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Disruption of cellular processes affected by multiple genes and accumulation of numerous insults throughout
life dictate the progression of age-related disorders, but their complex etiology is poorly understood. Postmi-
totic neurons, such as photoreceptor cells in the retina and epithelial cells in the adjacent retinal pigmented
epithelium, are especially susceptible to cellular senescence, which contributes to age-related retinal degen-
eration (ARD). The multigenic and complex etiology of ARD in humans is reflected by the relative paucity of
effective compounds for its early prevention and treatment. To understand the genetic differences that drive
ARD pathogenesis, we studied A/J mice, which develop ARD more pronounced than that in other inbred mouse
models. Although our investigation of consomic strains failed to identify a chromosome associated with the
observed retinal deterioration, pathway analysis of RNA-Seq data from young mice prior to retinal pathological
changes revealed that increased vulnerability to ARD in A/J mice was due to initially high levels of inflamma-
tory factors and low levels of homeostatic neuroprotective factors. The genetic signatures of an uncompensated
preinflammatory state and ARD progression identified here aid in understanding the susceptible genetic loci
that underlie pathogenic mechanisms of age-associated disorders, including several human blinding diseases.

Introduction

Age-related disorders arise from failure of tissue maintenance
and repair pathways that are accelerated by certain inherited and
acquired factors (1). Long-lived nondividing cells, such as neu-
rons, have markedly reduced tolerance to damage (2), and thus
exhibit the most pronounced age-related changes. Neuronal
cells in the retina are an especially attractive model system to
study this phenomenon, owing to their accessibility and well-
understood physiology. Rod and cone photoreceptors are reti-
nal neuronal cells that initiate visual perception, a function
requiring a competent neighboring retinal pigmented epithe-
lium (RPE) for their normal operation (3). In postmitotic cells
such as these photoreceptor and RPE cells, cellular senescence
can ensue when shed oxidized photoreceptor outer segments
(POS) are inadequately phagocytosed and digested by the RPE.
This results in accumulation of damaged proteins, formation of
toxic metabolic byproducts, inflammatory cell invasion, and cell
death. RPE cells are the most affected because, in addition to
processing POS, they serve as the conduit between photorecep-
tors and the choroidal blood supply for metabolite exchange (4).
Acquisition of senescence-associated pathology stimulates cells
to secrete various factors that contribute to tissue dysfunction.
Conversely, adequate clearance of such cells can delay the onset
of age-related tissue pathology (5).

Aging laboratory experimental animals are important models
for studying age-related pathology, especially neurodegenerative
disorders, which have been shown to be affected by their genetic
backgrounds (6, 7). The A/J inbred mouse model, for instance,
undergoes age-related retinal degeneration (ARD) much more
rapidly than its albino (BALB/c) and pigmented C57BL/6]J (B6)
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counterparts, presenting a natural model with which to study
age-related pathological changes in the retina. Although differ-
ent factors, such as those involved in inflammation and homeo-
static processing originating from the photoreceptor and RPE
layers, have been identified as possible markers of disease (8), the
sets of genes that trigger progression to the chronic disease state
are still poorly understood. A lack of methodology sufficiently
powerful to reveal the complex interplay of genes that trigger
and promote ARD progression has limited our understanding
of disease pathogenesis. Studies to date have mostly relied on
quantitative trait loci (QTL) (6) or chromosome-substituted
strain (CSS) panels (9), but these methods cannot detect gene
expression changes and SNPs on the global scale needed to iden-
tify distant interacting genetic factors.

To understand the molecular components that precipitate
and perpetuate neurodegeneration associated with age-related
pathology in the retina, we used A/J, BALB/c, and B6 inbred
mouse models to focus on genetic factors contributing to ARD
in a controlled environmental setting. With high-resolution
imaging studies, we identified subtle pathological changes in
the RPE in A/J mice, but not BALB/c or B6 mice, before phe-
notypic features of disease become apparent. We hypothesized
that RNA-sequencing (RNA-Seq) (10) of young eye tissue from
these 3 different genetic mouse backgrounds would allow us to
detect global changes that trigger and drive this multigenic con-
dition. RNA-Seq elucidated aberrant genetic pathways evident in
A/J mice, which led us to propose that mice destined to develop
ARD possess a retinal environment primed for inflammation.
This condition is exacerbated with age as homeostatic proteins
that already exhibit decreased expression, most notably those
involved in the oxidative stress response, functionally decline.
Moreover, identification of these targets revealed potentially sus-
ceptible genetic loci that may participate in pathogenic mecha-
nisms responsible for age-associated retinal disorders, which
holds particular relevance for human blinding diseases.
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Figure 1

