Twist /%1% controls at P17, *P < 0.05. (B) RT-qPCR
analysis also revealed a consistent enrichment of Twist1 (~2-fold) and Vegfr2 (~2-fold) mRNA expression levels in laser-induced CNV membrane
compared with that of choroid without laser photocoagulation (***P < 0.001). (C) Confirmation of substantial inhibition of TWISTI mRNA
expression by TWIST1 siRNA treatment. HRMECs were transfected with TWIST1 siRNA or control negative siRNA, followed by RT-qPCR analysis.
VEGFR2 mRNA expression was also significantly suppressed in HRMECs transfected with TWIST1 siRNA compared with that of control group (**P
< 0.001). (D) Protein levels of TWIST1 and VEGFR2 were significantly downregulated (~2-fold) in HRMECs treated by TWIST1 siRNA compared
with those of negative control siRNA-treated HRMECs at 48 hours (*P < 0.05). (E) HRMECs were transfected with TWIST1 siRNA or control negative
siRNA. At 48 and 72 hours after siRNA transfection, cell proliferation was analyzed with MTT assay. Cell proliferation in the TWIST1 siRNA-treated
group was significantly lower compared with that of the control siRNA-treated group at 72 hours. MTT assay results were expressed as
spectrophotometric absorbance with a detection wavelength of 540 nm at 48 and 72 hours after siRNA transfection (z = 10-11, **P < 0.001).

in tumor.?? In addition, our study found low levels of TWIST1 in At the molecular level, we found that TWIST1 regulates

retinal neurons, and as such, Tie2-driven Twistl conditional expression of Vegfr2, which may mediate in part the angiogenic

knockout mice do not show complete depletion of Twist1 in the effects of TWIST1 in retinopathy and CNV. Vascular endothelial

retinas, suggesting that neuronal TWIST1 may have additional growth factor and its receptors are well known as crucial

unknown function in the retina. regulators of angiogenesis.’® Inhibition of VEGF/VEGFR2
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Ficure 6. Schematic representation of the proposed role of TWIST1 in regulating pathological ocular angiogenesis. TWIST1 is specifically localized
and upregulated in pathological neovascularization in retinopathy. TWIST1 modulates Vegfr2 expression in retinal vessel endothelial cells,
potentially by recognizing a putative E-box region predicted in the promoter region of Vegfr2. TWIST1 promotes endothelial cell function and
proliferation, leading to increased pathological neovascularization in vascular eye diseases. Conditional depletion of Twist1 in endothelial cells
ameliorates pathological neovascularization in OIR and laser-induced CNV models.
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signaling pathway suppresses not only tumor angiogenesis but
also neovascular eye diseases characterized by abnormal retinal
and choroid angiogenesis.?>5152 Here we found that Vegfi2
mRNA levels were upregulated in pathological NV tufts in OIR
retinas and in laser-induced CNV membrane, both enriched with
Twist] expression. Loss of Twist]l resulted in inhibition of
Vegfr2 in the retinas, and TWIST1 suppression decreased
VEGFR2 levels in HRMECs. This transcriptional regulation of
VEGFR2 by TWIST1, as a known transcription factor, may
potentially be achieved through binding of its HLH domain to a
consensus E-box sequence as a known TWIST1 binding motif,>>
which is predicted in the promoter region of VEGFR2. TWIST1
may thus modulate pathological angiogenesis in the eye at least
in part through regulation of VEGFR2 expression and thereby
the VEGF/VEGFR2 signaling pathway (Fig. 6). These results of
TWIST1-mediated VEGFR2 expression are consistent with our
previous finding in mouse lungs® and complement a previous
report showing that TWIST1 increases secretion of VEGF in
breast cancer,'® suggesting that TWIST1 may act in part through
both the ligand and the receptors of the VEGF/VEGFR axis to
influence angiogenesis in multiple pathological conditions.
Suppression of TWIST1, however, does not show as strong
inhibition of pathological NV in OIR as VEGFR2 inhibition,>*
which may reflect partial regulation of VEGFR2 by TWIST1, as
well as other unknown factors that are potentially altered in
Twist1 knockout retinas, to compensate for the loss of Twist!
and downregulation of Vegfr2. In addition, consistent with our
previous finding of Twistl regulation of Tie2 in pulmonary
vessels,® increased Tie2 levels were found in TwistI-enriched
pathologic OIR vessels, and decreased retinal levels of Tie2 were
found in Twistl conditional knockout retinas (Supplementary
Fig. S1), further suggesting that additional factors other than
VEGFR2 might be at work in mediating the effects of TWIST1 on
pathologic ocular angiogenesis.

In addition to TWIST1, the TWIST subfamily of basic HLH
proteins contains another highly conserved member, TWIST2,
which shows some similarities but also roles separate from
those of TWIST1 in mediating embryonic development and in
disease.>> Twist2-driven VEGF expression regulates growth in
neonatal mice,>® and Twist2-mediated expression of Sox17 or
Whtless is required for pulmonary vascular development.>7-58
While Twist2 was expressed in the OIR retinas at much lower
levels than Twist1 (Supplementary Fig. S2), whether Twist2
plays a significant role in pathologic ocular angiogenesis is
unclear and awaits further studies.

In summary, our study provides direct evidence for a novel
role of transcription factor TWIST1 as a new regulator of
pathologic ocular angiogenesis. Specific upregulation of
TWIST1 in pathologic neovessels may act in part through the
VEGF/VEGFR2 axis to promote endothelial cell function and
proliferation, leading to increased pathological neovessels in
proliferative eye diseases. The specific enrichment of TWIST1
in proliferating pathological neovessels suggests its potential as
a direct drug target in designing therapeutic interventions that
may offer the advantage of suppressing pathological neovessels
without impacting normal retinal vessels.
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