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Abstract

Objective-—The calcineurin-nuclear factor for activated T cells (NFAT)-Down syndrome
candidate region (DSCR)-1 pathway plays a crucial role as the downstream effector of VEGF-
mediated tumor angiogenesis in endothelial cells. A role for DSCR-1 in different organ
microenvironment such as the cornea and its role in ocular diseases is not well understood.
Corneal changes can be indicators of various disease states and are easily detected through ocular
examinations.

Approach and Results-—The presentation of a corneal arcus or a corneal opacity due to lipid
deposition in the cornea often indicates hyperlipidemia and in most cases, hypercholesterolemia.
Although the loss of Apolipoprotein (Apo) E has been well characterized and is known to lead to
elevated serum cholesterol levels, there are few corneal changes observed in ApoE~~ mice. In this
study, we show that the combined loss of ApoE and DSCR-1 leads to a dramatic increase in serum
cholesterol levels and severe corneal opacity with complete penetrance. The cornea is normally
maintained in an avascular state; however, loss of Dscr-1 is sufficient to induce hyper-
inflammatory and -oxidative condition, increased corneal neovascularization, and
lymphangiogenesis. Furthermore, immunohistological analysis and genome-wide screening
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revealed that loss of Dscr-1 in mice triggers increased immune cell infiltration and upregulation of
stromal derived factor (SDF)-1 and its receptor, CXCR4, potentiating this signaling axis in the
cornea, thereby contributing to pathological corneal angiogenesis and opacity.

Conclusions-—This study is the first demonstration of the critical role for the endogenous
inhibitor of calcineurin, DSCR-1 and pathological corneal angiogenesis in hypercholesterolemia
induced corneal opacity.
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Introduction

The endothelium is a highly malleable cell layer that constantly senses and responds to
changes in the extracellular microenvironment. Most extracellular mediators controlled the
epigenetic states, resulting the genes activation or silencing in endothelial cells, which in
turn leads to various phenotypic changes, such as cell migration, cell proliferation,
angiogenesis, coagulation, and inflammation. Tight control of these processes is essential for
maintaining homeostasis. Endothelial cell activation, if excessive, over-sustained, or
spatially and temporally misplaced, can lead to vasculopathic conditions, such as
pathological angiogenesis, clot formation, and atherosclerosis 1-3. Thus, understanding the
molecular mechanisms and signaling pathways underlying vascular diseases can lead to the
identification of new therapeutic targets.

The VEGF-NFAT signaling pathway is a key regulatory pathway involved in inflammation
and pathological angiogenesis of the endothelium and is highly associated with pathogenesis
during sepsis mortality, tumor growth, and tumor metastasis 4°. In addition to VEGF and
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the VEGF receptor system, several G-protein coupled receptors also activate endothelial
cells by dynamically sensing attractive/repulsive chemokines, such as SDF-1 (also known as
CXCL12) and thrombin. The receptors CXCR4/7 and Protease activated receptorl/2 are
expressed in endothelial cells during vascular formation, as well as during pathological
angiogenesis or the inflammatory process, which in turn affects the vascular motility,
integrity, and permeability /9.

The Down syndrome candidate region (DSCR)-1 (also known as RCAN1, MCIP-1,
calcipressin-1, or Adapt78) is a NFAT-induced feedback modulator of the calcineurin-NFAT
pathway. DSCR-1 plays a crucial role in regulating endothelial cell activation and
maintaining vascular homeostasis /- 19, Improper regulation of the NFAT-DSCR-1 feedback
pathway through loss or overexpression of DSCR-1 inhibits endothelial cell activation and
ultimately leads to tumor angiogenesis during primary tumor growth, pre-metastatic niche
formation, and subsequent tumor metastasis to the lungs, which is mediated by two different
mechanisms 11-14, Besides tumor growth and metastasis, the organ microenvironment also
influences vascular bed-specific endothelial cell activation. Under normal conditions, the
cornea maintains avascular microenvironment to preserve transparency 1° 16, However, the
primary role of DSCR-1 in corneal angiogenesis is not fully understood. Moreover, to our
knowledge, mechanistic basis of how inflammation and hypercholesterolemia lead to
corneal opacity are not well studied to date.

Corneal opacity is one of the main causes of blindness, and millions of patients worldwide
suffer from this condition. Corneal opacity can be triggered by various stressors that cause
inflammation, such as infections, chemical injuries, auto-immunitive inflammation, and
congenital diseases, which are often associated with corneal angiogenesis 17. Corneal
angiogenesis leads to further scarring and subsequently results in the loss of corneal
transparency 18. However, mechanisms underlying corneal opacity remain largely unknown.
Moreover, the treatment of corneal neovascularization largely relies on surgical keratoplasty
(corneal transplantation), and non-surgical treatment methods for corneal neovessel
formation are still lacking. In addition, patients with severely-formed neovessels are at high
risk of graft rejection 19. Thus, there is a need to identify the primary regulatory molecules
that control corneal angiogenesis.

In the connected former study, the Dscr-1 null mutation introduced to atherosclerotic ApoE
I~ mice was found to elicit a high-cholesterol lipid profile with increased very low density
lipoprotein (VLDL) and LDL levels and decreased high density lipoprotein (HDL) levels.
Such a pathological metabolic condition leads to lipid accumulation in the peripheral tissues.
In the present study, we show here, loss of Dscr-1 promoted a pro-inflammatory and pro-
angiogenic environment in the cornea. Inflamed corneas in Dscr-17~ mice showed a high
degree of infiltration by vascular and lymphatic endothelial cells from the corneal limbus.
Global transcriptome analysis revealed that the SDF-1-CXCR4 signaling axis is stimulated
by and is highly associated with pathological corneal opacity. Blockage of SDF-1 by
neutralizing antibodies significantly abrogated corneal pathological angiogenesis and
corneal opacity. Our findings identify the SDF-1-CXCR4 signaling axis as a novel
pathological signaling target and demonstrate the role of VEGF-NFAT-mediated
angiogenesis in vascular diseases with hypercholesterolemia.
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Materials and Methods

Mice

Cell Lines

The authors declare that all supporting data are available within the article and in the online-
only Data Supplement.

