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Age-related macular degeneration (AMD) is a major cause of blindness in developed countries, and the molecular
pathogenesis of early events in AMD is poorly understood. Senescence-accelerated OXYS rats develop AMD-like
retinopathy. The aim of this study was to explore the differences in retinal gene expression between OXYS and Wistar
(control) rats at age 20 d and to identify the pathways of retinal cell death involved in the OXYS retinopathy initiation
and progression. Retinal mRNA profiles of 20-day-old OXYS and Wistar rats were generated at the sequencing read
depth 40 min, in triplicate, using lllumina GAllx. A terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end labeling (TUNEL) assay was performed to measure the apoptosis level. GeneMANIA was used to
construct interaction networks for differentially expressed (DE) apoptosis-related genes at ages 20 d and 3 and
18 months. Functional analysis was suggestive of a developmental process, signal transduction, and cell differentiation
as the most enriched biological processes among 245 DE genes at age 20 d An increased level of apoptosis was
observed in OXYS rats at age 20 d but not at advanced stages. We identified functional clusters in the constructed
interaction networks and possible hub genes (Rasal, cFLAR, Birc3, Cdk1, Hspalb, Erbb3, and Ntf3). We also demonstrated
the significance of the extrinsic apoptotic pathway at preclinical, early, and advanced stages of retinopathy
development. Besides the cell death signaling pathways, immune system-related processes and lipid-metabolic
processes showed overrepresentation in the clusters of all networks. These characteristics of the expression profile of
the genes functionally associated with apoptosis may contribute to the pathogenesis of AMD-like retinopathy in

senescence-accelerated OXYS rats.

Introduction

Age-related macular degeneration (AMD) is the leading cause
of irreversible vision loss in the elderly in industrialized countries.
AMD is classified into 2 clinical forms by international consen-
sus: the wet type and the most prevalent dry atrophic type (90%
of cases)."” The dry AMD results from atrophy of the retinal pig-
ment epithelium (RPE) and the consequent death of photorecep-
tors. The etiology of AMD is multifactorial, involving besides
age a complex interplay of genetic, environmental, metabolic,
and functional factors.” Local inflammation and oxidative stress
appear to play fundamental roles in the pathogenesis of AMD.
However, the molecular pathological changes and the genetic
pathways underlying the initiation and progression of AMD
have not yet been sufficiently studied.

The least information is available on the early stages of the dis-
ease: the mechanisms that turn normal age-related alterations
into pathological processes. This is especially true for the
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regulated cell death, which is a physiological process that controls
an organism’s homeostasis. Activation of programmed cell death
is one of the basic mechanisms of cell loss in the course of patho-
logical changes in diseased organs and tissues. This phenomenon
contributes to the development of structural and functional dis-
turbances. Dysregulation of cell death can cause tissue damage
and initiate the development of a number of human diseases.*
Functional studies in animal and cellular models have greatly
expanded the understanding of the function of apoptosis in eye
development and homeostasis,” but the molecular genetic back-
ground and the mode of death of photoreceptors in AMD are
still unclear.® Cell death in the retina is controlled by complex
mechanisms, which are poorly understood at present; this state of
affairs hinders the development of effective treatments of AMD.
High-throughput genomic studies integrated transcriptomic
next-generation sequencing with bioinformatic analysis of molec-
ular pathways. Today, this approach seems to be productive at
elucidation of disease development.” In recent years, the data on
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the retinal transcriptome have accumulated substantially,® but
the information on its changes with age and at various stages of
AMD is scarce. Most of the transcriptomic studies in humans are
focused only on late stages of the disease, neglecting the changes
at the early stage and the molecular prerequisites of development
of the disease.”"" Preclinical stages of AMD cannot be studied in
humans, therefore, adequate animal models are needed.

There is evidence that senescence-accelerated OXYS rats are a
suitable experimental model of AMD.'"""® OXYS rats develop
retinopathy similar to the dry form of human AMD according to
the clinical signs, morphological features, and some molecular
changes. In these rats, the clinical signs of retinopathy appear by
the age of 3 months during a reduction in the transverse area of
the RPE and impairment of choroidal microcirculation.'® Signif-
icant pathological changes in the RPE as well as clinical signs of
advanced stages of retinopathy are evident in OXYS rats older
than 12 months and manifest themselves as excessive accumula-
tion of lipofuscin and amyloid in the RPE regions and whirling
extensions of the basement membrane into the cytoplasm. Just as
the dry form of human AMD, the initial alterations in the RPE
cells later lead to atrophy of the choriocapillaris and the complete
loss of photoreceptor cells in the OXYS rats’ retinas by the age of
24 months."”>"*!> Previously, by means of RNA sequencing
(RNA-Seq), we determined that the retinopathy in OXYS rats at
the first stage (age 3 months) and second stage (age 18 months)
develops simultaneously with changes in mRNA levels of hun-
dreds of genes. Most of them are linked to immune responses,
inflammation, the response to oxidative stress, Ca*" homeostasis,
and apoptosis.'® The main aim of this study was to identify the
pathways of retinal cell death involved in the retinopathy initia-
tion and progression. Further research on the gene expression
changes involved in the regulation of apoptosis and identification
of novel modes of cell death at different stages of the develop-
ment of retinopathy in OXYS rats (particularly at the early pre-
clinical stage) are expected to advance the understanding of the
relevant pathogenesis. Therefore, in this work, we compared
gene expression profiles in the retina of 20-day-old OXYS rats
and control Wistar rats using RNA-Seq. Additionally, the inter-
action networks were constructed among differentially expressed
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(DE) genes involved in cell death in the retina at the preclinical
stage of retinopathy and during active manifestation and progres-
sion of this pathology. We believe that the findings of our study
may shed some light on the roles of apoptosis-related genes in

the development of AMD-like retinopathy.

Results

Evaluation of apoptosis in the retina of OXYS
and Wistar rats

The TUNEL assay was used for detection of apoptotic cells.
Fluorescent images of TUNEL-positive cells in the retina are pre-
sented in Figure 1. At the age of 20 days, in the retina of both
OXYS and Wistar rats, TUNEL-positive cells were detected in
ganglionar, inner nuclear, and outer nuclear layers (Fig. 1A). At
this age, the number of TUNEL-positive cells in OXYS rats was
1.5-fold greater (p < 0.05) than that in Wistar rats. By the age of
three months, the number of TUNEL-positive cells in the retina
of both OXYS and Wistar rats significantly decreased to r solitary
cases and remained at the same level in the retina of 18-month-
old animals, without any interstrain differences (Fig. 1B).