A/J mice display a pronounced age-
dependent decline in vision. (A) Light
microscopy of A/J mouse retinas
revealed a marked decrease in ONL
and inner nuclear layer (INL) thick-
ness in 8- versus 1-month-old ani-
mals, as well as pathological changes
in the RPE layer at 8 months of age,
as shown by the higher-magnifica-
tion view of the boxed region (arrow,
pyknotic cell). These changes were
minimal in B6 mice. (B) ONL thick-
ness, plotted as a function of distance
from the optic nerve head (ONH),
showed the most pronounced decline
occurred between 3 and 8 months
of age, a finding that was absent in
B6 mice. (C) Cone cell sheaths were
imaged by PNA staining at 1, 3, and
8 months of age. Average numbers
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of cone cells in both the superior
and inferior retina in a 100-um range
located 500 um from the optic nerve
head were plotted (red, A/J; black, B6).
A/J mice showed a marked decline
between 3 and 8 months of age. (D)
Representative ERG responses at 1.6
log cdesem~2, and functional a-wave
and b-wave amplitudes, obtained from
A/J (red) and B6 (black) mice at 1, 3,
and 8 months of age. ERG responses
were more attenuated with age in A/J
versus B6 mice under both scotopic
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Results

Mice on the A/] genetic background undergo pronounced ARD. Retinal
cross-section images revealed a prominent decrease in outer nuclear
layer (ONL) thickness attributable to photoreceptor loss as well as
pathological changes in the RPE layer of 8- versus 1-month-old A/J
mice (Figure 1A). Conversely, B6 mice displayed a negligible age-
related decrease in ONL thickness and no other pathological changes
(Figure 1A). Age-dependent ONL loss was observed globally in A/J
mouse eyes (Figure 1B). Cone photoreceptor numbers also indicated
a marked age-related decrease in A/J mice, whereas B6 mice exhibited
only a slight decrease (Figure 1C). The decline in photoreceptor num-
ber in A/J mice at 8 months of age compromised visual function, as
evidenced by attenuation of electroretinographic (ERG) responses
(Figure 1D) and decreased levels of total retinoid content, especially
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the visual chromophore, 11-cis-retinal (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI64427DS1). More importantly, the pronounced aged retinal
phenotype was independent of light-induced or pigmentary con-
tributions (6). Similar to the above results obtained under normal
lighting conditions, A/J mice reared in the dark also displayed a sig-
nificant decline in ONL thickness at 8 months of age compared with
8-month-old B6 mice (Supplemental Figure 2). However, 8-month-
old albino BALB/c mice exhibited only a 20% decline in ONL thick-
ness and had a cone population similar to that of 8-month-old B6
mice (Supplemental Figure 3). To better elucidate factors that under-
lie the accelerated progression of this degenerative phenotype in A/J
mice, but not BALB/c or B6 mice, we undertook a more in-depth
retinal examination of mice with different genetic backgrounds.
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Figure 2

Increased retinal autofluorescence in A/J mice with age relates to inflammatory changes and immune cell infiltration. (A) Representative SLO
autofluorescent images of the outer retina (480 nm excitation; emission filter, 500—-700 nm) of 1- and 8-month-old A/J and B6 mice. A/J mice
exhibited increased autofluorescent spots with age, which were negligible in B6 mice (n > 3). ND, not detectable. (B) SD-OCT imaging of A/J
and B6 mice at 1 and 8 months of age revealed infiltrating cells only in the subretinal space of 8-month-old A/J mice (left; red arrows) that were
also observed in plastic block sections (right; black arrows). Thickness of ONL in OCT images is indicated by arrows to highlight the decline in
A/J versus B6 mice at 8 months. (C) The cellular infiltration seen by OCT and in plastic sections was of inflammatory origin, as evidenced by
increased Iba-1 staining (activated microglia cells) and increased GFAP staining (activated Miller glial cells and astrocytes) in retinas of 8- versus
1-month-old A/J mice. These age-related changes were absent from 8-month-old B6 mouse retina. GCL, ganglion cell layer; IPL, inner plexiform

layer; PR, photoreceptor layer. Scale bars: 50 um.

