bioRxiv preprint doi: https://doi.org/10.1101/2023.06.16.545343; this version posted June 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

The Effects of Nitric Oxide on Choroidal Gene Expression

Makenzie B. Merkley?, Diana Soriano®, Kenneth L. Jones® and Jody A. Summers®

aDepartment of Biology, University of Oklahoma, Norman, Oklahoma, 73019, United States;
bDepartment of Cell Biology, University of Oklahoma Health Sciences Center, Oklahoma City,
Oklahoma, 73104, United States; “Bioinformatic Solutions, LLC, Seridan Wyoming 82801

Email Addresses: Makenzie Merkley: makenziemerkley@ou.edu

Diana Soriano: diana-soriano@ouhsc.edu

Kenneth L. Jones: ken.jones@bioinformaticsolutions.com
Jody Summers: jody-summers@ouhsc.edu



mailto:makenziemerkley@ou.edu
mailto:diana-soriano@ouhsc.edu
mailto:ken.jones@bioinformaticsolutions.com
mailto:jody-summers@ouhsc.edu
https://doi.org/10.1101/2023.06.16.545343
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.16.545343; this version posted June 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

ABSTRACT

Purpose: Nitric oxide (NO) is recognized as an important biological mediator that controls several
physiological functions, and evidence is now emerging that this molecule may play a significant role
in the postnatal control of ocular growth and myopia development. We therefore sought to
understand the role that nitric oxide plays in visually-guided ocular growth in order to gain insight
into the underlying mechanisms of this process.

Methods: Choroids were incubated in organ culture in the presence of the NO donor, PAPA-
NONOate (1.5 mM). Following RNA extraction, bulk RNA-seq was used to quantify and compare
choroidal gene expression in the presence and absence of PAPA-NONOate. We used bioinformatics
to identify enriched canonical pathways, predicted diseases and functions, and regulatory effects of
NO in the choroid.

Results: Upon treatment of normal chick choroids with the NO donor, PAPA-NONOQate, we identified
a total of 837 differentially expressed genes (259 upregulated genes, 578 down-regulated genes)
compared with untreated controls. Among these, the top five upregulated genes were LSMEM1,
STEAP4, HSPB9, and CCL19, and the top five down-regulated genes were CDCA3, SMC2, a novel gene
(ENSALGALGO00000050836), an uncharacterized gene (LOC107054158), and SPAGS5. Bioinformatics
predicted that NO treatment will activate pathways involved in cell and organismal death, necrosis,
and cardiovascular system development, and inhibit pathways involved in cell proliferation, cell
movement, and gene expression.

Conclusions: The findings reported herein may provide insight into possible effects of NO in the
choroid during visually regulated eye growth, and help to identify targeted therapies for the

treatment of myopia and other ocular diseases.
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INTRODUCTION

Nitric oxide (NO) is a short-lived, soluble, free radical gas produced by a wide variety of cells
and is acknowledged as a vital intercellular messenger in multiple systems in the body. It has been
shown to have numerous functions, one of which is vasodilation [1]. The therapeutic applications of
nitric oxide in medicine have been studied for decades, especially in cardiovascular and nervous
systems, and in its role in immunological responses [2]. Evidence is now emerging that NO is a
mediator of physiological, and possibly pathological, processes in the eye [3-5]. NO regulates ocular
hemodynamics and protects vascular endothelial and nerve cells against pathogenic factors
associated with glaucoma, ischemia, and diabetes mellitus [4]. NO, constitutively formed by
endothelial NOS (eNOS, NOS3) and neuronal NOS (nNOS, NOS1), contributes to vasodilation,
increased blood flow, and decreased vascular resistance in ocular circulation. Immunological NOS
(iINOS, NOS2) is inducible only in pathological conditions and, once induced, produces large amounts
of NO for long periods of time. NO is rapidly converted into nitrite (NO3-), nitrate (NOs-), peroxynitrite
(ONOQ), and free radicals to induce pathophysiological actions which can lead to glaucoma,
retinopathy, age-related macular degeneration (AMD), and cataracts [5]. Both underproduction and
overproduction of NO have been shown to cause various eye diseases and, because of these
dichotomous roles, difficulties arise in constructing therapeutic strategies with NO supplementation
or NOS inhibition. Underproduction of NO that occurs in conditions such as glaucoma can be partially
corrected by providing NOS substrates or NO donors. Conversely, excess NO production that is seen
in conditions like diabetic retinopathy, age-related macular degeneration, and ocular inflammation

could be corrected by providing NOS inhibitors [5].
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Of particular interest is the role that nitric oxide plays in visually guided eye growth.
Emmetropization is a visually guided developmental process by which the eye grows in a way to
minimize refractive error and maintain emmetropia [6]. While the mechanisms that coordinate this
process are not fully understood, results from clinical and experimental studies indicate that
emmetropization requires visual input and occurs via a local (within the eye) retina-to-scleral
chemical cascade [7, 8].