WT C57BL/6j mice were purchased from Clea Japan. Dscr-17/~ and ApoE~'~ mice on
C57BL/6j backgrounds have been previously described 12 20, All animal care and the
experimental procedures were followed by the instruction from the committee with both
University of Tokyo (approval number: RAC07105) and Kumamoto University (approval
number: 097). All animals were allowed free access to water and diets. Mice were fed a
normal laboratory diet (CE-2; CLEA Japan) or a high-fat diet (HFD) (ORIENTAL YEAST)
containing 35% fat, 30% maltose, 22% casein, 7% dextrin, and 3.5% minerals. Detailed
ingredient is indicated in the manufacturer web site of CLEA Japan and ORIENTAL
YEAST. Littermate mice were fed a HFD for 12 weeks from 8-week-old. Only male mice
were studied.

Human embryonic kidney HEK293 cell lines were purchased from the American Type
Culture Collection (Manassas, VA). Cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Sigma-Aldrich), supplemented with 10% feral bovine serum (FBS)
(ThermoFisher) at 37 °C in a 5% CO, atmosphere in a humidified incubator. Human
umbilical vein endothelial cell (HUVEC) and human microvascular endothelial cell
(HMVEC) were purchased from LONZA, and maintained in EGM-2 MV growth medium
(LONZA) at 37 °C in a 5% CO, atmosphere in a humidified incubator.

Induction of Corneal Inflammatory Angiogenesis and Lymphangiogenesis

Corneal neovascularization in 20- to 24-weeks-old male mice by nylon suturing under
microscopy was performed according to the previous study 1. Under general anesthesia,
10-0 nylon suture was placed intra-stromally 1 mm away from the limbal vessel. Ofloxacin
ophthalmic ointment was instilled immediately after suturing. For SDF1 neutralizing
experiment, sterilized phosphate buffer saline as control or anti-SDF1 antibody (R&D
systems) was administered by subconjunctival injection with 200ug/5ul/eye. Cornea and
conjunctiva tissues were excised 5 days after sutured and antibody treatment, and double
stained with anti-CD31 (BD Biosciences) and anti-LYVE-1 antibodies (Abcam).

Staining and Quantification of Sutured Corneas and HMVEC

X-gal staining of whole sutured cornea was performed according to previous described
protocol 13. Angiogenesis and lymphangiogenesis were quantified as described previously
using double staining with CD31/LYVE-1 21, Briefly, the excised corneas following
neovascularization were rinsed in PBS, and fixed in acetone for 10 min at —20 °C.
Subsequently, the corneas were washed thrice in PBS, blocked with 3% BSA in PBS for 48
h at room temperature, stained with rabbit anti-mouse LYVE-1 antibody (Abcam) and rat
anti-mouse CD31 antibody (BD Biosciences), and incubated at 4°C overnight. For Sdf-1 and
Cxcr4 detection, corneas were stained with rabbit anti-mouse Sdf-1 antibody (Abcam) and
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goat anti-mouse Cxcr4 antibody (Abcam). The corneas were washed again with PBS and
stained with secondary antibodies for 3 h at room temperature. Double stained whole
mounts were analyzed using a fluorescence microscope (BZ-9000; Keyence). The area
covered with blood or lymphatic vessels positive for CD31 or LYVE-1 was quantified using
Image Jsoftware. Corneal tissues from human patients of Stevens-Johnson syndrome and
fusarium keratomycosis were obtained during penetrating keratoplasty at the Department of
Ophthalmology, the University of Tokyo Hospital. Tissues were embedded in paraffin after
fixed in 4% paraformaldehyde, and subjected to Hematoxylin-Eosin (HE) or
immunohistochemistry of anti-DSCR-1 antibody. This study was approved by the research
ethics committee of the Graduate School of Medicine and Faculty of Medicine at the
University of Tokyo (G10149) and all procedures conducted in this study adhered to the
tenets of the Declaration of Helsinki.

In case of cultured cells, oxLDL-stimulated cells were fixed by 4% paraformaldehyde and
ice-cold methanol, and immunostained with mouse anti-human NFAT1 antibody (BD
Bioscience). Cells were washed by PBS containing 0.1% Triton-A100 and incubated with
goat anti-mouse 1gG antibody conjugated AlexaFluor488 (ThermoFisher) counterstained
with DAPI for nucleus visualization. Five representative images per sample were randomly
captured by fluorescent confocal microscope and determined NFAT1 nuclear-localized
levels.

Quantification of VEGF and oxLDL Treatment

Macrophages from mouse were obtained by washing peritoneal cavity with sterilized PBS
following the injection of 2 ml thioglycollate broth (BD Bioscience) for 4 days. Endothelial
cells were isolated from mouse lung by using DynaBeads (ThermoFisher) conjugated with
rat anti-mouse CD31 antibody. Red blood cells were hemolyzed by ACK lysing buffer
(ThermoFisher) and number of cells was determined by cell counting. 5 x 10° cells/ml of
macrophages or endothelial cells were plated and culture overnight. After 16 h starvation
with serum-free DMEM, cells were stimulated with 50 pg/ml oxLDL (Alfa Aesar).
Supernatant was collected 24 h after stimulation and ELISA (R&D Systems) was performed
according to the manufacture’s instruction.