Gene expression profiles in the retina of OXYS and Wistar

We used RNA-Seq to compare gene expression profiles of reti-
nas of 20-day-old senescence-accelerated OXYS rats and age-
matched control Wistar rats. Of 26,405 genes in the reference
genome rno5, our reads were uniquely mapped to 14,640 genes,
with at least 10 counts on average (Additional file 1). Differential
expression of genes was evaluated using the DESeq software.'”
We obtained a list of 245 DE genes (at p,g; <0.05). Of them,
160 were downregulated, and 85 were upregulated. When using
the cutoff factor >2.0-fold, we obtained 82 genes total, all down-
regulated (Table 1). The most significantly downregulated genes
in the OXYS retina were Tmem221, which is an integral compo-
nent of the plasma membrane (transmembrane protein 221, fold
change —87) and Gita6 (similar to glutathione S-transferase Al,
fold change —75), which regulates conjugation of reduced gluta-
thione to a wide variety of exogenous and endogenous hydropho-
bic electrophilic molecules. We found
significantly decreased expression of the
genes encoding subunits of the mito-
chondrial respiratory chain: m#-ND4,
mt-ND5, mt-ND4L (complex I, NADH/
ubiquinone  oxidoreductase),  Azp5fI
(complex V, ATP synthase), and other
mitochondrial proteins in the OXYS ret-
 F ina at the age of 20 d.

1 Wistar
[ OXYS

Figure 1. Apoptotic activity was analyzed by the terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL) assay. (A) Positive TUNEL straining (green) was
observed under a fluorescence microscope. (B) Quantitative analysis. The number of apoptotic cells
was calculated by averaging the number of positive TUNEL signals. *Significant interstrain differen-
ces, p < 0.05; *significant differences with the preceding age, p < 0.05. Bar 50 mkm.
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TEmontn To identify biological functions asso-
ciated (more than by chance) with the
DE genes, we carried out gene annota-
tion enrichment analysis in DAVID. The
Gene Ontology (GOTERM_BP_ALL)
terms of enriched biological processes are
shown in Figure 2. DAVID revealed sig-

nificant enrichment in Gene Ontology
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Table 1. Differentially expressed genes (DEGs) with a fold change (FC) cutoff > 2.0 and adjusted p values < 0.05

Gene title term Gene ontology term Gene Symbol FC P.qj
transmembrane protein 221 integral component of membrane Tmem221 —87.46 6.78E-52
ENSRNOG00000045967 unknown unknown —75.01 6.71E-14
similar to Glutathione S-transferase A1 Glutathione transferase activity GSTA6 —74.77 0.00104
ENSRNOG00000045691 unknown unknown —47.64 5.89E-05
ENSRNOG00000017412 unknown unknown —4243 0.0058
ribosomal protein L28-like structural constituent of ribosome RGD1565183 —16.22 0.013
ENSRNOG00000030351 unknown unknown —14.96 2.5E-10
ENSRNOG00000033517 unknown unknown —13.24 0.021
ENSRNOG00000030548 Unknown unknown —10.41 5.59E-12
nitric oxide synthase 2, inducible arginine binding NOS2 —8.83 0.0067
RT1 class |, locus CE4 peptide antigen binding RT1-CE4 —8.73 0.0099
ENSRNOG00000031667 unknown unknown —8.57 0.021
Osteopontin extracellular matrix binding Spp1 —8.57 4.38E-13
NLR family, apoptosis inhibitory protein 2 cysteine-type endopeptidase inhibitor Naip2 —7.33 0.033
activity involved in apoptotic process
ENSRNOG00000029389 unknown unknown —6.89 0.0011
SNRPN upstream reading frame protein-like ubiquitin-protein transferase activity Snurf —6.86 1.48E-11
neuropeptide VF precursor receptor binding Npvf —6.6 0.0089
ENSRNOG00000031454 unknown unknown —6.56 0.02
family with sequence similarity 3, member B unknown Fam3b —6.31 0.035
ENSRNOG00000032578 unknown unknown —6.24 0.026
patatin-like phospholipase domain containing 1 lipid metabolic process Pnplatl —5.75 0.0028
coiled-coil domain containing 152 unknown Ccdc152 —5.42 0.021
Family with sequence similarity 70, member B unknown Tmem255b —5.28 0.01
thrombospondin 4 calcium ion binding Thbs4 —5.11 0.034
lumican extracellular space Lum —4.74 0.01
Cerebroside sulfotransferase galactosylceramide sulfotransferase activity Gal3st1 —4.67 0.022
phosphodiesterase 4D, cAMP-specific 3/,5'-cyclic-AMP phosphodiesterase activity Pde4d —4.61 0.00055
matrilin 3 proteinaceous extracellular matrix Matn3 —4.48 0.01
carbonic anhydrase 9 carbonate dehydratase activity Car9 —4.14 0.011
ENSRNOG00000033957 unknown unknown —3.93 0.003
ENSRNOG00000017661 unknown unknown —3.86 0.003
fibrinogen-like 2 peptidase activity Fgl2 —3.83 4.23E-05
Tp53rk binding protein tRNA processing TPRKB —3.7 0.00098
STEAP family member 4 cupric reductase activity Steap4 —3.57 4.43E-05
ENSRNOG00000029070 unknown unknown —3.57 0.018
ligase IV, DNA, ATP-dependen DNA ligase (ATP) activity Lig4 —3.46 7.49E-19
gremlin 1, DAN family BMP antagonist transmembrane receptor protein tyrosine GREM1 —3.44 0.0015
kinase activator activity
myosin Vb ATP binding Myo7b —3.331 0.012
family with sequence similarity 129, member A negative regulation of protein Fam129a —3.26 0.036
phosphorylation
wingless-type MMTV integration site family, frizzled binding Wnt16 —3.05 0.031
member 16
interferon induced transmembrane protein 1 integral component of membrane Ifitm1 —2.88 0.0033
retinol saturase (all trans retinol 13,14 reductase) all-trans-retinol 13,14-reductase activity Retsat —2.87 1.81E-11
EGF-like module containing, mucin-like, calcium ion binding Emri —2.86 0.00076
hormone receptor-like 1
cellular retinoic acid binding protein 1 retinal binding Crabp1 —2.85 5.2E-18
ENSRNOG00000039025 unknown unknown —2.84 0.012
coiled-coil domain containing 146 unknown Ccdc146 —2.8 9.9E-05
BAl1-associated protein 2-like 1 proline-rich region binding Baiap2I1 —-271 8.3E-06
sodium channel, voltage-gated, type VI, « sodium channel activity Scn7a —2.64 0.031
zinc finger protein 182-like metal ion binding Zfp943 —2.62 7.96E-05
family with sequence similarity 65, member C unknown Famé65c —2.59 3.2E-11
ENSRNOG00000032997 unknown unknown —2.56 0.046
ENSRNOG00000039790 unknown unknown —2.56 0.00045
YMET1-like 1 (S. cerevisiae) ATP binding Ymelll —2.54 5.51E-10
solute carrier family 7 (anionic amino acid amino acid transmembrane transporter Slc7all —2.53 0.0013