Myopia (near-sightedness) is a common abnormal visual condition in which objects at infinity
are focused in front of the photoreceptors, causing blurred distance vision. Once viewed as a benign
refractive condition, myopia has now been shown to be a significant risk factor for blinding eye
diseases including glaucoma, retinal detachment, and macular generation, therefore representing a
leading cause of blindness worldwide [9, 10]. Although the pathophysiology of myopia development
is complex, it is generally accepted that myopia results from a failure of the emmetropization process
[7].

Myopia can be induced in animals by depriving the retina of form vision. Deprivation of form
vision through the use of visual occluders has been shown to accelerate ocular growth and the
development of myopia in vertebrate species including fish, chicks, mice, tree shrews, guinea pigs,
and primates [11-15]. Following a period of form deprivation-induced myopia, removal of the
occluder results in myopic defocus in the previously form-deprived eye, leading to a rapid
deceleration in ocular elongation and return to emmetropia (“recovery”) [16].

The existence of biochemical signaling cascades which induce molecular and structural
changes in the retina, choroid and sclera, ultimately leading to altered eye growth and changes in

refractive state has been well-established [17]. The choroid in particular has been shown to undergo
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changes in thickness, permeability, and blood flow through periods of visually guided eye growth
[18-22]. While the molecular mechanisms behind these choroidal changes are not yet known, there
is increasing evidence that NO may be involved. Administration of the nitric oxide synthase inhibitor,
N2-nitro-L-arginine methyl ester (L-NAME), has been shown to inhibit the choroidal “recovery”
response, resulting in a continued increase in the rate of ocular elongation and continued myopia
development [23, 24]. Furthermore, intravitreal delivery of the NO donor, sodium nitroprusside
(SNP) or the NOS substrate, L-arginine, has been shown to slow the rate of axial elongation and inhibit
the development of myopic refractive error in a dose-dependent manner [25]. Taken together, these
results suggest that NO acts to slow myopic eye growth and inhibition of NO synthesis prevents
recovery from induced myopia. While neither the cellular source of NO nor the target of NO
mediating these effects on eye growth have been identified, we predict that one or more cell
population in the choroid is a potential target of NO. Our prediction is based on the observation that
administration of L-NAME reduces choroidal concentrations of nitrate [24] and that choroidal
expression of interleukin 6 (IL6) is mediated by NO [26]. Therefore, the objective of the current study
is to gain an understanding of the biological effects of NO on the chick choroid, by analyzing changes
in global gene expression patterns following treatment of choroids with the NO donor, PAPA

NONOate.

METHODS

Ethics and Animals. Animals were managed in accordance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research, with the Animal Welfare Act, and with the

National Institutes of Health Guidelines. All procedures were approved by the Institutional Animal
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Care and Use Committee of the University of Oklahoma Health Sciences Center (protocol # 20-092-
H). White Leghorn male chicks (Gallus gallus) were obtained as 2-day-old hatchlings from Ideal
Breeding Poultry Farms (Cameron, TX). Chicks were housed in temperature-controlled brooders with
a 12-hour light/dark cycle and were given food and water ad libitum. At the end of experiments,
chicks were euthanized by overdose of isoflurane inhalant anesthetic (IsoThesia; Vetus Animal
Health, Rockville Center, NY), followed by decapitation.

Visual Manipulations. Form deprivation myopia (FDM) was induced in 3 to 4 day-old chicks
by applying translucent plastic goggles to one eye, as previously described [27]. The contralateral
eyes (left eyes) of all chicks remained untreated and served as controls. Chicks were checked daily
for the condition of the goggles. Goggles remained in place for 10 days, after which time the goggles
were removed and chicks were allowed to experience unrestricted vision (recover) for 3 hrs, at which
time chicks were sacrificed and ocular tissues harvested. A separate group of chicks remained
ungoggled for and sacrificed at 15 days of age for organ culture with PAPA-NONOate (see below).

Tissue Preparation. Chicks were euthanized by an overdose of isoflurane inhalant anesthetic
(IsoThesia; Vetus Animal Health). Eyes were enucleated and cut along the equator to separate the
anterior segment and posterior eye cup. Anterior tissues were discarded, and the vitreous body was
removed from the posterior eye cups. An 8 mm punch was taken from the posterior pole of the chick
eye using a dermal biopsy punch (Miltex Inc., York, PA). Punches were located nasal to the exit of the
optic nerve, with care to exclude the optic nerve and pecten oculi. With the aid of a dissecting
microscope, the retina and majority of RPE were removed from the underlying choroid and sclera
with a drop of phosphate buffered saline (PBS; 3 mM dibasic sodium phosphate, 1.5 mM monobasic

sodium phosphate, 150 mM NaCl, pH 7.2) and gentle brushing. For DAF-FM diacetate (DAF-2DA)
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labeling, choroids with sclera still attached were placed into a 48-well flat bottom plate (Corning Inc.,
Corning, NY). A small amount of RPE was left on the choroids to discriminate between the RPE and
scleral side of the tissue. For RNA-seq and Tagman analyses, all RPE was removed from the choroid
with gentle brushing and rinsing with PBS, and choroids were placed in wells of a 48 well plate
containing culture medium [1:1 mixture of Dulbecco's Modified Eagle's Medium and Ham's F12

containing streptomycin (0.1 mg/ml), penicillin (100 units/ml) and gentamicin (50 pg/ml)].