Adenovirus-mediated gene expression in HUVEC and HMVEC

The human NFAT were sub-cloned from HUVEC cDNA reverse-transcribed by SuperScript
I11 Reverse Transcriptase with oligo-dT primer (ThermoFisher), and EGFP as control were
sub-cloned from pEGP-N1 plasmid (Addgene). To obtain adenovirus carrying NFAT or
EGFP, we used pA/CMV/V5-DEST Gateway Vector Kit (Thermo Fisher) according to the
manufacture’s instruction. For produce and amplify adenovirus, pA/CMV/V5-DEST
plasmids were infected to HEK293, and calculated virus titer by Adeno-X Rapid Titer Kit
(Takara Bio). Concentrated adenovirus infected with MOI 50 to cultured HUVEC or
HMVEC, and samples were incubated for 48 h.

Gene Expression Analysis Using Real-time PCR

Total RNA was extracted from tissues using the RNeasy Micro Kit (Qiagen), converted to
cDNA by using the Prime Script reverse transcriptase (Takara-Bio, Shiga, Japan) as per the
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manufacturer’s instructions, and used for quantitative real-time PCR amplification using
SYBR Green (Takara-Bio) with indicated primers (Table I in the online-only Data
Supplement).

Measurement of oxidative stress in endothelial cells

Isolation of primary endothelial cells from WT or Dscr-17~ mice lung was performed by
DynaBeads system (ThermoFisher). Briefly, whole lung tissue from mice was digested by
type Il collagenase solution containing DNase I, then lysis red blood cells and determined
cell number. Cells were incubated with DynaBeads conjugated with rat anti-mouse CD31
antibody (BD Bioscience) and separated into endothelial and non-endothelial fraction by
magnetic separating system. After first isolation, cells were cultured in 20%FBS/DMEM
containing non-essential amino acid, sodium pyruvate and antibiotics for five days. For
second isolation, expanded cells were harvested and incubated with DynaBeads conjugated
with rat anti-mouse CD102 antibody (BD Bioscience) to increase endothelial cell purity.
Obtained primary endothelial cells from each mouse were cultured until confluent, and
incubated in 0.5%FBS/MCDB131 medium for 18 h starvation. 1uM Cyclosporine (CsA)
were treated at 30 min before VEGF stimulation. After 24 h stimulation of VEGF (50ng/ml)
or PBS as control, cells were collected and performed TBARS assay (Cell Biolabs) to
measure malondialdehyde (MDA) according to manufacturer’s instruction. Produced MDA
level by oxidative stress were determined at 540nm excitation/590nm emission for
fluorometric measurement and quantified concentration of MDA with standard curve.

Expression Array Analysis

Affymetrix GeneChip Mouse Genome 430 2.0 Array (Affymetrix) was utilized for genome-
wide transcription analysis. Data were collected and analyzed by GeneChip Scanner 3000
(Affymetrix), and the GeneChip data were analyzed using the Affymetrix GeneChip
Operating Software v1.3 by MAS5 algorithms, to obtain signal value (Genechip score) for
each probe-set. The average signal in an array was set as cut-off 100 single intensity.
Expression array data is available at GEO datasets (GSE130040), analyzed using the
GeneSpring GX software (Tomy Digital Biology).

VEGF promoter luciferase assay

Human VEGF promoter (2043bp: from —2046 to —3) was sub-cloned from HUVEC genome
and constructed into pGL4.10 luciferase plasmid (Promega). HEK293 cells were co-
transfected both pGL4.10-hVEGF-promoter and pRL-SV40 Renilla plasmid as internal
control. 1 day later, cells were starved in 0.5%FBS/MCDB131 medium for 18 h, treated
with adenovirus carrying EGFP as control or constitutive active form of human NFAT1, and
cultured for 24 h. Luciferase reporter assay was performed by Dual-Luciferase Reporter
Assay System (Promega) according to manufacturer’s procedure. Determination of promoter
activity was calculated by following formula as firefly/ renilla luminescence.

Statistical analysis

Data were analyzed by using GraphPad Prism 8.0 (GraphPad Software). The normality and
variances of data were tested by appropriate tests such as Kolmogorov-Smirnov test and ~
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test, and shown as the mean + standard deviation. All data passed normality and equal
variance tests. P value between two groups was calculated by using standard two-tailed
Student’s #test. Statistical significance between multiple samples was determined by one- or
two-way ANOVA to reveal comparable variance, and each comparison performed by Tukey
HSD post-hoc test (Tomy Digital Biology). £< 0.05 was considered as significant for most
experiments. FDR g < 0.25 was considered as significant for GSEA analysis.

Results

Dscr-17"~ and ApoE~~ mice spontaneously develop corneal opacity with increasing age