transporter light chain, xc- system), member
1
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Table 1. Differentially expressed genes (DEGs) with a fold change (FC) cutoff > 2.0 and adjusted p values < 0.05 (Continued)

Gene title term Gene ontology term Gene Symbol FC P.aj
Slc24a5 solute carrier family 24, member 5 calcium, potassium:sodium antiporter Slc24a5 —2.53 0.0049
activity
Cd48 molecule antigen binding Cd48 —2.51 0.037
cubilin (intrinsic factor-cobalamin receptor) calcium ion binding Cubn —2.49 0.0018
coiled-coil domain containing 80 heparin binding Ccdc80 —248 0.032
mitochondrially encoded NADH 4L NADH dehydrogenase (ubiquinone) MT-ND4L —2.46 7.58E-07
activity
phospholipase A2, group IIC extracellular region Pla2g2c —237 0.023
advillin actin binding Avil —235 5.62E-05
CGRP receptor component DNA-directed RNA polymerase activity Crep —2.35 9.8E-14
asparaginase like 1 asparaginase activity Asrgl1 —234 5.6E-06
testis expressed 15 fertilization Tex15 —233 4.23E-05
zinc finger protein 420-like metal ion binding Zfp677 —2.27 0.0012
bone morphogenetic protein 6 BMP receptor binding Bmpé6 —2.25 0.0032
disabled 2, mitogen-responsive phosphoprotein phosphatidylinositol 3-kinase binding Dab2 —2.25 0.0098
calcitonin receptor-like adrenomedullin receptor activity Calcrl —2.23 0.035
HAUS augmin-like complex, subunit 1 cell division Haus1 —2.22 1.67E-07
lysyl oxidase carbohydrate binding Lox —2.21 0.0033
sterile & motif domain containing 9-like common myeloid progenitor cell Samd9l —22 0.0065
proliferation
hypothetical LOC300751 unknown RGD1311874 —2.15 0.033
zinc finger protein 873 metal ion binding Zfp873 —-2.16 0.013
myosin IC actin-dependent ATPase activity Myolc —-2.11 4.88E-08
inositol (myo)-1(or 4)-monophosphatase 2 inositol monophosphate 1-phosphatase Impa2 —-2.10 0.0012
activity
cadherin 19, type 2 calcium ion binding Cdh19 —2.09 0.007
ENSRNOG00000048784 unknown unknown —2.08 1.42E-06
regulator of telomere elongation helicase 1 ATP-dependent DNA helicase activit Rtel1 —2.07 2.19E-10
diacylglycerol kinase, gamma ATP binding Dgkg —2.06 0.035
similar to Centromeric protein E (CENP-E protein) unknown Ccdc175 —2.05 0.00989
DNA primase, p49 subunit DNA primase activity Prim1 —2.02 1.12E-06
phosphoribosyl pyrophosphate synthetase 2 ADP binding Prps2 —2.00 0.013

regulation of double-strand break repair via homologous recombination
collagen fibril organization

DNA ligation during DNA repair

synthesis coupled electron transport
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Figure 2. Statistically significant (p < 0.05) Gene Ontology terms that are related to the genes whose
expression is changed in the retina of OXYS rats in comparison with Wistar rats at age 20 d.
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terms relevant to developmental pro-
cesses, signal transduction, regulation
of  phosphorylation,

receptor protein signalin athways,
g g Y

enzyme-linked

extracellular matrix organization, the
response to a hormone stimulus, and
oxidative  phosphorylation. The
enriched Gene Ontology  terms
(GOTERM_FAT) and results of func-
tional annotation clustering are shown
in the corresponding lists of Additional
file 2.

We compared the data on transcrip-
tomic analysis of the retina in 20-day-
old animals with the results on 3- and
18-month-old OXYS and Wistar rats
described earlier.!® Retinal expression
of 64 genes was significantly different
between OXYS and Wistar rats at both
20 d and 3 months of age. These genes
participate in the processes regulating
DNA repair (Lig4, Mdcl, RTELI, and
Hmglll) and metabolic processes
related to DNA (Priml, Lig4, Mdcl,
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and RTELI), cell cycle (Cks2, Kif2¢, Mdcl, Hausl, and Mapkl2),
and metabolic processes (n = 24) and catabolic processes associ-
ated with lipids (Acadsb, Pla2g2c, and Lipa). Comparison of 20-
day-old and 18-month-old animals revealed 57 common DE
genes involved in metabolism (n = 19) and cellular processes (n
= 23), in particular in DNA repair (Lig4, Rtell, and HmgllI)
and regulation of the response to a hormonal stimulus (Rze/1,
1l13ral, Hmglll, and RTI1-Al). The common gene ontologies,
uniting the DE genes, were observed in 20-day-old and 3-
month-old rats (a response to hormonal stimuli) and in 20-day-
old and 18-month-old rats (organization of the extracellular
matrix). Earlier to validate the RNA-Seq data, we performed
quantitative RT-PCR for selected genes.'® Independent age-
matched groups of animals were used for qPCR validation. RT-
PCR confirmed that the chosen genes were significantly down/
upregulated in the OXYS strain. Therefore, our RNA-Seq results
must be reliable.'®