ARD in A/ mice is accompanied by inflammatory cell infiltration and RPE
cell pathology. In vivo scanning laser ophthalmoscopy (SLO) imaging of
the fundus revealed a notable increase in autofluorescent spots in the
outer retinal layers (where the photoreceptors and RPE are located) of
8-versus 1-month-old A/J mice, whereas no such age-related changes
were observed in B6 mice (Figure 2A). Fundus autofluorescence levels
did not correlate with amounts of age-related retinoid byproducts,
such as N-retinyl-N-retinylidene-ethanolamine (A2E), in the eyes of
these mice (Supplemental Figure 1B). These spots could, however,
indicate immune cell activation and infiltration into the subretinal
space (11). In vivo spectral domain-optical coherence tomography
(SD-OCT) and plastic block sections indicated possible infiltrative
cells in 8-month-old A/J mice, but not B6 mice (Figure 2B). As shown
in Figure 2C, positive staining with the activated macrophage marker
Iba-1 indicated that some of the cells were of inflammatory origin,
whereas positive staining of other cells with the activated Miiller cell
marker glial fibrillary acidic protein (GFAP) indicated the stressed
retinal environment of A/J mice, but not B6 mice, at 8 months of age.

The Journal of Clinical Investigation

http://www.jci.org

Age-dependent changes were further evaluated with high-reso-
lution transmission electron microscopy (TEM) imaging of hori-
zontal cross-sections of the RPE-photoreceptor interface. As early
as 3 months of age, when no notable ultrastructural or functional
decline was evident (Figure 1), A/J mice exhibited pathological
changes in the RPE cell layer, as evidenced by swollen cells with
abnormal intercellular inclusions resembling inadequately pro-
cessed photoreceptor discs (Figure 3A). TEM imaging of retinal
cross-sections showed abnormal processing of ingested photore-
ceptor discs by the RPE. These abnormalities were characterized
by secondary pockets inside phagosomes (Figure 3, B and C) and
abnormal membrane formation that exposed the contents of the
discs to the RPE cell cytoplasm (Figure 3, D and E). In contrast,
RPE cells imaged at 3 months of age in B6 mice revealed a smaller
average cell width than A/J RPE cells with no pathological inclu-
sions; furthermore, ingested discs appeared to be properly pro-
cessed and transported (Figure 3, F-J). Age-dependent pathology
of RPE cells was also assessed by 2-photon microscopy (TPM).
Number 8 2991
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Figure 3

Substantial pathological changes are
apparent in RPE cells of A/J mice before
measurable visual decline. (A-J) TEM
imaging of 3-month-old (A-E) A/J and
(F-J) B6 retinas. (A) A/J RPE cells had
an average width of 31.0 um, with abnor-
mal disc membrane accumulations (black
arrows). (B) Ingested phagosomes in A/J
mice showed (C) undigested accumula-
tions. (D) Phagosomes were also disrupt-
ed, with (E) phagocytotic material exposed
to the cytoplasm. (F) B6 RPE cells had an
average width of 23.0 um, with (G) uptake
of discs that (H) were normally processed.
(I) Ingested discs trafficked normally, with
(J) membrane-enclosed disc elements
clearly visible. Boxed regions in B, D, G,
and | are shown at higher magnification
in C, E, H, and J, respectively. (K) Ex vivo
TPM imaging of A/J and B6 RPE cells at 1,
3, and 8 months of age. Dysmorphic fea-
tures in 3-month-old A/J mice were exac-
erbated in 8-month-old A/J mice, but were
absent in B6 mice. Boxes denote inter-
quartile range, lines within boxes denote
median, whiskers denote 10th and 90th
percentiles, and symbols denote outliers.
(L) RPEB65 provided a localized uniform
signal in 1-month-old A/J mouse retina,
but a decreased and heterogeneously
localized signal in 8-month-old A/J mouse
retina (yellow arrows). No apparent age-
related changes were noted in retinas of
B6 mice. (M) Regeneration of 11-cis-retinal
decreased 75% in A/J retinas by 8 months
of age; no such change was noted in B6
mice. *P < 0.05. Scale bars: 5 um (A and
F); 1 um (B, D, G, and I); 0.5 um (C, E, H,
and J); 20 um (K and L).
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Genetic panel study reveals no significant phenotypic changes in B6 mice with single A/J chromosome substitutions. A CSS panel was used
in which single chromosomes (Chr) 1-19, X, Y, and mitochondrial DNA (Mito) from A/J mice were substituted into the B6 background. (A) An
example of the genetic makeup of chromosome 8-substituted mice, which possess only chromosome 8 from A/J mice and all other chromosomes
from B6 mice. No significant functional or structural changes were observed at 8 months when (B) 11-cis-retinal levels and (C) nuclei numbers
in the ONL were compared in all CSSs relative to B6 mice. Representative (D) HPLC chromatograms and (E) plastic block sections of A/J, B6,

and Chr 8 mice. Scale bars: 40 um (E).