We have shown the hypercholesterolemia metabolic dysfunction is occurred by the ApoE
deficiency, which is exaggerated by the combined loss of Dscr-1. To extend the study of
these pathology, we continued phenotype analysis and found that corneal opacity was the
most prominent feature of Dscr-17~ plus ApoE~~ mice even when mice were subjected to
normal chow feeding conditions (Figure 1A). To determine the frequency and the severity of
corneal opacity, similar aged Dscr-1 or ApoE single null mutant, double null mutant, and
littermate WT control mice were studied in parallel. Corneal opacity scores were obtained
through macroscopic observation of double knockout mice (Figure 1B, and Figure I in the
online-only Data Supplement). Results showed that neither Dscr-17/~, ApoE™", nor
Dscr-17"" plus ApoE ™~ double null mutant mice developed abnormal corneal phenotypes at
four weeks of age. However, after a latency period of 12 weeks, Dscr-17~ mice gradually
developed spontaneous corneal opacity with massive neovascularization and extensive
infiltration of inflammatory cells. At 48 weeks, approximately 70% of Dscr-17~ mice
developed abnormal corneal phenotypes (Figure 1C and Supplementary Table 1 in the
online-only Data Supplement). Remarkably, Dscrl™~ and ApoE~'~ double knockout mice
developed severe corneal phenotypes as early as eight weeks of age (Figure 1C). Next, we
performed histological examination of the cornea in each mouse. As shown in Figure 1D,
loss of Dscr-1 increased infiltration by CD11b-positive leukocytes in the cornea with an
even greater increase of leukocyte infiltration in Dscr-1 and ApoE£ double null mutants.
Increased leukocyte infiltration also resulted in corneal angiogenesis (Figure 1D and E).
Double null mutant mice exhibited extensive thickening and pathological keratinization of
the corneal epithelium with inflammation of the underlying corneal stroma (Figure 1D).
Characterization of the corneas in Dscr-17~and ApoE~'~ 12-month-old mice showed
pronounced recruitment of CD31-positive blood vessels in the cornea concomitant with lipid
deposition, which was almost completely absent in WT mice. This implies that the loss of
Dscr-1 leads to extensive infiltration by inflammatory cells. The degree of opacity was also
more pronounced in mice with the ApoE null mutation.

Dscr-17"~ mice show increased angiogenesis and lymphangiogenesis in a sutured
neovascularization model

DSCR-1 expression levels have been shown to be exclusively regulated by NFAT
transcription 7 11, To test whether the corneal suture model 16 enhances NFAT signaling,
DSCR-1 reporter mice were used. Sutured regions in the cornea showed selective
upregulation of /acZ (Figure 2A), suggesting that corneal opacity is triggered by trauma
such as suturing in the cornea, which markedly upregulates NFAT/DSCR-1 signaling in
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neovessels. Additionally, to investigate the functional role of Dscr-1 in inflammatory corneal
neovascularization, angiogenic and lymphangiogenic responses of Dscr-17~ mice were
compared to those of WT mice in a suture-induced corneal neovascularization model. At 5
days after suturing, there were significantly more vascularized field in the corneas of
Dscr-17/~ mice as compared to WT mice (Figure 2B). Moreover, immunostainings revealed
that CD31-positive vascular endothelial cells and LY VE-1-positive lymphatic vessel
endothelial cells in the corneas of Dscr-17~ mice were significantly increased when they
were compared to WT mice (Figure 2C-E). While, at day 7 after the suture resulted in the
over-calculation window, due to reached to plateau, since Dscr-17~ caused the hyper-
angiogenic condition.

-selective Dscr-1 overexpression inhibits corneal neovascularization

NFAT/DSCR-1 signaling and vascular activation exhibit a bell-shaped correlation, implying
that DSCR-1 overexpression interferes with neovessel formation 13. Thus, we performed
corneal sutures in DSCR-1 transgenic mice (DSCR-1 Tg) with DSCR-1 expression driven
by the Tie2 promoter leading to stable DSCR-1 expression. In contrast to the lacking of
Dscr-1, Dscr-1 stable expressions never led to neovascularization on microscopy within the
5 days after the suture experiments. Day 5 after the suture from WT controls failed to reach
the effective calculation window. Therefore, we performed day 7 after the suture in
comparison between DSCR-1 Tg and WT. As shown in Figure 2F, angiogenesis in the
limbus was significantly lower compared to those of WT mice. In particular,
immunohistochemical staining using anti-CD31 and anti-LYVE-1 antibodies revealed that
suturing triggered pathological angiogenesis in WT mice that was significantly attenuated in
Dscr-1Tg mice (Figure 2G-1). Compared to WT, CD31-and LYVE1-positive areas were
increased in Dscr-17'~ at the day 5, whereas reduced in DSCR-1 Tg at the day 7 after the
suture experiment (compared through Figure 2 B-I). Taken together, these data suggest that
angiogenic and inflammatory stimuli, such as corneal suturing, activates the NFAT/DSCR-1
signaling axis. Endothelial cell-selective overexpression of DSCR-1 blocks neovessel
formation, whereas loss of Dscr-1 promotes pathological angiogenesis and
lymphangiogenesis in the limbus. Normal corneas maintain transparency to prevent
angiogenesis. Thus, blocking NFAT activation would be a key point for the maintenance of
avascularity in cornea.

Dscr-17"~ upregulates pro-angiogenic Sdf-1/ Cxcr4 signaling axis in cornea

To elucidate the molecular mechanisms behind corneal angiogenesis in Dscr-17/~ mice, we
performed microarray analysis on isolated corneas. A total of 2,083 Dscr-1 regulated genes
were found to be upregulated in the corneas of Dscr-17/~ mice compared to WT mice. Many
of them were belong to immune-system related genes from GO analysis (Figure 3A and B).
More importantly, we focused the gene set that suture mediated further induced by Dscr-1
null mutation, but reduced by DSCR-1 Tg. Totally 126 gene set were categorized them,
which was predominantly related cell migration and angiogenesis (Figure 3A and B).
Angiogenesis and cell migration are tightly correlated corneal opacity, thus the categorized
126 genes were selected for further analysis. The heat map in Figure 3B shows the
expression profiles of pro-angiogenic genes, including Saf-1, Apj, and Plvap whose
increased expression was further confirmed by real-time qRT-PCR (Figure 3C and Figure
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I1A in the online-only Data Supplement). Importantly, Dscr-17/~-mediated induced genes
were similarly downregulated in the cornea samples from DSCR-1 transgenic mice. In
contrast, gene expression that was reduced in Dscr-17~ condition such as Serum amyloid A1
and Dermokine are known to have anti-angiogenic properties 22: 23 and were similarly
induced in DSCR-1 transgenic mice (Figure II1B in the online-only Data Supplement).