In this study, in addition to gene expression profiles of 20-
day-old animals, we used previously obtained RNA-Seq data on
differences in gene expression between OXYS and Wistar retinas
at ages of 3 and 18 months. According to DAVID, at the age of
20 days, 32 DE genes were found to be associated with apopto-
sis; of these, 26 were downregulated, and 6 were upregulated. At
the age of 3 months, there were 48 DE genes associated with
apoptosis. Of them, 42 were downregulated, and 6 were upregu-
lated in OXYS rats. At the age of 18 months, of the 41 DE genes
associated with apoptosis, mRNA expression of 4 genes was
increased in OXYS rats and decreased for the other 37 genes, in
comparison with Wistar rats. Figure 3 shows the Venn diagram
visualizing the overlaps among the lists of DE genes associated

20 days 3 month

18 month

Figure 3. This Venn diagram shows overlapping sets of genes at the 3
ages.
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with apoptosis in the 3 age groups. Interstrain differences in the
expression level of the gene Lig4 were found at all 3 ages, and for
the gene Aven between ages 20 d and 3 months. In addition, 9
common genes were found for ages 3 and 18 months (Bc/2/10,
Cd24, Casp8, Casp7, LOC298795, C6, Cdkl, Alox12, and
Myd88) and 4 common genes for ages 20 d and 18 months
(Erbb3, Tgfa, Ctnnal, and Lig4).

Construction of the interaction network and identification
of hub genes

We used GeneMANIA to construct the interaction networks
for the analysis of transcriptomic changes associated with func-
tional categories of cell death during the retinopathy develop-
ment. Figure 4 shows the resulting networks for ages 20 d,
3 months, and 18 months. It is evident that most of the genes
are directly or indirectly related to one another.

To describe the network architecture, we performed a topo-
logical analysis using the Network analyzer plugin of Cytoscape.
The interaction networks were represented by 52 nodes and 13
multiedge node pairs for 20-day-old rats, 60 nodes and 23 multi-
edge node pairs for 3-month-old rats, and 58 nodes and 30 mul-
tiedge node pairs for 18-month-olds. The network diameter and
the mean path length were found to be 4 and 1.9 units in 20-
day-old rats, 5 and 2.5 units in 3-month-old rats, and 6 and 2.6
units in 18-mounth-old rats. These results were indicative of the
“small-world” topology at all ages.

The node degree is the simplest and most important parame-
ter: the higher the node degree, the greater the likelihood that the
node is central or most important. We identified genes with the
node degree >10 and analyzed other topological parameters for
these genes such as the average length of the shortest path, close-
ness centrality, betweenness centrality, and the cluster coefficient
(Table 2). The nodes that had a shorter average shortest path
length, a greater clustering coefficient, greater closeness centrality,
lower betweenness centrality, and higher node degrees were iden-
tified as highly connected nodes (hub genes). Therefore, at the
age of 20 days, 8 hub genes were identified, of which only Rasal
was a DE gene, and the remaining hubs were proposed by Gene-
MANTIA. At the age of 3 months, 8 hub genes were identified, of
which 7 were DE genes (Caspl, Caspl2, Casp4, Cflar, Birc3,
Casp7, and Nfkbia). At the age of 18 months among the 5 hub
genes, 4 genes were DE between the 2 strains of rats (Cdkl,
Hspalb, Erbb3, and Nif3).

The GeneMANIA results on enrichment with Gene Ontology
terms for the network’s members are presented in Table 3. It is
noteworthy that among the most enriched Gene Ontology terms
were the extrinsic apoptotic signaling pathway (p < 3.53E-11)
in the gene set of 20-day-old rats, a positive regulation of neuron
apoptotic process (p < 1.82E-5) and a necroptotic process (p <
1.87E-5) in the gene set of 3-month-old rats, and a neuron apo-
ptotic process (p < 6.2E-13) in the gene set of 18-month-olds.

Cluster analysis: At the next step, in each network, we per-
formed cluster analysis using the ClusterMarket plugin commu-
nity cluster (GLay). The nodes nearest to one another in the
network were combined into a single cluster. Each node could
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Figure 4. lllustration of the association networks of apoptosis in 20-day-old (A), 3-month-old (B), and 18-month-old rats (C). In each of these networks,
black circles denote differentially expressed genes (DEG), whereas the GeneMANIA-predicted genes are shown in gray.

belong to only one cluster. Figure 5 shows the resulting network
clusters for the ages 20 days, 3 months, and 18 months.

In the gene network of 20-day-old rats, 3 clusters were identi-
fied. The cluster analyses show that the second and third clusters
of genes participates in the regulation of apoptotic processes, but
the first clusters of genes involved in the regulation of signaling
of many factors (Table 4). In the gene network of 3-month-old
rats, GLay identified 6 clusters, among which the largest number
of genes that regulate apoptosis belonged to the first 2 clusters
(Table 4).The third cluster included genes that regulate the
metabolism of lipids and lipoproteins. The fourth cluster con-
tained genes encoding proteins with CCCH-type zinc finger
domains. This family of proteins regulates Toll-like receptor sig-
naling and activation of macrophages participating in inflamma-
tory diseases and host immunity.'"® The fourth cluster also
included the 77f gene, an important inflammatory agent, and
Diva (Bcl2110), a member of the Bcl2 family of proteins playing
an important role in the survival of cells via suppression of the
mitochondrial pathway of apoptosis."”

The fifth cluster consisted of the genes Myd88, Dap3, and
Rela. Dap3 (death-associated protein 3) encodes a nucleotide-
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binding protein, which is a positive mediator of apoptosis. The
protein product of Myd88 regulates Toll-like receptor signaling
and determines the cell death pathway (apoptosis or necrosis)
after UV irradiation.*

Analysis of the gene network in 18-month-old animals
revealed the existence of 6 clusters: 2 large ones and 4 smaller
ones. Only the first and the second clusters included genes
involved in apoptotic processes (Table 4). Thus, the cluster anal-
ysis revealed a subsystem with distinct biological properties that
is involved in the regulation of apoptosis.