There was a change in morphology and an increase in average RPE
cell size in A/J mice from 1 to 8 months of age, whereas the size
and morphology were well preserved with age in B6 mice (Figure
3K). The localization and function of major RPE-specific protein
RPEG65, which is critical for visual chromophore regeneration
(12), was investigated to assess whether these pathologic changes
impair RPE cell function. Immunohistochemical (IHC) staining
revealed that RPE6S was homogeneously expressed in the RPE
cell layer at 1 month of age, but then became heterogeneous by 8
months of age, in A/J mice (Figure 3L). This correlated with func-
tional deterioration, as illustrated by a 75% depressed regeneration
ratio of the visual chromophore, 11-cis-retinal, at 8 months of age
in A/J mice (Figure 3M). This ratio was normal in A/J mice at 1
month of age (Supplemental Figure 1C). No significant changes in
this ratio or RPE6S5 localization were evident in B6 mice.

BALB/c mice displayed a mild retinal degenerative phenotype
compared with B6 mice, but not nearly as pronounced as the
phenotype seen in A/J mice. Although SLO imaging revealed an
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increase in autofluorescent spots at 8 versus 1 month of age in
BALB/c mice (Supplemental Figure 4A), only mild immune cell
infiltration was detected (Supplemental Figure 4B), with no obvi-
ous pathological changes of the RPE cells (Supplemental Figure
4C), which suggests that BALB/c mice possessed important reti-
nal-protective factors that curbed the inflammatory progression
of ARD relative to A/J mice. These findings raised the question of
what genetic differences among A/J, BALB/c, and B6 mice could
initiate the progression of RPE pathologic changes that lead to a
chronic inflammatory state in A/J mice. To address this, we used
genetic tools such as CSSs and RNA-Seq technology to reveal mul-
tigenic contributions that precipitate and perpetuate this disease.

RNA-Seq reveals differential genetic background contributions to the
transcriptome. We used 22 CSSs of inbred mice, each carrying a
single chromosome substituted from a donor strain (A/J) into
a host background strain (B6) (Figure 4A), as a more powerful
approach than QTL analysis to assess complex genetic traits.
Unlike 8-month-old A/J mice, retinoid analysis and histological
Volume 122 Number 8
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Figure 5

RNA-Seq of 3 individual biological replicates of 1-month-old A/J, BALB/c and B6 mouse eyes reveals differential transcriptome profiles. (A) Left:
Plot of log FPKM from A/J and B6 runs. The most highly expressed transcripts common to both A/J and B6 eyes were the lens crystallin genes
(outlined) and rod photoreceptor genes such as Gnat1, Rho, and Sag. Most genes highly differentially expressed in the A/J eye relate to inflam-
mation (red), whereas genes with the lowest differential expression in the A/J eye encode homeostatic proteins (black). Right: Whereas 12,672
genes had similar expression, 332 were differentially expressed by at least 2-fold (P < 0.05) between A/J and B6 eyes. (B) Examination of all 3
mouse eye transcriptomes revealed those genes exclusively more highly expressed in a single mouse strain compared with the other 2 strains,
and those sharing increased expression with respect to the third strain. For example, 235 genes are exclusively more highly expressed in the
B6 eye; this strain shares 26 genes also highly expressed in the A/J eye and 56 also higher in the BALB/c eye. Importantly, a large cohort of
inflammatory genes exhibits increased expression in A/J mice. Interestingly, although both A/J and BALB/c eyes share increased expression
of inflammatory genes, only BALB/c exhibits a counteracting increased expression of retinal homeostatic and immune regulatory genes, either
exclusively or shared with B6 eyes.

assessment of the CSS panel mice at 8 months of age revealed no
significant phenotypic features of ARD (Figure 4, B-E). Moreover,
the lack of significant differences in mice with substitution of
chromosomes 3 or 7 further demonstrated that neither lighting
conditions (13) nor pigmentary status (14) were major factors
contributing to disease. Mislocalization of the centromeric por-
tion of chromosome 1 (15) in the CSS panel was investigated, but
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no genetic variation or candidate genes from that region could
account for the retinal phenotype observed. Thus, ARD in A/J
mice is likely attributable to contributions from multiple chro-
mosomes, which necessitates a more global genetic approach.