SDF-1 and its receptor system; CXCR4/7, represents a crucial angiogenic pathway in
developmental as well as pathological processes. Moreover, it has been reported that SDF-1/
CXCR4 signaling and CXCR4 expression in lymphatic endothelium regulates lymphatic
network formation 24, and tumor lymphangiogenesis 2. Interestingly, loss of Dscr-1
stimulates not only CXCR?7 induction during the acute phase 28, but also promotes CXCR4
expression in angiogenic microvascular endothelial cells (Figure 3D and E). DSCR-1
transgenic mice in turn downregulated CXCR4 expression (Figure 3F).
Immunohistochemistry and semi-quantification of SDF-1 and CXCR4 expression in sutured
cornea showed significant upregulation of these protein in Dscr-1~/~mice that were
significantly reduced in DSCR-1 transgenic mice (Figure 4A to D). Of note, besides Sdf-1-
Cxcr4 axis, Apj-Apelin pro-angiogenic axis was also upregulated in cornea of Dscr-1"/"mice
(Figure 111 in the online-only Data Supplement). Taken together, loss of DSCR-1 promotes
Sdf-1and Cxcr4 expression in the corneal microenvironment leads to angiogenesis into
avascular regions.

Hypercholesterolemia-mediated oxLDL treatment promotes the angiogenic switch in
Dscr-17"~ endothelial cells

Corneal opacities were more pronounced in Dscr-1~~ mice on an ApoE~'~ background.
Loss of APOE caused hypercholesterolemia with increased peripheral circulation of
denatured LDL 29, Various pathological phenotypes of ApoE~~ mice have been previously
reported; however, most studies were based upon atherosclerotic progression mediated by
increased LDL and reduced HDL circulation during the chronic phase 27 with this
phenotype observed only in older mice. We hypothesized that the accumulation of oxidative
stresses in aged mice increases corneal opacity (Figure 1C) and that ApoE~-mediated
increases in oxXLDL levels leads to severe corneal opacity. VEGF is the most well-known
endothelial cell activator and plays a primary role in the calcineurin-NFAT pathway. Dscr-1
null mutations resulted in NFAT hyper-activation 11: 12 and increased the susceptibility of
oxidation 28, To that end, we first subjected lipid peroxidation assay with malondialdehyde
(MDA\) to quantify the oxidative stress. As shown in Figure 5A, compared to littermate WT
controls, Dscr-1 null mutation hyper-induced oxidative stress which was markedly mitigated
by the calcineurin-NFAT inhibitor, cyclosporine A (CsA). Thus, increased LDL due to loss
of ApoE is susceptible to oxidation. Moreover, upregulated oxLDL directly activated NFAT
nuclear localization in microvascular endothelial cells (Figure 5B). OXLDL treatment led to
a 3.3-fold increase in Sdf-1 expression comparable to Vecam-1, a well-known response to
oxLDL in endothelial cells 2°(Figure 5C). OXLDL also influenced macrophage activation. It
is known that macrophage infiltration in inflamed tissue express high levels of VEGF 30,
Additionally, autocrine expression of VEGF from endothelial cells also play an important
role. Levels of secreted VEGF from macrophages were significantly higher in the presence
of oxLDL, which were larger than from endothelium (Figure 5D). NFAT was a key
transcriptional regulator of VEGF gene expression (Figure 5E). Interestingly, VEGF levels
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were 2.2-fold higher in Dscr-17/~ mice than in WT mice in the absence of oxLDL.
Macrophages of Dscr-17/~ mice showed the highest VEGF secretion levels as a result of
oxLDL treatment (Figure 5D). Consistent with these results, NFAT activation and oxidative
stimuli resulted in the upregulation of both SDF-1 and its receptor, CXCR4, in HMVEC
(Figure 5F). Taken together, these data suggest that ApoE~—- and Dscr-1/~-mediated
increased peripheral oxLDL level promotes VEGF secretion from infiltrated macrophages in
cornea, which in turn further stimulates angiogenesis by inducing the expression of Sdf-1
and its receptor, Cxcr4 (Figure 5G).

Anti-SDF-1 attenuates Dscr-17"-induced corneal opacity

Our findings suggest that the SDF-1-CXCR4/7 signaling axis is involved in the pathogenesis
of corneal opacity in Dscr-17/~ mice. To test whether inhibiting SDF-1 signaling can prevent
corneal opacity, we administrated neutralizing antibodies against SDF-1 in the cornea.
Dscr-1 null mice showed more than 2-fold higher stimulation of suture-induced infiltration
by CD31-positive vascular endothelial cells and LYVE-1-positive lymphatic endothelial
cells, compared to WT control. Importantly, anti-SDF-1 antibody administration completely
abrogated pathological angiogenesis in the cornea (Figure IV in the online-only Data
Supplement). Moreover, to distinguish whether SDF-1 neutralization is also applicable
hypercholesterolemia-driven severe corneal opacity, suture assays were performed in
corneas of Dscr-17/~ and ApoE™~ mice. Remarkably, significant corneal angiogenesis and
lymphangiogenesis was observed in double knockout mice (Figure 6A), which was
attenuated by 85% and 53% upon SDF-1 inhibition, respectively (Figure 6B and C). Thus,
early onset corneal opacity mediated by loss of Dscr-1 and ApoE is regulated in part by
SDF-1 signaling. SDF-1 blockage represents a potential therapeutic strategy in the treatment
of corneal neo-vascularization and subsequent opacity.