NO imaging. NO imaging was performed as reported previously [28, 29]. Chicks were allowed to
recover from form deprivation for 3 hours, at which time they were killed and their eyes enucleated.
Under dim red light, eyes were hemisected and gently washed with Ringer solution [102 mM NacCl,
28 mM NaHCOs3, 1 mM CaClz, 1 mM MgClz, 2.6 mM KCl, and 5 mM glucose, equilibrated with 95%
02, 5% CO; (pH 7.4)]. An 8 mm punch was obtained from the posterior pole of the eye and the retina,
with some adherent RPE was gently removed from the underlying choroid and sclera. An = 8mm
diameter piece of nitrocellulose (Schleicher & Schuell, Keene, NH) was then placed onto the choroid
and the filter paper, together with the choroid, was peeled away from the underlying sclera. The
choroid (scleral side up) and the underlying filter paper were sectioned into =200 um slices using a
Tissue Chopper (Narishige Scientific Instrument Lab., Tokyo, Japan). The slices, attached to filter
paper, were submerged in cold Ringer solution. The slices were then incubated in darkness in Ringer
solution containing the NO-sensitive dye 4,5-diaminofluorescein diacetate (DAF-2DA; 20 um) for 1
hour at room temperature, while continuously bubbling with room air. Following dye loading, the
slices were washed three times with fresh, aerated Ringer solution for 15 min/wash at room

temperature, followed by fixation in 4% paraformaldehyde overnight at 4°C. Following fixation, DAF-
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2DA-labelled choroid slices were washed in PBS (3 x 15 min) at room temperature, then incubated
for 10 s at RT with 0.0005% DAPI nuclear stain, followed by a final rinse in PBS. Choroid sections were
mounted onto the slides with Prolong Gold Antifade reagent containing DAPI (ThermoFisher
Scientific), and the DAF-2DA labeled sections were examined under an Olympus Fluoview 1000 laser-
scanning confocal microscope (Center Valley, PA).

Organ Culture. Following isolation of choroids (described above), choroids from 15 day old
chicks were transferred to sterile 48-well plates containing 300 pl culture medium [1:1 mixture of
Dulbecco's Modified Eagle's Medium and Ham's F12 containing streptomycin (0.1 mg/ml), penicillin
(100 units/ml) gentamicin (50 pug/ml)] in the presence of the NO donor, PAPA-NONOate (1.5 mM in
culture medium; Cayman Chemical, Ann Arbor, Ml), or culture medium alone in a humidified
incubator with 5% CO,, overnight at 37 °C. Following incubation, choroids were snap frozen and RNA
isolated for RNA-seq and TagMan real time PCR assays.

RNAseq. Choroids were isolated from the left and right eyes of 5 chicks as described above
and placed in 48-well plates containing 300 ul culture medium [1:1 mixture of Dulbecco's Modified
Eagle's Medium and Ham's F12 containing streptomycin (0.1 mg/ml), penicillin (100 units/ml) and
gentamicin (50 pg/ml)] in the presence of the NO donor, PAPA-NONOate (1.5 mM in culture
medium; Cayman Chemical, Ann Arbor, Ml), or culture medium alone in a humidified incubator with
5% CO», overnight at 37 °C. Following incubation, choroids were snap frozen in liquid nitrogen and
stored at -80°C. Total RNA was isolated using TRIzol reagent (ThermoFisher Scientific) followed by
DNase treatment (DNA-free, Applied Biosystems) as described previously [30]. RNA concentration
and purity were determined via the optical density ratio of 260/280 using a Nanodrop ND-1000

spectrophotometer and stored at —80 °C until use.
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Illumina RNAseq libraries: Stranded RNA-seq libraries were constructed using NEB Next

poly(A) mRNA isolation kit with the SWIFT RNA Library Kit and the established protocols. The library
construction was done using 100 ng of RNA. Each of the libraries was indexed during library
construction in order to multiplex for sequencing. Samples were normalized and the 10 libraries were
pooled onto a 150 paired end run on Illumina’s NovaSeq Platform. ~ 56,000,000 — 81,000,000 raw
read pairs were collected for each sample. Raw data were analyzed by applying a custom
computational pipeline consisting of the open-source gSNAP, Cufflinks, and R for
sequence alignment and ascertainment of differential gene expression [31]. Pairwise comparison of
the expression results were performed using the total mapping results for control vs treated samples
using a paired T-test to control for individual variance. Differential gene lists were created with > 2
fold expression cutoff and significant p-values of < 0.05 were submitted to pathway analysis using
Ingenuity Pathway Analysis (Qiagen, Germantown, MD) to identify pathways of interest that were
modified by treatment with PAPA-NONOate.