Discussion

Aging-associated changes occurring at the molecular level con-
tribute to cellular dysfunction and disease. It is important to
determine the factors that affect normal aging in order to distin-
guish normal aging from aging affected by factors that are
involved in a disease process, in our case, in AMD-like retinopa-
thy in OXYS rats. It is also necessary to determine the molecular
background of the disease at preclinical stages, which cannot be
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Table 2. Topological parameters of the nodes of association networks related to apoptosis in rats at ages 20 d and 3 and 18 months. The optimal parame-

ters are in boldface

Gene name Degree Average Shortest Path Length Betweenness Centrality Closeness Centrality Clustering Coefficient
20 days
Cdkn1b 15 1.68 0.064 0.59 0.27
Rasal 14 1.74 0.0095 0.58 0.64
Kitlg 14 174 0.031 0.58 0.56
Ets1 14 1.71 0.08 0.59 0.41
Tgfbr1 13 1.71 0.024 0.59 0.63
Rock1 13 1.74 0.019 0.58 0.5
Ednrb 12 1.71 0.037 0.59 0.47
Erbb3 12 1.84 0.012 0.54 0.56
Nup153 1 1.87 0.034 0.54 0.51
Ngf 10 1.97 0.031 0.51 0.14
Tgfa 10 1.76 0.04 0.57 0.27
Pten 10 1.82 0.013 0.55 0.53
3 months
Casp1 22 1.92 0.077 0.52 0.52
Casp12 22 1.92 0.084 0.52 0.58
Casp8 21 2.02 0.094 0.49 0.49
Casp4 16 217 0.009 0.46 0.73
CFLAR 16 217 0.015 0.46 0.79
Birc3 15 1.96 0.091 0.51 0.44
Casp7 13 227 0.0 0.44 1.0
Nfkbia 13 1.88 0.189 0.53 0.2
Zc3h12a 13 2.04 0.142 0.49 0.32
Casp14 1 227 0.0 0.44 1.0
Alox15 10 242 0.127 041 0.39
Ripk3 10 2.10 0.057 0.48 0.33
Sgk1 10 217 0.030 0.46 0.31
18 months

Cdk1 21 1.94 0.20 0.51 0.09
Ngfr 17 2.11 0.08 0.47 0.26
Hspalb 17 1.93 0.13 0.52 0.19
Erbb3 13 2.04 0.07 0.49 0.24
Adrb2 13 213 0.08 047 0.18
Ngf 12 2217 0.03 0.45 0.29
Ntf3 12 2.26 0.03 0.44 0.38
Mal 12 211 0.05 047 0.24
Erbb2 12 2.02 0.08 0.50 0.25
Actn4 1 217 0.07 0.46 0.27
Casp8 10 243 0.01 041 0.33

studied in humans. Our study includes a comparative RNA-Seq
analysis of the retinal transcriptome between OXYS and Wistar
rats at the age of 20 days, which is the period of completion of
postnatal development of the organ of vision.

Although previous ophthalmological examination of OXYS
rats showed no signs of retinal deterioration in 20-day-old ani-
mals,?" here we show that already by the age of 20 days, OXYS
rats have substantial changes in the expression of 245 genes. The
overwhelming majority of these genes was downregulated in
OXYS rats in comparison with age-matched Wistar rats. OXYS
rats may have an aberrant transcriptional response to a develop-
mental process because all DE genes with the cutoff >2.0-fold
were downregulated. This trend was also obvious at ages three
and 18 months. We observed a lot of transcriptional alterations
in genes associated with developmental processes and cell differ-
entiation. Retinal development is a complex process involving
glial and neuronal differentiation, establishment of specific neu-
ronal pathways, formation of functional synapses and of vascular

3550

Cell Cycle

plexuses, and, eventually, the onset of vision.”* Thus, the identi-
fied early changes in gene expression in OXYS rats before the first
clinical signs of retinopathy can be the foundation for the devel-
opment and progression of retinopathy at a later age.

The main aim of this study was to identify the pathways of
retinal cell death involved in the retinopathy progression. We
found only stand-alone cases of TUNEL-positive cells in OXYS
retinas at ages 3 and 18 months. This phenomenon can be
explained as follows. Cell death may occur as an irregular process
with undetectable peaks within a short period or simultaneously
with chronic hypoxia caused by partial occlusion of blood vessels.
Thus, there could have been a slow gradual cell loss. Another pos-
sible reason is that cell elimination is not accompanied by DNA
fragmentation and therefore is not detected by the TUNEL assay.

Here we described the features of an apoptotic gene expression
profile in OXYS rats at different stages of retinopathy develop-
ment. There are several notable findings. First, most of the DE
genes involved in cell death pathways showed a reduced level of
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Table 3. Cell death gene ontology (GO) terms for differentially expressed genes (DEGs) and additional related genes according to GeneMANIA analysis for

each category (20 days, 3 months, and 18 months)

GO annotation Genes/Total number of genes p value
20 days
GO0:0097191 extrinsic apoptotic signaling pathway 13/200 3.53e-11
G0:0051402 neuron apoptotic process 12/218 1.77e-9
G0:0097192 extrinsic apoptotic signaling pathway in absence of ligand 7/73 1.43e-6
G0:0043154 negative regulation of cysteine-type endopeptidase activity 6/75 3.27e-5
involved in apoptotic process
GO0:2001234 negative regulation of apoptotic signaling pathway 7/151 6.94e-5
GO0:0008625 extrinsic apoptotic signaling pathway via death domain receptors 5/56 1.7e-4
G0:2001235 positive regulation of apoptotic signaling pathway 5/123 2.93e-3
G0:0008637 apoptotic mitochondrial changes 4/90 1.14e-2
G0:0090199 regulation of release of cytochrome c from mitochondria 3/37 1.45e-2
3 months
G0:0043525 positive regulation of neuron apoptotic process 6/52 1.82e-5
G0:0070266 necroptotic process 5/26 2.13e-5
G0:0097193 intrinsic apoptotic signaling pathway 8/215 1.26e-4
G0:0097191 extrinsic apoptotic signaling pathway 8/200 8.73e-5
G0:0097194 execution phase of apoptosis 4/60 7.24e-3
G0:0097300 programmed necrotic cell death 5/32 4.3e-5
G0:0008637 apoptotic mitochondrial changes 4/90 2.4e-2
G0:0008625 extrinsic apoptotic signaling pathway via death domain receptors 4/56 5.89%e-3
GO0:1901214 regulation of neuron death 7/217 1.19e-3
G0:0043280 positive regulation of cysteine-type endopeptidase activity involved 9/179 1.02e-5
in apoptotic process
18 months
G0:0051402 neuron apoptotic process 15/218 6.2e-13
G0:0070997 neuron death 15/253 1.45e-12
GO0:0097191 extrinsic apoptotic signaling pathway 10/200 3.06e-7
G0:0097194 execution phase of apoptosis 3/60 3.64e-2
G0:0008637 apoptotic mitochondrial changes 4/90 1.09e-2
G0:0043281 regulation of cysteine-type endopeptidase activity involved in 5/179 1.25e-2
apoptotic process
G0:0070265 necrotic cell death 3/39 1.44e-2
G0:0072332 intrinsic apoptotic signaling pathway by p53 class mediator 3/60 3.64e-2