DSCR-1 is expressed in human patients of Stevens-Johnson syndrome and fusarium
keratomycosis

The VEGF-NFAT/DSCR-1 signaling axis is involved in tumor angiogenesis during solid
tumor growth in Down syndrome patients and type 11 diabetes in human 3% 32, Moreover,
Stevens-Johnson Syndrome and toxic epidermal necrosis are very serious skin conditions
that can happen as a result of illness or as a side effect to certain medications. It was
previously reported that ocular surface impaired neovascularization in these patients was
attenuated by the treatment of anti-VEGF antibody 33, Moreover, long term tacrolimus
treatment was shown to induce anti-angiogenic and anti-inflammatory effects to injured
corneas via VEGF-NFAT function 34.To test whether corneal inflammation in humans also
activates the NFAT/DSCR-1 axis, we examined DSCR-1 expression via
immunohistochemical analysis of corneal samples from patients with Stevens-Johnson
syndrome and fusarium keratomyecosis. Inflamed corneas revealed advanced angiogenesis as
evidenced by a high degree of invasion by CD34-positive vascular endothelial cells (Figure
6D). More importantly, NFAT/DSCR-1 signaling was found to be upregulated in subsets of
endothelial cells in the neovessels of inflamed corneas (Figure 6D). These results
demonstrate the clinical relevance of NFAT signaling and its involvement in the progression
of corneal diseases. Mechanistically, loss or overexpression of DSCR-1 resulted in the
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hyper-stimulation or inhibition of VEGF-mediated NFAT signaling and oxidative response,
leading that enhanced or attenuated corneal inflammation, respectively.

Discussion

Vascular homeostasis is an indispensable most important system in organisms. Once, the
vascular system is broken or dysfunction, which is believed to directly trigger morbidity and
mortality. Pathological conditions in larger vessels have been well studied. However, studies
on peripheral tissues or the microenvironment in smaller vessels are currently lacking. In the
present study, we demonstrated that DSCR-1 null mutant mice spontaneously developed
corneal opacity with increasing age and that DSCR-1 is associated with corneal
angiogenesis and infiltration by inflammatory cells. This pathology was highly pronounced
under ApoE'~-mediated hypercholesterolemia and hyperlipidemia conditions. Corneas of
Dscr-17"~ mice showed increased angiogenesis and lymphangiogenesis in a suture-induced
corneal neovascular model, whereas DSCR-1 Tg mice showed markedly dampened
pathology in these models.

DSCR-1 (also known as RCAN1, MCIP1, or calcipressin) was named as such because it is
located in the Down syndrome critical region of human chromosome 21 35. We and others
have identified that VEGF or thrombin dramatically and rapidly upregulated DSCR-1 via
NFAT and GATA binding on the regulatory region, which in turn adequately modulates
calcineurin-NFAT signaling both in primary cultured endothelial cells and in vivo 7+ 10. 11,36,
Overexpression or trisomic expression of DSCR-1 attenuates calcineurin-NFAT signaling,
which elicits anti-inflammatory and anti-angiogenic responses mainly by attenuating
endothelial cell activation. Indeed, DSCR-1 stable expression in mice protects against
endotoxemia-induced lethality, solid tumor growth, and metastasis to the lungs 11 13, By
contrast, loss of DSCR-1 results in NFAT hyperactivation at least in endothelial cells, which
presented divergent phenotypes due to the different microenvironments 12. Well-organized
or highly vascularized pre-set organs, such as the lungs, showed increased angiogenesis and
enhanced expression of cell adhesion molecules in endothelial cells, which subsequently led
to early onset of tumor metastasis under the Dscr-17/~ condition. Meanwhile, primary solid
tumors or organs subjected to acute endotoxemic shocks showed strong expression of VEGF
and other inflammatory cytokines, so that that Dscr-1'~ endothelial cells “re-routed’
downstream signaling to apoptotic fates due to the over-threshold of endothelial cell
homeostasis. Thus, mice lacking DSCR-1 showed various phenotypes depending on the
tissues and organs. The calcineurin-NFAT/DSCR-1 signaling axis plays a crucial role in
vascular-bed heterogeneity in whole organs.

Under normal conditions, corneal transparency is maintained due to the surrounding
avascular microenvironment. By contrast, in pathological conditions, the angiogenic switch
is turned on. In the current study, genome-wide screening was performed to elucidate the
molecular mechanisms underlying corneal opacity and to determine DSCR-1 function.
Comprehensive data sets revealed that the SDF-1/CXCL12 and its receptor system are
associated with corneal opacity. We show that the Dscr-1 null mutation markedly increased
sdf-1 expression in sutured cornea microenvironment. In the arrays in Figure 3A, Dscr-1 null
mice had a large number of changed genes, when compared to littermate WT control. On the
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contrary, suture treatment by itself caused marked induction with angiogenic and
inflammatory related genes in both WT and Dscr-1 null mice. As a result, a smaller number
but important gene sets can be induced in Dscr-17/~ mice compared to those without suture
treatment. The Dscr-17/~ condition exerts various effects on endothelial cells. Indeed,
primary cultured microvascular endothelial cells from Dscr-17/~ mice showed increased
expression of angiogenic-and inflammatory genes, including Angiopoietin2 and Vcam1.
Importantly, SDF-1/CXCR4 autocrine (self-activation via ligand and the receptor) systems
were found to be stimulated in Dscr-17/~ microvascular endothelial cells in inflamed corneas
(Figure 5).