TagMan Quantitative PCR (RT-Quantitative PCR). Choroids were isolated from the left and
right eyes of 9 chicks as described above and placed in 48-well plates containing 300 ul culture
medium [1:1 mixture of Dulbecco's Modified Eagle's Medium and Ham's F12 containing
streptomycin (0.1 mg/ml), penicillin (100 units/ml) and gentamicin (50 pug/ml)] in the presence of
the NO donor, PAPA-NONOate (1.5 mM in culture medium; Cayman Chemical, Ann Arbor, Ml), or
culture medium alone in a humidified incubator with 5% CO,, overnight at 37 °C. Following
incubation, choroids were snap frozen in liquid nitrogen and stored at -80°C. Total RNA was isolated
using TRIzol reagent (ThermoFisher Scientific) followed by DNase treatment (DNA-free, Applied

Biosystems) as described previously [30]. RNA concentration and purity were determined via the


https://doi.org/10.1101/2023.06.16.545343
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.16.545343; this version posted June 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

optical density ratio of 260/280 using a Nanodrop ND-1000 spectrophotometer and stored at -80 °C
until use. cDNA was generated from DNase-treated RNA using a High Capacity RNA to cDNA kit. Real
time PCR was carried out using a Bio-Rad CFX 96. 20-ul reactions were set up containing 10 pl of
TagMan 2x Universal Master Mix (Applied Biosystems), 1 ul 20x 6-carboxyfluorescein (FAM)-labeled
Assay Mix (Applied Biosystems), and 9 ul of cDNA. Each sample was set up in duplicate with specific
primers and probed for chicken cell division cycle associated 3 (CDCA3, assay ID number
Gg07161292 g1), chicken endothelial cell specific molecule 1 (ESM1, assay ID number APMF4DV),
chicken heat shock protein family b (small) member 9 (HSPB9, assay ID number Gg03812884 s1),
chicken leucine rich single-pass membrane protein 1 (LSMEM1, assay ID number Gg07167399_m1),
chicken solute carrier family 7 member 14 (SLC7A14, assay ID number Gg07192083_m1), chicken
STEAP4 metalloreductase (STEAP4, assay ID number Gg07188578 m1) and the reference gene
chicken GAPDH (assay ID number Gg03346982_m1) (Thermofisher Scientific). The PCR cycle
parameters were an initial denaturing step at 95 °C for 10 min followed by 45 cycles of 95 °C for 15 s
and 60 °C for 1 min. Normalized gene expression was determined by the AAc(t) method [32] using
Bio-Rad CFX Manager™ version 3.1 and reported values represent the average of duplicate samples.

Statistics. Sample sizes were calculated using G*Power 3.1.9.2 using two tailed tests with an
a =0.05, and an effect size determined by group means and standard deviations previously published
by this lab and others [16, 27]. All experiments were repeated at least one time, and sample sizes
and results reported reflect the cumulative data for all trials of each experiment. All data was
subjected to the D’Agostino & Pearson test to test the normality of the data. Data that passed the
D’Agostino & Pearson test were subjected to parametric analyses. Parametric analyses between two

groups were made using paired or unpaired Student’s t-tests. Data that failed the D’Agostino &
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Pearson test, or had a sample size too small for the D’Agostino & Pearson normality test were
subjected to non-parametric analyses. Non-parametric tests between two groups were made using
the Wilcoxon signed rank test for matched pairs (GraphPad Prism 5, La Jolla, CA). Results were

considered significant with p-value < 0.05.

RESULTS

NO Imaging in the Choroid. The NO-sensitive dye DAF-2DA is known to be a very sensitive and
specific indicator for NO production in the retina [28,33]. We therefore used this dye to image NO-
containing cells in choroids of chick eyes under a visual condition (recovery from induced myopia)
previously shown to be dependent on NO [24]. In recovering choroids, numerous DAF-2DA positive
cells were visualized within choroid whole mounts (Figures 1C, 1D, 1H and 11). DAF-2DA positive cells
were variable in shape; some with long processes extending from one or both ends of the cell bodies.
These cells were concentrated on the proximal side of the choroid, near the RPE, and appeared to
be distributed throughout the choroidal stroma. Very few labelled cells were detected in
contralateral control choroids (Figure 1A, 1B, 1F and 1G). No green fluorescence was observed in
tissue that was not treated with DAF-2DA (Figures 1E and 1J). These results suggest increased
intracellular concentrations of NO in a subpopulation of choroidal cells during recovery from induced

myopia.
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Figure 1. Imaging of intracellular NO with DAF-2DA in chick choroid whole mounts from chick eyes following
3 hrs of recovery from induced myopia and from contralateral control eyes. DAF-2DA labelled cells (green)
are readily identified in recovering choroids, but are largely absent in contralateral control choroids. Nucleii
are labelled with DAPI. Bar =40 uM for all images.