mRNA in OXYS rats compared with age-matched Wistar rats
regardless of age. Second, comparison of the RNA-Seq data from
rats of the ages 20 d and 3 and 18 demonstrated that each stage
was characterized by a different set of DE genes associated with
cell death. In spite of the different sets of DE genes, we found
that most of the DE genes that are linked to apoptosis in the
OXYS retina at all ages are involved in the extrinsic apoptosis
pathway and neuronal death. Furthermore, the enrichment with
the Gene Ontology term extrinsic apoprotic signaling pathway
points to the essential role of inflammatory processes in the initi-
ation of cell death.

Cell death during healthy retinal development is necessary for
formation of a functional vision organ. Apoptosis is the main
mechanism of cellular homeostasis during the development of
the retina: this process ensures the selection and elimination of
extraneous neurons, reduces their number down to the physio-
logical norm, promotes adequate neurogenesis, and ensures for-
mation of well-defined neurons and selection of appropriate

2324 - . . .
324 Disturbances in the signaling

interneuronal connections.
pathway of cell death at the early stages of development contrib-
ute to the onset of various diseases related to loss of vision (such
as retinal dystrophy and retinopathy of prematurity).*” It is possi-

ble that the changes in the regulation of retinal apoptosis—that
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we uncovered here during the period of completion of retinal
development in the early ontogenesis—contribute to the devel-
opment of AMD-like retinopathy in OXYS rats by the age of
3 months. The same is probably true for suppression of mRNA
expression of some genes involved in the processes of regulation
of programmed cell death in OXYS rats.

It should be note, that our data show similar tendency to
research of processes of wound healing — a marker for longevity
or aging phenotype in the adult animals.® For example, in old
aMUPA mice the apoptosis are regulated after full wound clo-
sure and none is differentially expressed in the intact skin,
whereas the WT mice exhibited significant age-related differences
in gene expression of apoptosis both in intact animals and in the
course of skin wound healing.>”

Construction of association networks should help to identify
crucial components of the pathophysiology. During construction
of such networks by means of topological analysis, we detected
central or most important nodes: the genes that probably play
essential roles in the relevant biological systems.

It should be noted that the common gene among the 3 ages
was Lig4, which is DNA ligase 4 participating in the repair of
DNA double-strand breaks via nonhomologous end-joining
(NHE]).*® Expression of Lig4 mRNA is lowered at ages 20 d
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Figure 5. Clusters in the schemes of gene networks for 20-day-old (A), 3-month-old (B), and 18-month-old rats (C). In each of these networks, black
circles denote differentially expressed genes (DEG), whereas the GeneMANIA-predicted genes are shown in gray. The hub genes are yellow

and 3 and 18 months in OXYS rats. It is known that changes in
Lig4 expression lead to aberrant repair of DNA via NHE]. If
unrepaired double-strand breaks trigger apoptosis (via the ATM—
ATR signaling pathway), then repair of such lesions is an impor-
tant antiapoptotic mechanism. Nevertheless, the NHE] pathway
takes place mostly in the G1 phase of the cell cycle and is subject
to errors; it is thought that this process is responsible for chromo-
somal rearrangements. At present, a hypothesis exists that DNA
repair via NHE] can touch off apoptosis.*” It is known that dur-
ing aging, oxidative damage accumulates in DNA and the repair
capacity of the cells is weakened; these changes may promote cell
death via apoptosis.”” Suppression of the system of repair of sin-
gle-strand and double-strand breaks in DNA is characteristic of
many neurodegenerative diseases including AMD ° and Alz-
heimer disease.””?', There is evidence that mice with the defec-
tive NHE] pathway undergo accelerated senescence.®” It is also
known that mutations in the Lig4 gene are a cause of severe
immunodeficiency.”

It should be noted that one of the DE genes in the retina of 3-
month-old OXYS rats, Ripk3, is among key regulators of
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programmed necrosis. Mice homozygous for knockout alleles of
Ripk3 show resistance to induced inflammatory responses.’ * This
finding is intriguing because OXYS rats show a weakened delayed
hypersensitivity reaction and a decline of T cell-mediated
immunity.’

We found that the most important node of the network in 20-
day-old rats is Rasal. The algorithm GeneMANIA offers for the
hub gene Rasal the Gene Ontology annotation “neuronal apo-
ptotic process.” KEGG annotated Rasal as a participant in the
MAPK (Ras/mitogen-activated protein kinase) signaling. This
pathway can trigger both programmed cell death and necrosis.*®
In addition, the Rasal gene is a known negative regulator of the
Ras pathway via enhancement of activity of the GAP proteins
(GTPase-activating proteins).3 7 The strain of mice deficient in
Rasal is characterized by the death of neuronal cells, disorganiza-
tion of blood vessels, and high embryonic mortality.*®

The most substantial changes in the expression of genes
involved in the processes of regulation of cellular death were
uncovered here in the retina of 3-month-old OXYS rats. Gene
Ontology annotations of the relevant hub genes (Casp1, Caspi2,
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Table 4. Cluster analysis of gene networks for 20-day-old, 3-month-old and 18-month-old rats. Showing clusters with the number of nodes more than 3