To investigate the putative multigenic etiology of ARD and iden-
tify more distant interacting genetic factors that contribute to its
pathology, we carried out RNA-Seq of whole-eye tissues from A/J,
Number 8
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Figure 6

Pathway analysis of RNA-Seq differential expression profiles reveals age-related inflammatory priming in eyes of A/J mice. (A) Pathway analysis
with Ingenuity software unveiled an aberrant inflammatory network in A/J mice characterized by priming of IFN at 1 month of age, as evidenced
by increased activation of /rf7 and Stat7, coordinated increased expression of Stat7-induced secondary response genes, induction of positive
regulatory loop genes in the inflammatory process, and expression of genes involved in immune cell activation. Numbers at left of each gene
represent the RNA-Seq FPKM values from A/J (top; red) and B6 (bottom; black) eyes; fold differences are indicated next to the vertical arrows.
(B) RT-PCR of Gbp1, Irf7, and Stat1 (shaded red in A) showed that this inflammatory priming network was preferentially exacerbated in older
mice, with pronounced increases in gene product expression from 1 to 8 months of age in A/J relative to B6 mice. (C) BALB/c mice also exhibited
features of inflammatory priming at 1 month of age when the same pathways were examined, but these changes were less pronounced than
those in A/J mice. Numbers at left of each gene represent the RNA-Seq FPKM values from BALB/c (top; blue) and B6 (bottom; black) eyes; fold
differences are indicated next to the vertical arrows. (D) RT-PCR of Gbp1, Irf7, and Stat1 (shaded blue in C) showed that in BALB/c mice, inflam-

matory priming was not exacerbated from 1 to 8 months of age, similar to findings in B6 mice.

BALB/c, and B6 mice. Importantly, 1-month-old mice from each
genetic background were analyzed before obvious ARD-related
phenotypic changes had occurred in order to identify genetic
factors that could trigger this pathology. To obtain adequate sta-
tistical power, 3 biological replicates of ocular tissues from each
strain were prepared for RNA-Seq. Replicate results from each
strain had high correlation coefficients when plotted against each
other (Supplemental Figure 5). A value of 1 fragment per kilobase
per million reads (FPKM), equivalent to 1 transcript per cell (16),
was used as the expression cutoff. Categorization of expressed
transcripts — 12,606 in the A/J eye, 12,589 in the BALB/c eye, and
12,832 in the B6 eye — by GoTerm annotation did not reveal any
significant differences between mouse strains at 1 month of age
(Supplemental Table 1).

Performing 3 biological replicate RNA-Seq runs yielded an
accurate determination of the differential expression profiles of
the 3 different mouse strains. RNA-Seq results have been shown
to correlate strongly with RT-PCR findings in the eye and retinal
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tissues (17, 18), and this was further demonstrated with a cohort
of RT-PCR probes (Supplemental Figure 6, A and B). The RNA-
Seq data were further validated for visual cycle proteins by immu-
noblotting (Supplemental Figure 6C). At least a 2-fold difference
(P <0.05) was used as the cutoff to identify differentially expressed
genes between mice with different genetic backgrounds. The RNA-
Seq differential expression profile for A/J and B6 eyes showed that
whereas most genes overlapped in expression, there were 332
genes that were differentially expressed between the 2 strains and
required further analysis (Figure SA). The single base resolution
of RNA-Seq experiments also allowed SNP detection and charac-
terization to complement the differential expression data: known
SNPs in both Rpe65 (13) and Tyr (14) in A/] and BALB/c mice, but
not B6 mice, are highlighted in Supplemental Figure 7, A-P. More-
over, the global scale of expression data from RNA-Seq allowed
us to reexamine previous QTL studies in search of new insights.
For example, in the QTL location on chromosome 10 proposed to
account for the difference in cone photoreceptor numbers between
Volume 122 2995
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Figure 7

Homeostatic processing genes with decreased expression in A/J mice display protein expression in RPE and photoreceptor compartments of
the retina. (A) Expression of genes of the GST, GPX, HSP, and MT families, as well as genes involved in phagosomal processing and in immune
regulation, exhibited markedly decreased expression in A/J compared with both BALB/c and B6 mice. Numbers at left of each gene represent
the RNA-Seq FPKM values from A/J (red), BALB/c (blue), and B6 (black) eyes; fold difference in A/J versus BALB/c (top; blue) and A/J versus B6
(bottom; black) is indicated next to each vertical arrow. Blue shading denotes genes with greater expression in BALB/c; black shading denotes
genes with greater expression in B6. (B—G) IHC of 1-month-old A/J and B6 retinas was done with (B) PDE6C, cone cell marker; (C) MCOLNS,
involved in lysosomal degradation; (D) GPX3, involved in ROS detoxification; (E) MYO7A, involved in protein trafficking; (F) RHO, visual pigment
in rod photoreceptors; and (G) BMP4, marker of RPE cell senescence. MCOLN3, GPX3, and MYO7A staining was much more pronounced in
B6 RPE (arrows in C—E). The aberrant nature of the A/J RPE cell was evidenced by mislocalization of RHO, as evidenced by signals in both the
outer and inner segment (OS and IS, respectively; arrows in F) and increased expression of BMP4 in inner segment and RPE (arrows in G) in
A/J mice. Scale bars: 20 um.