The SDF-1/CXCR4 axis has been well reported as a crucial signaling factor for survival, cell
proliferation, migration, and angiogenesis in expressed stem cells, stromal cells, or
endothelial cells % 26. Furthermore, there is wide availability of neutralizing antibodies
against SDF-1 or chemical antagonists against CXCR4. Importantly, administration of
neutralizing antibodies against SDF-1 successfully prevents corneal neovascularization
under the Dscr-17/~ microenvironment. NFAT is a primary factor affecting DSCR-1
expression in the endothelium. Furthermore, angiogenic endothelial cells in human patients
were also observed to exhibit DSCR-1 upregulation in the corneas (Figure 6D). Taken
together, these findings suggest that blocking SDF-1/CXCR4 signaling can represent a novel
therapeutic strategy against pathological corneal opacity caused by NFAT/DSCR-1 -
stimulated inflammation.

Intriguing results from the current study show that Dscr-17/~ mice gradually developed
corneal opacity with increasing age, and Dscr-1 and ApoE double null mutant mice showed
dramatically exaggerated eye pathologies. DSCR-1, originally named as Adapt78, has been
reported as an anti-oxidative stress factor 28 37, Overexpression of DSCR-1 protects against
apoptosis from superoxide treatment 38. Noteworthy, we first indicated loss of DSCR-1 in
turn increased oxidative stress (Figure 5A). ApoE '~ mice exhibit increased vLDL and LDL
levels and decreased HDL levels, similar to human cholesterol profiles. ApoE~~ mice
showed upregulation of denatured LDL levels with increasing age 2% 39, Thus, we
hypothesized that the Dscr-17~ condition increases sensitivity to oxidative stimuli and that
hypercholesterolemia induced by the ApoE£~/~ mutation causes oxLDL accumulation in the
eyes, which in turn stimulates pathological peripheral angiogenesis. Age-dependent
oxidation levels in peripheral cornea of mice are difficult to quantify; however, oxLDL
treatment was shown to activate NFAT following to upregulate SDF-1 and CXCR4
expressions in microvascular endothelial cells and lead to increased VEGF secretion by
inflammatory macrophages. Induction levels were higher in Dscr-17/~ mice than WT
controls (Figure 5D). Interestingly, the degrees of oxLDL sensitivity and downstream NFAT/
DSCR-1 signaling can vary depending on the vascular-bed of the target organ being studied.
In contrast to microvascular endothelial cells, endothelial cells derived from large vessels,
such as umbilical vein (HUVEC) or aorta, failed to induce Sdf-1 expression under oxLDL
treatment 49 41, Moreover, NFAT overexpression in HUVEC markedly induced Cxcr4 and
Cxcr7 but failed to upregulate Sdf-1 expression. Compared to HUVEC 26, microvascular
endothelial cells did not exhibit significant Cxcr7 upregulation upon Ad-NFAT treatment
(Figure V in the online-only Data Supplement). Taken together, these data suggest that
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ApoE~-mediated chronic oxLDL stimulation and Dscr-17"~-mediated NFAT
hyperactivation leads to substantial corneal opacity with increasing age.

In conclusion, DSCR-1 can be a protective factor against chronic corneal neovessel
formation, as well as acute septic inflammation. oxLDL stimulates VEGF secretion in
pathological corneas, which triggers further angiogenesis via NFAT activation in the corneal
endothelium. Results suggest that the NFAT-SDF-1/CXCR4 signaling axis is a key regulator
for corneal neovascularization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Loss of Dscr-1 in ApoE™~ mouse dramatically increases corneal opacity with
age.
. Deficiency of both Dscr-1 and ApoE induces abnormal angiogenesis,

lymphangiogenesis and leukocyte infiltration into cornea.

. NFAT-DSCR-1 signal mediates corneal neovascularization and
lymphangiogenesis by activating pro-angiogenic pathway, SDF-1-CXCR4
axis.

. Hyper-oxidative stress from Dscr-17/~ elevated oxLDL in ApoE~~-mediated

hypercholesterolemia, that enhances not only SDF-1-CXCR4 axis in
microvascular endothelial cells but also secretion of VEGF from inflamed
macrophages.

. Neutralization of SDF-1 inhibits pathological corneal neovascularization and
lymphangiogenesis.
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Figure 1. The development of corneal opacity in Dscr-1 and ApoE double knockout mice
associated with corneal angiogenesis.

(A) Representative 3 month old mice pathology, ApoE null; /eft, and Dscr-1 & ApoE double
null mouse; right. Arrow indicated corneal opacity. (B) Representative corneal photographs
of mild to severe opacity. (C) Percentage of aged mouse eyes with corneal opacity under
natural observation (n = 20). (D) Representative slit-lamp photograph, HE staining, oil-red O
staining and immunostaining of CD31* blood vessel and CD11b* macrophages of cornea in
3 month old WT, Dscr-17"=, ApoE™'~, and Dscr-1and ApoE double knockout mice
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(Dscr-17"- & ApoE™7). (E) Quantification of CD31* blood vessel area (um?) and CD11b*
cells (counts) in WT, Dscr-17'-, ApoE™'~ and Dscr-17-& ApoE™'~ mice. The mean and +
SD were derived from three independent specimens. *, P<0.05 compared with WT.
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Figure 2. Dscr-1 expression level reflected the corneal angiogenesis and lymphangiogenesis
activities in intrastromal sutured cornea.