Cluster Genes Biological processes
20 days
1 Pten, Rasal, Hgf, Ets1, Kitlg, Ednrb Regulation of signaling by interleukins (lI-2 and II-7) and signal transduction
EGFR, VEGF, FGFR, insulin receptor, NGF, PDGF, SCF-KIT, ERBB2, ERBB4, PIP3
activates AKT signaling, signaling by BMP, signaling by TGF-f receptor
complex, signaling by GPCR; inositol phosphate metabolism and metabolism
of lipids and lipoproteins and axon guidance.
2 Rock1, Erbb3, Tgfbr1, Tgfb2, Rbiccl apoptotic execution phase, CaM pathway, calmodulin induced events, immune
system and signal transduction.
3 Fas, Btg2, Dnajb9, Cdkn1b, Tgfa, Ngf, Sycp3, Igf1 Caspase-8 activation by cleavage, FasL/CD95L signaling, regulation by c-FLIP,
innate immune system.
3 months
1 Lig4, Ccl6, Tns4, Tp63, Casp8, Pdcd4, Casp12, Casp4, TRAIL signaling, death receptor signaling, regulation by c-Flip, Caspase-8
Casp?7, cFlar,Birc3 activation by cleavage and dimerization of procaspase-8
2 Casp1, Cdk1, Litaf, Cryab, Sgk1, Pawr, Ripk3, Cd24, the role of DCC in the regulation of apoptosis and the execution phase of
Nfkbia apoptosis
3 Fgf2, Lgals7, Grk1, Alox15, Alox12 metabolism of lipids and lipoproteins (regulation of the metabolism of
arachidonic acid)
18 months
1 Hspalb, Ngo1, Mal, Ptprc, Anxal, Sphk1, Ctnnal, Adrb2, FasL/CD95L signaling, TRAIL signaling, regulation of apoptosis by c-FLIP, in
Cdh1, Erbb2, Actn4, Casp7 caspase 8 and procaspase 8 dimerization in the apoptotic pathways, and the
regulation of the immune system
2 Hspb1, Phida3, l1rn, Erbb3, Ntf3, Fgfr3, Bcl2I10, Adipog apoptotic cleavage of cellular proteins (apoptotic execution phase), activation,
myristolyation of BID and translocation to mitochondria, apoptotic factor-
mediated response (cytochrome c-mediated apoptotic response and SMAC-
mediated apoptotic response) in intrinsic pathway and caspase-8 activation
by cleavage and dimerization of procaspase-8.
3 Alox12, Sh3glb1, Lig4, Bard1, Cdk1, Cd24, Perp, Nuak2, integration of energy metabolism, transmission across chemical synapses,
Tgfa potassium channels in neuronal system, signaling by NGF.
4 Ripk2, Myd88, Ngfr, Casp8, Chek2 regulation of innate immune system and metabolism of lipids and lipoproteins.

Casp6, cFLAR, Birc3, Casp7, Nfkbia, and Caspl4) were as fol-
lows: positive regulation of a neuronal apoptotic process, a nec-
roptotic process, the execution phase of apoptosis, apoptotic
mitochondrial changes, and the intrinsic apoptotic pathway.
Cellular FLICE (FADD-like IL-1B-converting enzyme, also
known as ¢-flip and ¢FLAR) is an inhibitory protein that controls
activation of initiatory caspases and can suppress apoptosis that is
induced by cytokines and chemotherapy.” In addition, c¢FLAR

. . . . 40,41
performs an important function in necroptosis

and autoph-
agy.*? Birc3 is a member of the family of inhibitors of apoptosis
(IAPs) and performs various functions: it regulates apoptosis,
innate immune responses and inflammation, and migration and
proliferation of cells. Birc3 can bind to the effector caspases 3
and 7, causing their proteasomal degraldaltion.43 There is evidence
that Birc3 can activate via the E3-dependent mode the NF-«kB
signaling pathway, which enhances the expression of prosurvival
molecules.*® Besides, Birc3 protects the cells from death by regu-
lating the activity of RIPK-1 and RIPK-3.

At the age of 18 months, the hub genes are located in the first
3 clusters (Fig. 5C). KEGG analysis showed that the hub genes
at age 18 months (Cdkl, Hspalb, Erbb3, and Ntf3) participate
in the MAPK and p53 signaling pathways. Gene Ontology anno-
tations by GeneMANIA were as follows: “neuronal death” and
“an extrinsic apoptosis pathway.” One of the hub genes, Cdkl
(cyclin-dependent kinase 1), is a key regulator of the mitotic tran-
sition. Activation of this kinase takes place at the beginning of
mitosis and inactivation at the end.*® Studies also revealed the
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ability of the complex of Cdkl with cyclin BI to stimulate cell
death via direct phosphorylation of the proteins Bcl-2, Bcl-XL,
and Mcl1-1.%748

The antiapoptotic effect of a member of the family of heat
shock proteins Hspalb (Hsp70.1) is predicated on its ability to
protect cells from a number of proapoptotic stimuli and to regu-
late the induction of apoptosis by suppressing the release of
SMAC, cytochrome ¢, and AIF from mitochondria, activation of
caspases 3 and 9, and the release of cathepsins.* Both survival
and death of cells can be regulated by neurotrophin 3 (N#3),
which in the retina mostly binds to the receptor TrkC, which is
expressed by photoreceptors and Muller cells. The Trk receptors
are mostly responsible for the maturation of neurotrophins and
promote survival and differentiation of neurons as well as the
synaptic function.”® Tt was reported recently that in the absence
of its ligand, the TrkC receptor can induce apoptosis in various
cell lines.”' Furthermore, in contrast to mature neurotrophins,
their predecessors can drive the apoptotic processes via the com-
plex of p75NTR and sortilin. These receptors are mostly located
in Muller cells.”

In conclusion, in this work, we used systems biology to iden-
tify the DE genes associated with cell death and their functional
characteristics. We also constructed 3 interaction networks. We
identified functional clusters in these networks and likely hub
genes (Rasal, cFLAR, Birc3, Cdkl, Hspalb, Erbb3, and Ntf3). In
addition, we showed the significance of the extrinsic apoptotic
pathway at preclinical, early, and advanced stages of retinopathy
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development. Aside from cell death signaling pathways, nona-
poptotic immune system-related processes and lipid metabolic
processes also show overrepresentation in the clusters of all net-
works. Changes in the expression of genes involved in the regula-
tion of apoptosis in the retina of OXYS rats point to disturbances
in the physiological processes of cell death that are needed for tis-
sue homeostasis. Our findings may be useful for identification of
biomarkers and possible therapeutic targets in retinal diseases.