A/J and B6 mice (19), we identified a 2-fold differential expression
of only 1 gene, Enpp3 (encoding ectonucleotide pyrophosphate/
phosphodiesterase 3). Interestingly, Enpp3 contained a SNP in
the protein-coding sequence that leads to an amino acid residue
change from Asn to Ser (Supplemental Figure 7, Q-V). SNP analy-
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sis of other differentially expressed genes, however, did not reveal
any further molecular basis for the age-related phenotype in A/J
mice (Supplemental Table 2). This prompted us to perform path-
way analyses to define perturbations in cellular pathways across
the differing genetic backgrounds in A/J, BALB/c, and B6 mice.
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Inadequate protection by the RPE from stress drives the retina from an inflammatory-primed state to a chronic disease state. In a normal
homeostatic state (left), there is a delicate balance between stress and the resulting tissue response. Stress caused by POS accumulation in the
RPE from daily ingestion of oxidized photoreceptor discs could result in oxidative damage and inflammation unless modulated by a network of
enzymes such as GPX. Moreover, activation of inflammatory factors like STAT1 in response to such RPE cell stress is controlled by regulatory
factors such as SOCS1 and complement factor H (CFH). In contrast, low or declining levels of protein expression from these complex sets of
interconnected gene networks (right) result in inadequate stress protection and inflammatory changes that cause chronic retinal degeneration.
Thus, decreased expression of homeostatic genes like Gpx foster increased oxidative stress and can reduce other protective factors like Cfh. This
is compounded by decreased expression of immune regulatory factors that can exacerbate inflammation and drive disease progression. Subtle
genetic differences therefore can have profound effects on the predisposition to and pathogenesis of ARD.

Pathway analysis bighlights inflammatory priming coupled with impaired
retinal homeostatic cellular pathways in 1-month-old A/ mice, before reti-
nal pathology is evident. RNA-Seq of whole eyes from 1-month-old
mice of the 3 genetic backgrounds revealed genes that were exclu-
sively expressed at a higher level by at least 2-fold (P < 0.05) in each
strain with respect to the other 2 strains, as well genes expressed at
a higher level in 2 different strains compared with the third strain.
The analysis identified 133, 164, and 235 genes with higher expres-
sion by at least 2-fold (P < 0.05) exclusively in A/J, BALB/c, and
B6 mice, respectively. We also found shared increased expression
of 52 genes between A/J and BALB/c mice, 26 genes between A/J
and B6 mice, and 56 genes between BALB/c and B6 mice (Figure
5B). Ingenuity pathway analysis of these genes revealed that A/J
mice exhibited preferentially higher expression of a large cohort
of inflammatory gene products, a subset of which was also shared
with BALB/c mice. Genes with preferentially decreased expres-
sion in A/J compared with BALB/c and B6 mice included those
encoding proteins in cellular pathways involved in maintaining
normal retinal homeostasis and protecting against tissue damage.
In contrast to A/J] mice, BALB/c and B6 mice exhibited overlap-
ping increased expression of a cohort of retinal homeostatic genes
as well as exclusive strain-specific increased expression of such
genes. Furthermore, there was selective increased expression of key
immune-regulatory genes in BALB/c mice that could counteract
the effects of inflammatory genes found to be elevated in common
with A/J] mice. Taken together, these network expression patterns
present at 1 month of age in A/J mice indicated that the normal-
appearing retina was primed for inflammation with an absence of
key homeostatic and immune-protective molecules. This environ-
ment could preferentially trigger severe ARD in A/J mice.