NO induces significant changes in choroidal gene expression. Treatment of normal chick choroids
with the NO donor, PAPA-NONOate, resulted a total of 837 differentially expressed genes compared
with untreated choroids from the contralateral eyes (fold change > 1.09 and <-1.07 P < 0.05, paired
t-test). 259 genes were found to be upregulated and 578 genes were downregulated
(Supplementary Table S1). A heat map and volcano plot representing all differentially expressed

genes are shown in Figure 2.
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Figure 2. Differentially expressed
genes in chick choroids in
response to 1.5 mM PAPA-
NONOate. (A) Heat map showing
signal intensities of differentially
expressed genes in control (L2,
L3, L4, L5, and L8) and PAPA-
NONOate-treated (R2, R3, R4, R5,
and R8) choroids. (B) Volcano plot
of differentially expressed genes
in response to PAPA-NONOate
treatment (p < 0.05, paired t-
test). The x-axis represents the
fold change values, and the y-axis
represents the negative log of the
significance level (paired t-test).
The left and right dashed vertical
lines indicate positions for 2 fold
down regulated genes and 2 fold
up regulated genes, respectively.
Genes indicated with blue arrows
(down-regulated) and red arrows
(up-regulated) were confirmed
with reverse transcription qPCR.
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Table 1. 10 Most Overexpressed Genes in the RNA-seq transcriptome of chick choroids treated with 1.5 mM PAPA-NONOate

Accession number Ensembl ID FPKM control (L) + SEM FPKM treated (R)  SEM Fold Change Gene ID
XM040659395 ENSGALG00000009446 | 0.24432 + 0.071700814 5.96130 + 1.699807346 24.83 LSMEM1
XM040665708 ENSGALG00000008997 | 3.02881 + 0.71931704 24.73888 + 3.790289 8.17 STEAP4
XM425870 ENSGALG00000023818 | 101.19700 + 14.0261479 820.09240 + 166.6266 8.1 HSPB9
XM421406 ENSGALG00000011715 | 96.47044 + 10.3197415 597.89660 + 56.0171 6.2 HSPA2
XM424980 ENSGALG00000046192 | 3.11683 + 0.53857 18.0959 + 5.35255 5.8 CCL19
XM419084 ENSGALG00000013575 | 1.94991 + 0.46951024 9.36739 + 1.58115 4.81 IF16
XM428357 ENSGALG00000027707 | 1.58904 + 0.14123103 7.07570 + 0.019873 4.45 ESM1
XM424455 ENSGALG00000043734 | 4.49535 + 0.58149042 20.02234 + 1.858336 4.45 LIPG
XM003642832 ENSGALG00000023819 | 9.27436 + 2.72539 40.4566 + 6.04158 4.36 HSP30C (predict
XM421662 ENSGALG00000045085 | 33.2954 + 6.4383 143.388 + 32.3406 4.31 IFIT5

Table 2. 10 Most Underexpressed Genes in the RNA-seq transcriptome of chick choroids treated with 1.5 mM PAPA-NONOate

Accession number | Ensembl ID FPKM control (L) + SEM FPKM treated (R) + SEM | Fold Change | Gene ID
XM001232833 ENSGALG00000014513 | 13.56922 + 2.87044982 0.8922052 + 0.267956974 | -15.25 CDCA3
XM040655444 ENSGALG00000015691 | 21.53703 + 3.37073041 2.20113 + 14.25296 -9.79 SMC2
- ENSGALG00000050836 | 8.73492 + 2.3000145 1.11604 + 6.2052 -7.79 Novel gene
Uncharacterized
XM040706642 ENSGALG00000055004 | 18.35300 + 4.12570678 2.37274 + 13.43117 -7.74 (predicted)
XM040687237 ENSGALG00000048771 | 8.415996 + 1.035199107 1.0873174 + 0.252546471 | -7.72 SPAGS (predicte
XM040679569 ENSGALG00000009349 | 7.45987 + 1.17821557 1.00821 + 2.384324 -7.39 SLC7A14
XM040668831 ENSGALG00000016442 | 23.06680 + 3.3598115 3.20059 + 14.08091 -7.21 RRM?2
XM040689493 ENSGALG00000005961 | 25.57842 + 4.826339933 3.601136 + 0.440039301 -7.11 DGUOK
XM015288064 ENSGALG00000003085 | 28.17486 + 4.72625028 4.229584 + 0.840515731 -6.66 CDK1
NM001030731 ENSGALG00000008439 | 14.71402 + 1.520979489 2.289716 + 0.233476644 -6.42 CD36

14


https://doi.org/10.1101/2023.06.16.545343
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.16.545343; this version posted June 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

The top five upregulated genes were LSMEM1, STEAP4, HSPB9, HSPA2, and CCL19 (Table 1), whereas
the top five downregulated genes were CDCA3, SMC2, a novel gene (ENSALGALG00000050836), an

uncharacterized gene (LOC107054158), and SPAGS5 (Table 2).

Enriched canonical pathways detected using IPA. The complete list of significantly enriched
canonical pathways is included in Supplementary Table S2. A total of 78 enriched canonical pathways
were identified by applying the -log (P-value) >2 threshold, and the top 25 of the 78 representative

pathways ranked according to their -log (P-value) (Figure 3).
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Figure 3. Histogram of major canonical pathways. The left y-axis (“Count”) represents the
number of genes counted for each of the listed canonical pathways and the right y-axis
represents the -log (P-value). Pathways are sorted left to right by descending P-values. EIF2,
eukaryotic initiation factor 2; GADD45, growth arrest and DNA damage-inducible 45; mTOR,
mammalian target of rapamycin; PKR, protein kinase RNA-activated; NRF-2, nuclear factor
erythroid 2—related factor 2; TSP1, thrombospondin 1; ARP-WASP, actin-related proteins -
Wiskott—Aldrich syndrome protein.