(A) Representative slit-lamp photographs for DSCR-1 promoter mediated /acZ expression of
mice corneas on day 7 after the intrastromal suturing with 10-0 nylon. (B) Representative
slit-lamp photographs for WT or Dscr-1 knockout mice corneas on day 5 after the
intrastromal suturing. (C) Representative CD31-positive angiogenic or Lyvel-positive
lymphangiogenic responses of mice corneas on day 5 after the intrastromal suturing. (D and
E) Surface areas of corneal angiogenesis (D) and lymphangiogenesis (£) were quantified
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with vascularized area versus total corneal area. The mean £ SD were derived from six
independent mice. *, P<0.04 compared with WT, and **, P<0.004 compared with WT. (F)
Representative slit-lamp photographs for WT or DSCR-1 Tg mice corneas on day 7 after the
intrastromal suturing. (G) Representative CD31-positive angiogenic or Lyvel-positive
lymphangiogenic responses of mice corneas on day 7 after the intrastromal suturing. (H and
1) Surface areas of corneal angiogenesis (A) and lymphangiogenesis (/) were quantified with
vascularized area versus total corneal area. The mean + SD were derived from five
independent mice. *, P<0.02 and **, P<0.05 compared with WT.
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Figure 3. Dscr-17" increased expression of pro-angiogenic genesin cornea.
(A) Venn diagram representation of the genes volume that were more than 2-fold

upregulated in cornea of Dscr-17/~ than WT, of sutured from Dscr-17 than sutured
littermate WT control, and more than 2-fold downregulated in cornea of sutured from
DSCR-1 Tg mice compared to sutured littermate WT control. Red color means commonly
regulated gene set. (B) GO pathway analysis of upregulated genes in Dscr-17"~ compared to
WT (/eff) and suture-mediated DSCR-1 regulatory genes that induced by Dscr-17/~ but
reduced by DSCR-1 Tg (righ?). Brown, orange, and red indicate immune, cell migration, and
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angiogenesis related group, respectively. (C) Heatmap representation from the commonly
regulated 126 genes. Each gene indicated in left means the highest up or downregulated gene
cluster, determined as inflammatory mediated and the Dscr-1 regulated genes. (C) mRNA
expression of Sdf-1in cornea of either WT and Dscr-17/~ mice day 5 after sutured (upper) or
WT and DSCR-1 Tg day 7 after sutured (/ower), determined by quantitative real-time PCR
from the independent specimens. Error bars are the mean = SD (*P < 0.05). (D) Heat map
representation from the selected 112 genes that were more than 4-fold upregulated and
predominantly expressed in endothelial cells. (E and F) mMRNA expression of cxcr4 in
microvascular endothelial cells from WT and Dscr-17/~ (£) and WT and DSCR-1 Tg (A)
mice. Values mean the average differences from two independent microarrays.
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Figure 4. Loss of Dscr-1 increases pro-angiogenic Sdf-1-Cxcr4 signaling axis in cornea.

(A and C) Representative immunostaining of CD31 (red), Sdf-1 (greer), and Cxcréd (purple)
from WT and Dscr-17/~ in day 5 (A) or WT and DSCR-1Tg in day 7 (C) after suture.
Asterisk; sutured area, and broken line; marginal region. (B and D) Quantification of the
Sdf-1 (ypper graph) or Cxcr4 positive (/fower graph) area from day 5 (B) or day 7 (D) after
suture. n=5, mean + SD, *P<0.05 compared with WT (Student’s t-test).
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Figure 5. ApoE and Dscr-1 null-mediated oxLDL exaggerated pathological angiogenesis.
(A) MDA assay with endothelial cells from WT and Dscr-17/~ mice. *, £<0.01 compared

with VEGF treatment from WT. # and ¥, A<0.05 compared with PBS (-) and VEGF
treatment from Dscr-17/, respectively. (B) Immunostainings to anti-NFAT1 antibody with
microvascular endothelial cells in the presence or absence of 50ug/ml oxLDL. Merged
images with DAPI were shown in right. Bar graph indicated the nuclear localized NFAT
levels. The mean + SD relative to control were derived from five independent samples.*,
F£<0.001 compared with mock control. (C) Sdf-1 and vcam-1 mRNA expression in

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2021 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Muramatsu et al.

Page 26

microvascular endothelial cells. The mean £ SD relative to minus oxLDL control were
derived from six independent samples. *, A/<0.05 compared with mock control. (D) VEGF
secreted levels in macrophages and endothelial cells from WT or Dscr-17~ mice. The graph
value and the + SD relative to mock control were derived from at least three independent
mice. *, £<0.05 compared without oxLDL in each mouse. #, A<0.05 compared with WT in
the presence of oxLDL. (E) VEGF promoter activation levels in the adenovirally
overexpressed NFAT or the mock control. Values were calculated by luciferase activity
described into the methods (n=6). *, £<0.001 compared with control. (F) Sdf-1 and cxcr4
MRNA expression in microvascular endothelial cells in the adenovirally overexpressed
NFAT or the mock control. The mean + SD relative to Ad-control were derived from six
independent samples. *, £<0.05 compared with control. (G) Schematic representation of the
corneal pathology model in Dscr-1 and ApoE double null mutation.
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Figure 6. Administration of SDF-1 neutralize antibody attenuated corneal angiogenesis and

lymphangiogenesis in intrastromal sutured cornea.

(A) Representative angiogenic and lymphangiogenic responses of cornea from WT or

Dscr-1and ApoE combined null mutation mice in the presence or absence of anti-Sdf-1 on
day 7 after the intrastromal suturing with 10-0 nylon. (B and C) Surface areas of corneal
angiogenesis (B) and lymphangiogenesis (C) were quantified with vascularized area versus

total corneal area. The mean + SD were derived from six independent mice. * P<0.05
compared with WT in the absence of anti-Sdf-1 treatment. # P<0.05 compared with
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Dscr-1"~ and ApoE™' in the absence of anti-SDF-1 administration. (D) Representative
immunohistochemistry for CD34 and DSCR1 (b6rown) in the human patients. Nuclei are
counterstained with hematoxylin (b/ue). Upper and lower two jointed figures were from
Stevens-Johnson syndrome and Fusarium keratomycosis, respectively. Epi; corneal
epithelium, Str; corneal stroma, and En; corneal endothelium.
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