Inflammatory priming in A/] retina is exacerbated with age. Ingenu-
ity pathway analysis revealed an activated inflammatory priming
pathway in young A/J] and BALB/c mice centered on IFN signal-
ing. This was evidenced by increased expression of inflammatory
gene products such as IFN regulatory factor 7 (Irf7); the target
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of IFN-induced signaling, Statl; and Statl-inducible markers of
inflammation, such as guanylate-binding protein 1 (Gbp1). Exhib-
iting a marked increase in young 1-month-old A/J mice (Figure
6A), expression of this entire network was further exacerbated
with age, as evidenced by increased expression of Gbp1, Irf7, and
Statl assessed by RT-PCR in 8-month-old A/J mice. There was
minimal age-related elevation of expression detected in B6 mice
over the same period (Figure 6B). This inflammatory network
was also elevated in BALB/c versus B6 mice (Figure 6C), albeit
at a lower level than in A/J mice. Moreover, BALB/c mice did not
exhibit the marked age-related increase in Gbpl, Irf7, and Statl
expression from 1 to 8 months of age (Figure 6D). This difference
indicates that the inflammatory-primed network in A/J mice tran-
sitions to a chronic state of inflammation with age as a result of
other factors, possibly involving RPE cells, which are key regula-
tors of retinal inflammation.

Marginally expressed retinal homeostasis proteins exhibit abnormal
RPE localization in A/] mice. Numerous genes with preferentially
decreased expression in A/J] compared with BALB/c and/or B6
mouse eyes are involved in homeostatic maintenance of the retinal
environment. These genes encode diverse groups of proteins, such
as those in the glutathione S-transferase (GST), glutathione perox-
idase (GPX), heat shock protein (HSP), and metallothionein (MT)
families (Figure 7A). Expression of genes potentially involved in
phagosomal processing, such as Arsi (20), Atp6v0c (21), and Mcoln3
(22), and key genes in immune regulation, such as Socs1 (23), were
also decreased in A/J mouse eyes (Figure 7A). IHC staining revealed
that expression levels in mouse retinas correlated strongly with
transcript abundance identified by RNA-Seq in mouse eyes. Exam-
ination of the cone marker phosphodiesterase-6¢ (PDEG6C) illus-
trated the increased cone numbers in B6 compared with A/J mice
(Figure 7B). Because many of the highlighted genes play important
roles in RPE processing and response to oxidative stress (24), the
localization of markers like mucolipin 3 (MCOLN?3) and GPX3
were examined. Both displayed dim signals in A/] RPE, but much
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stronger signals in B6 RPE (Figure 7, C and D). The MCOLN3
staining distribution also suggested that this protein extends to
RPE cell processes that interact with the photoreceptor layer. IHC
staining of myosin VIIa (MYO7A), a well-known component of the
photoreceptor cilium involved in RPE-mediated protein move-
ment and photoreceptor phagocytosis (25, 26), provided only
weak signals in the A/J inner segment and RPE cell layer, whereas
staining was more pronounced in both these layers of the B6 retina
(Figure 7E). Attenuated expression of MYO7A can contribute to
mislocalization of key photoreceptor and RPE proteins, such as
rhodopsin (RHO) and RPE65. This was evidenced by a RHO signal
in the inner segments of A/J retinas that was absent in B6 retinas
(Figure 7F) and the heterogeneous RPE6S5 signal in RPE cells of
A/] mice, but not B6 mice, at 8 months of age (Figure 3L). More-
over, staining retinas for ROS with the marker dihydroethidium
revealed an enhanced signal in 8-month-old A/J retinas before
light exposure that became even more pronounced after this pro-
cedure. Only a background signal was apparent in BALB/c and B6
retinas (Supplemental Figure 8). Furthermore, staining for bone
morphogenic protein 4 (BMP4), a marker for oxidative stress-
induced RPE senescence (27), produced a more enhanced signal
in A/J RPE and inner segments of cone photoreceptors than in B6
retina at 1 month of age (Figure 7G).

Discussion

Phenotypic variability based on genetic background differences
observed in mice (28, 29) can provide models for complex human
conditions and explain the variable susceptibility to certain con-
ditions among different individuals with the same allelic vari-
ant of disease. With no reliable markers to date for ARD before
it becomes clinically evident, genetic studies have involved only
affected individuals, making it difficult to identify factors that
trigger this condition. Compared with BALB/c and B6 mice, A/J
mice in this study displayed accelerated retinal degeneration
stemming from differences in their natural genetic background.
Declining visual function with age, associated with worsening RPE
and photoreceptor cell pathology, was documented in these mice.
Given that the retina is fully developed after 1 month in mice, we
used a comprehensive set of approaches to identify genetic factors
in 1-month-old mice that led to severe ARD at 8 months in A/J
mice, but not BALB/c or B6 mice.