Materials and Methods

Animals

Male senescence-accelerated OXYS rats (n = 12) and age-
matched male Wistar rats (n = 12) at the age of 20 d and 3 and
18 months were obtained from the Breeding Experimental Ani-
mal Laboratory of the Institute of Cytology and Genetics, the
Siberian Branch of the Russian Academy of Sciences (Novosi-
birsk, Russia). The rats were handled according to the Associa-
tion for Research in Vision and Ophthalmology (ARVO)
guidelines, and the study protocol was approved by the local
ethics committee. At the age of 4 weeks, the pups were weaned
and housed in groups of 5 animals per cage (57 x 36 x 20 cm)
and kept under standard laboratory conditions (22 £ 2°C, 60+
relative humidity, and natural light). The rats were provided with
standard rodent feed, PK-120-1, Ltd. (Laboratorsnab, Russia)
and given water ad libitum.

RNA isolation

For RNA-Seq, we used OXYS (n = 3) and age-matched male
Wistar rats (n = 3; as controls) at the age of 20 d The rats were
euthanized using CO, inhalation. After decapitation, the cho-
rioretinal complex was excised rapidly, placed in RNAlater
(Ambion, cat. # AM7020), frozen, and stored at —20°C prior to
analysis. Frozen rat tissues were lysed with the TRIzol Reagent
(Invitrogen, Cat. #15596-018), and total RNA was isolated
according to the manufacturer’s protocol. RNA quality and
quantity were assessed using Agilent Bioanalyser (Agilent).

Illumina sequencing

More than 40 mln single-end reads 50 bp long were obtained
for each sample of retinal RNA, using Illumina nonstranded
sequencing on an Illumina GAIlx instrument at the Genoanali-
tika Lab, Moscow >? in accordance with standard Illumina proto-
cols (mRNA-Seq Sample Prep Kit, cat. # 1004816). Briefly,
polyA-tailed mRNA was purified from total RNA using Sera-
Mag Magnetic Oligo (dT) beads and then fragmented into small
pieces by means of divalent cations and heating. Using a reverse
transcriptase and random primers, we synthesized first- and sec-
ond-strand cDNAs. The cDNA was processed in an end repair
reaction with T4 DNA polymerase and Klenow DNA polymer-
ase in order to blunt the termini. An “A” base was then added to
the 3’ end of the blunt phosphorylated DNA fragments, and an
Ilumina adaptor with a single T overhang at its 3’ end was then
ligated to the end of the DNA fragment, for hybridization in a
single-read flow cell. After that, a size range of cDNA templates
was selected, and these fragments were amplified on a cluster
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station using the Single-Read Cluster Generation Kit v2.
Sequencing-by-synthesis (SBS) of 50-nucleotide length was per-
formed using SBS v4 reagents on a Genome Analyzer IIx running
the SCS2.8 software (Illumina, cat. #FC-940-4001).

Gene expression analysis: The sequencing data were preprocessed
using the Cutadapt tool ** to remove adapters and low-quality
sequences. The resulting reads were mapped onto the Rnor_5.0
reference genome assembly in the TopHat2 software.”* The data
were then converted into gene count tables using ENSEMBL gene
annotation data. The resulting tables were subjected to the analysis
of differential gene expression in the DESeq software. >® The Ben-
jamini—-Hochberg correction for multiple testing was applied to
the resulting p values, and the genes with an adjusted p value <0
.05 were selected as differentially expressed.

Construction and analysis of gene interaction networks

In addition to the gene expression profiles of 20-day-old ani-
mals, we used previously obtained RNA-Seq data on differences
in gene expression between OXYS and Wistar retinas at ages 3
and 18 months.'® To construct gene interaction networks associ-
ated with cell death from lists of differentially expressed (DE)
genes (raw p value <0.01) we selected genes that were in the fol-
lowing Gene Ontology categories: apoptosis, cell death, regula-
tion of apoptosis, regulation of cell death, positive regulation of
apoptosis, negative regulation of apoptosis, positive regulation of
cell death, negative regulation of cell death, anti-apoptosis,
induction of apoptosis according to DAVID (Database for
Annotation, Visualization and Integrated Discovery, http://
david.abcc.nciferf.gov/summary.jsp).

The gene interaction networks associated with cell death were
identified by means of the GeneMANIA web server (htep://www.
genemania.org/) with default parameters. The topological prop-
erties of the networks were determined using the Network Ana-
lyzer plugin (version 2.6.1) of Cytoscape (ver. 2.8.2). Hub genes
were identified by calculating the following topological
properties:

1. Average shortest path length, i.e., the average number of steps
along the shortest paths for all possible pairs of network
nodes.

2. Betweenness centrality: the fraction of those shortest paths
between all pairs of nodes that pass through one node.
Betweenness centrality reflects the amount of control that this
node exerts over the interactions of other nodes in the
network.

3. Closeness centrality; it is defined as the reciprocal of the aver-
age shortest path length. It is a measure of how fast informa-
tion spreads from a given node to other reachable nodes in
the network.

4. The clustering coefficient, i.e., the normalized number of
interactions among neighbors of each node.

5. The node degree: the average number of interactions per
node.

The nodes that have shorter average shortest path length, a
greater clustering coefficient, higher closeness centrality, lower
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betweenness centrality, and higher node degrees were identified
as the highly connected nodes (hub genes).

Next, the functional clusters within the networks were
detected by means of ClusterMarket plugin (ver. 1.11) commu-
nity cluster (GLay) for Cytoscape (ver. 2.8.2). To identify the
biological functions within each cluster, the detected clusters
were subjected to functional analyses in Reactome (http://www.
reactome.org/).

Functional analysis

To identify the Gene Ontology terms overrepresented in a DE
gene list, the detected DE genes were subjected to functional
enrichment analyses by means of the DAVID tool. Pathway anal-
ysis of the DE genes associated with cell death was conducted
using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (http://www.genome.jp/kegg/).

Tissue dissection, fixation, and sectioning and the terminal
deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end labeling (TUNEL) assay

Twenty-day-old and 3- and 18-month-old OXYS and Wistar
(control) rats (3 per group) were euthanized using CO, inhala-
tion. The eyes were removed and fixed in fresh 4% paraformalde-
hyde in PBS for 2 h, washed 3 times in PBS, then cryopreserved
in graded sucrose solutions (10%, 20%, and 30%). Posterior eye-
cups were embedded in Killik (Bio-Optica, cat. #05-9801), fro-
zen, and stored at —70°C. Then, thin slices (14 wm thick) were
made on a Microm HM-505 N cryostat (Microm, Germany) at
—20°C, transferred onto Polysine glass slides (Menzel-Glaser,
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