15


https://doi.org/10.1101/2023.06.16.545343
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.16.545343; this version posted June 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

The “E1F2 Signaling” pathway was the highest-ranking signaling pathway with a -log(P-value) of
11.703. Other significantly enriched pathways included “Superpathway of Cholesterol Biosynthesis”
[-log(P-value) of 8.12], “Cholesterol Biosynthesis” [-log (P-value) of 5.955], and “Coronovirus

Pathogenesis Pathway” [-log (P-value) of 4.812].

Classification of diseases and functions mediated by NO. The role of NO in various diseases and in
cellular function was next determined based on the -log (P-values). A complete list of disease and
function classifications are provided in Supplementary Table S3. The top 28 categories with
their -log(P-value) and number of associated genes in our dataset (count) are shown in Figure 4A
sorted by z score (a numerical indicator of how closely the observed changes in gene expression
match the predicted up/down gene regulation patterns for each pathway, disease or function, based
on the literature). “Cell Death and Survival” had the highest z-score range (1.608 — 3.470) whereas
“Cell Movement” had the lowest z-score range of (-3.221 — 1.083). The major disease categories with
the highest -log (P-values) and their associated pathophysiological processes are shown in Figures
4B - D. A representative heatmap of the major diseases and functions with all underlying
pathophysiological processes is shown in Supplemental Figure S1. NO was found to alter choroidal
gene expression patterns similar to that of a number of diseases and cellular functions, including
“Organismal Injury and Abnormalities (Z-score range of -3.121 — 3.3) (Figure 4B), “Cell Death and
Survival” (Z-score range of -1.608 -3.47) (Figure 4C), and “Cell Movement” (Z-score range = -3.221 —

1.083) (Figure 4D). Additional cellular functions affected by NO included “Cellular Development”
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(Z-score range=-1.555 — 1.844), “Tissue Development” (Z-score range = -1.555 — 1.844) and “Cellular

Growth and Proliferation” (Z-score =-1555 — 1.611).
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Figure 4. Classification of diseases and functions mediated by nitric oxide (NO) in the choroid.
Categories are shown in term of the -log (P-value; right y-axis) and the number of differentially
expressed genes counted (left y-axis). (A) 28 representative classifications of diseases and
functions mediated by NO. (B) Classification of pathophysiological processes mediated by NO
related to organismal injury and abnormalities. (C) Classification of pathophysiological processes
mediated by NO related to cell death and survival. (D) Classification of possible functions of NO
in the choroid related to cell movement.

17


https://doi.org/10.1101/2023.06.16.545343
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.16.545343; this version posted June 16, 2023. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

Regulatory effects analysis. The regulatory effects analysis demonstrates the possible pathways of
upstream regulatory networks and downstream functions that involve the gene expression changes
induced by NO (Figure 5). In total, 60 types of regulatory effects were found (Supplementary Table
S4), ranked by their Consistency Scores. The Consistency Score is an indicator used to describe the
causal consistency of the upstream regulatory factor in the network, the dataset and dense
connection metric between disease and function [34]. Among them, the highest ranked regulatory
effect with a consistency score of 16.364 is shown in Figure 5. The Regulatory effects analysis strongly
suggests that NO induces or is predicted to induce gene expression changes in SQSTM1, CXCLS, ILK,

ST8SIA1, CASP3, NEDD4, GADD45A and SPDEF, that may be involved in the chemotaxis of myeloid
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Figure 5. Network diagram representing the highest ranked regulatory effect pathway of PAPA-
NONOate on choroidal gene expression based on the consistency score. Upregulated genes are
labeled in red or pink, while downregulated genes are labeled in green. The saturation of color
is correlated with the fold change of the gene (high saturation means high fold change and low
saturation means low fold change). Solid lines indicate direct connections, while dotted lines
indicate indirect connections (circular arrows indicate autocrine influence). Triangles represent
kinases, horizontal diamonds represent peptidases, dashed squares represent growth factors,
squares represent cytokines, vertical ovals represent transmembrane receptors, horizontal
ovals represent transcription regulators, vertical diamonds represent enzymes, rectangles
represent G-protein coupled receptors, and circles represent “other”. Treatment of choroids
with PAPA-NONOate is predicted to inhibit pathways involved in chemotaxis of myeloid cells
and phagocytes, migration of lung cancer cell lines, and cell movement of mononuclear

18


https://doi.org/10.1101/2023.06.16.545343
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.06.16.545343; this version posted June 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

cells, chemotaxis of phagoctyes, migration of lung cancer cell lines, cell movement of mononuclear
leukocytes, and cell movement of lymphatic system cells mainly through mediating their targets,
including CDKN1A, MMP7, VIM, TGFB1, IL1B, CD74, LGALS3, HMOX1, NFKBIA, MMP9, NQO1, ACKR3

and ITGA3, whose gene expression was shown to be altered by NO in our study (Figure 5).

Validation of target genes. Six genes expressed in the choroid that demonstrated the highest fold
changes (up and down regulated) (indicated in Figure 2B) were selected for gPCR validation. The
genes CDCA3 and SLC7A14 where shown to be significantly downregulated both by RNAseq and
Tagman™ real time PCR, while genes ESM1, HSPB9, LSMEM1, and STEAP4 were significantly

upregulated by treatment with PAPA-NONOate (Figure 6).
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Figure 6. Confirmation of RNA-Seq results by gRT-PCR analysis. A. mRNA expression of six target genes,
identified as significantly up- or down regulated by NO by RNA-seq, was validated using Tagman reverse
transcription -quantitative PCR. A) RNA seq results, expressed as fragments per kilobase of transcript per
million mapped reads [(FPKM); p< 0.05 for all genes, paired t-test]. B) Tagman RT-gPCR results, expressed
as the gene of interest, normalized to GAPDH (AAC(t)). *p < 0.05; Wilcoxan matched-pairs signed rank test,
**p < 0.01; Wilcoxan matched-pairs signed rank test, #p < 0.01; Student’s t-test for matched pairs.
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DISCUSSION

NO is now recognized as a major signaling molecule in eukaryotes that controls diverse
cellular processes, including immune responses, angiogenesis, metastasis, and apoptosis [35-38].
Under normoxic or hyperoxic conditions, nitric oxide is endogenously synthesized in various tissues
by the transformation of L-arginine to L-citrulline by three distinct isoforms of nitric oxide synthase
(NOS). The neuronal (nNOS) and endothelial (eNOS) isoforms are calcium-dependent isoforms that
yield low fluxes of NO in the pico-to nanomolar range for a short period of time varying from seconds
to minutes for regulating intercellular and extracellular signaling pathways [39]. Inducible nitric oxide
synthase (iNOS) is the calcium-independent isoform and is induced by cytokines, endotoxins, and
hypoxia under oxidative stress. iNOS produces significant concentrations (micromolar range) of NO
for a longer period of time ranging from hours to days [40, 41].

Several studies suggest that NO may be involved in the regulation of postnatal eye growth.
Topical or intravitreal administration of the NOS substrate, L-arginine, or the NO donor, SNP, inhibits
ocular elongation and myopia development [25, 42], while administration of the nonspecific NOS
inhibitors, L-NAME and NG-monomethyl-L-arginine acetate (L-NMMA) as well as the nNOS-specific
inhibitor, N(omega)-propyl-L-arginine (NPA), block the recovery from induced myopia [23, 24, 43].
Additionally, the NOS inhibitors, L-NIO, L-NMMA, and NPA have been shown to block the myopia-
inhibiting effects of muscarinic receptor antagonist, atropine, and the dopamine agonist, quinpirole,
suggesting that the effects these myopia-inhibiting compounds are mediated by NO [25, 44].
Therefore, it is of great interest to elucidate the role of NO in ocular growth control in order to gain

insight into the fundamental mechanisms underlying visually guided ocular growth.
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Many cell types in the eye are capable of synthesizing NO. On the ocular surface, NO is
synthesized by corneal epithelial cells, fibroblasts, endothelium and inflammatory cells [45, 46].
nNOS-like immunoreactivity can be found in all major cell types in the chick retina and in intrinsic
choroidal neurons [47-49]. Additionally, eNOS is associated with choroidal endothelium [50] and
iNOS has been shown to be synthesized by the RPE [51], and by choroidal macrophages [52]. Our
NO imaging using the intracellular NO indicator, DAF-2DA, indicates that a population of
extravascular choroidal cells, located in the proximal choroid, contain NO. It is unclear as to whether
these DAF-2DA - positive cells are the site of choroidal NO synthesis, or if they represent the targets
of NO via paracrine signaling from another cell type.

In the present study, the NO-donor, PAPA-NONOate was used to study the downstream
effects of NO on choroidal gene expression. PAPA NONOQOate spontaneously dissociates in a pH-
dependent, first-order process with a half-life of 15 minutes at 37°C, respectively, (pH 7.4) to liberate
2 moles of NO per mole of parent compound [53]. Treatment of choroids with PAPA-NONOate
resulted in the upregulation of 259 genes and downregulation of 578 genes. These NO-induced
changes in choroidal gene expression were analyzed using the Ingenuity Pathway Analysis™ (IPA)
application to uncover the signaling pathways, interactions and functional roles of differentially
expressed eyes associated with NO treatment. The results of the transcriptome analysis are
summarized in the form of a model showing the major functional pathways and the differentially
expressed genes that were either activated or inhibited in the choroid after PAPA-NONOate

treatment (Figure 7).
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Figure 7. Model summarizing the different regulatory pathways and their
respective differentially expressed genes in chick choroid following treatment
with PAPA-NONOate. Ingenuity analysis identified differentially expressed
genes (up-regulated; orange font, down-regulated; green font) involved in
important physiological activities such as; organismal survival, cell death and
survival, cellular movement, organismal injury and abnormalities, gene
expression and cardiovascular system development and function. Within each
of the above categories, several representative sub-categories were identified

(in orange and blue circles).
Canonical pathway analysis identified “E1F2 Signaling” as the highest-ranking signaling

pathway in the choroid affected by NO. NO has been shown to activate multiple serine-threonine
kinases that phosphorylate and activate the alpha subunit of eukaryotic initiation factor 2 (elF2a) to
coordinately regulate physiological and pathological events such as the innate immune response and
cell apoptosis [54]. NO-induced activation of elF2a phosphorylation has been shown to inhibit

protein synthesis and cause cell cycle arrest in nonerythroid cells as well as lead to ER-stress, protein
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degradation and apoptosis. Additionally, NO-induced activation of the elF2a kinase, EIF2AKS3,
regulates Ca* flux and therefore affects cardiac and skeletal muscle contraction.

The NO-induced changes in choroidal gene expression were similar to gene expression
changes associated with several diseases and cellular functions. “Organismal Injury and

” “"

Abnormalities”, “Cell Death and Surviva

III

, and “Cell Movement” were three categories with the
lowest p-values (most significantly affected), with NO generally causing activation of cell death,
apoptosis, and necrosis, and inhibition of cell movement, migration and inflammation. Based on
studies using cancer cell lines, low concentrations of NO donors promote cancer progression by the
activation of several mitogenic pathways, including extracellular signal-regulated kinase mTOR and
Whnt/Catenin pathways [55-57] whereas higher doses of NO donors (> 600 nM) negatively regulate
the proliferation of cancer cells by attenuating the expression of oncogenes and by the upregulation
of tumor suppressors (BRCA1/Chk1/p53) culminating in cell cycle arrest via the activation of cell cycle
checkpoints [58]. Based on the observed gene expression changes and the concentration of PAPA-
NONOate used in the present study (1.5 mM) we predict the concentration of NO in our choroidal
organ cultures was on the high end of the NO flux scale (although not directly measured in the
present study).

A total of 60 regulatory effects of NO on choroids were predicted using the IPA application.
The top regulatory network (based on its consistency score of 16.364) predicted inhibition of the

n u ”n u

pathways: “chemotaxis of myeloid cells”, “chemotaxis of phagocytes”, “migration of lung cancer cell

lines”, “cell movement of mononuclear leukocytes”, and “cell movement of lymphatic system cells”.

The choroidal gene expression changes in our dataset driving these networks included increased
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expression of the genes SQSTM1, CXCL8 (IL8), GADD45A, CDKN1A, HMOX1, NFKBIA and NQO1 and
decreased expression of MMP7, VIM, TGFB1, IL1B, CD74, LGALS3, MMP9, ACKR3, and ITGA3.

Six genes were selected for Tagman™ gPCR validation which were either highly upregulated
or highly downregulated. These genes have been shown to be involved in a variety of cell functions
including the regulation of cell cycle, cell proliferation, protein ubiquitination, amino acid transport
and copper ion transport. The genes, ESM1, HSPB9, LSMEM1, and STEAP4 were confirmed to be
significantly upregulated, while genes CDCA3 and SLC7A14 were significantly downregulated. Not
surprisingly, several of these genes have previously been shown to be involved in NO synthesis,
cytokine signaling and inflammation. Among these, the upregulated gene, endothelial cell-specific
molecule 1 (ESM1, endocan) encodes a secreted protein that has been shown to be expressed in
endothelial cells in the human lung and kidney tissues. The expression of this gene is regulated
by cytokines [59, 60], and is known to induce vascular inflammation [61, 62]. Additionally, ESM1 has
been shown to promote nitric oxide production through iNOS activation [63].

The gene, six transmembrane epithelial antigen of prostate (STEAP) 4, has been shown to be
upregulated by TNF-a and other inflammatory cytokines such as IL-6 and IL-1B [64]. The STEAP4
protein has been shown to maintain iron and copper homeostasis by reducing Fe3* to Fe?* and Cu?* to
Cu* and promoting their transmembrane transport [65]. Furthermore, some studies have shown
that STEAP4 plays a protective role against inflammatory damage in hepatocytes [66], mesangial
cells [67], and synovial cells [68].

The downregulated gene, solute carrier family 7, member 14 (SLC7A14) is a cationic amino
acid transporter. In some cells, SLC7A14 may regulate the rate of NO synthesis by controlling the

uptake of l-arginine as the substrate for NOS. Mutations in the SLC7A14 gene cause autosomal
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recessive retinitis pigmentosa (arRP) [69]. Slc7a14 has been shown to be highly expressed in
neuronal tissues, including the brain, spinal cord and retina, and that the expression levels increased
during early embryogenesis [70]. Interestingly, Knockdown of Sic7a14 led to dose-dependent
microphthalmia that was reversed by overexpression, suggesting a role in ocular growth [69].
Conclusions. We investigated choroidal gene expression changes in response to treatment
with the NO donor PAPA-NONOate, in order to gain insights into the role of NO in the choroidal
response associated with visually induced changes in eye growth. The findings reported herein
indicate that NO induced changes in choroidal gene expression that would be predicted to inhibit
pathways involved in cell proliferation, cell movement, and gene expression. In contrast, NO
treatment was predicted to activate pathways involved in cell and organismal death, necrosis, and
cardiovascular system development. Considering that NO signaling is a potential target for the
treatment of myopia and other ocular diseases, the results of this study may provide insights into

possible choroidal effects of therapies designed to increase ocular concentrations of NO.
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