Identifying global gene variations associated with complex dis-
eases of multigenic origin can be difficult. The present studies
highlighted that CSS panels, although capable of revealing some
complex disease associations (15, 30), lacked the breadth to iden-
tify distant interacting genetic factors characteristic of a complex
disease like ARD. RNA-Seq allows for more complete documenta-
tion of genetic changes relevant to complex disease etiology (31).
This is especially true for age-related neurodegenerative condi-
tions, as illustrated by the recent discovery of 2 novel genetic loci
associated with Alzheimer disease by high-throughput sequencing
methodology (32). The challenge of RNA-Seq technology lies in
the large-scale translation of genetic variations into knowledge
about the molecular pathogenesis of complex diseases. By study-
ing cellular pathways encoded by these genes as integrated sys-
tems, we can begin to understand their derived phenotypes (33)
and identify genes that critically contribute to complex disease
traits. In this study, RNA-Seq of young mouse eye tissue across
different genetic backgrounds was performed before substantial
pathology was present. This analysis revealed global gene expres-
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sion changes that identified factors apparently predisposing A/J
mice to a severe ARD phenotype, as well as factors in BALB/c and
B6 mice that may prevent this pathology. Complementing mor-
phologic assessment of ARD with deep sequencing technology
allowed us to identify early signatures of disease in inbred mice
with different genetic backgrounds.

RPE cells are critical for the maintenance of the blood/retina
barrier and retinal neurons and must possess mechanisms that
protect the retina against oxidative stress generated by exposure
to light and high oxygen tension. Compared with BALB/c and B6
mice, A/J mice displayed decreased expression of key gene families
needed by RPE cells to mitigate such stress. Most notable were
those families involved in glutathione-mediated oxidative stress
protection. Abundant in the retina, the GPX family encodes
a critical group of retinal detoxification enzymes. Only Gpx3
expression from this family was markedly decreased in A/J mice,
and GPX3 largely localized to RPE cells. Inadequate activity of
antioxidant enzymes like GPX in other organ systems has been
implicated in the progression to chronic inflammatory pathol-
ogy (34), and polymorphisms of Gpx3 have been implicated in
human phenotypes of ARD (35, 36). This finding extends to
other protein families, such as the HSPs, of which both Hspa8 and
Hspbl showed decreased expression in A/J mice. In addition to
chaperone-mediated activity (37), HSPs combat oxidative stress
by increasing levels of glutathione and modulating the redox sta-
tus of cells (38). Decreasing levels of glutathione and associated
proteins with age (39, 40), coupled with constitutively decreased
expression of these important homeostatic gene families in young
A/J mice compared with BALB/c and B6 mice, could explain the
accelerated ARD phenotype found in A/J mice. Pathologic chang-
es seen in A/J] RPE, characterized by cell swelling and buildup of
undigested disc elements, have also been reported in albino and
pigmented rats deprived of selenium (41, 42), a critical cofactor
for activation of antioxidant proteins such as GPX3. Inadequate
protection against oxidative stress was also accompanied by accel-
erated loss of photoreceptors, especially in the central retina of
these rats, which suggests that oxidative damage to RPE cells may
initiate the detrimental process and that photoreceptor loss is a
secondary effect. An inadequate oxidative stress response could
thus produce wide-ranging adverse effects in the retina. One det-
rimental age-related effect — namely, cellular senescence — was
evidenced by increased BMP4 expression in A/J mice as young as
1 month of age, and this could lead to secretion of various factors
that fuel chronic inflammation (43).

The RPE is a central site of immune regulation in the retina (44).
Moreover, constant stress and cellular senescence can exacerbate
immune responses that lead to chronic inflammation, which
results in disease progression because of changes in homeostatic
set points (45). Although A/J mice have natural deficiencies of
complement (C54) and NOD (NaipS5) genes involved in susceptibil-
ity to bacterial/fungal infection, recombinant congenic strains (46,
47) have shown that these genes are controlled by additional fac-
tors and have little effect on the inflammatory-priming pathways
highlighted in this study. In young A/J mice (and to a lesser degree
BALB/c mice, but not B6 mice), RNA-Seq revealed an inflamma-
tory-primed network characterized by increased expression of IFN
gene products, such as Statl and its downstream effectors (23).
The inflammatory-primed state identified in A/J mice may not be
limited to the retina, as it also likely contributes to the enhanced
A/J inflammatory response in experimental allergic asthma (48).
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Moreover, the graded retinal inflammatory changes we saw from
A/J to BALB/c to B6 mice are consistent with studies of allergic
airway inflammation in the lungs of these strains (49). These prior
studies indicate that A/J mice are most susceptible to inflamma-
tion in tissues of high oxygen tension (retina and lungs), further
implicating an inadequate oxidative stress response as a driving
force of late stages of inflammatory disease progression. In the
present study, the inflammatory-primed state of the retina in A/J
mice was compounded by markedly lower levels of immune-regu-
latory enzymes. Compared with BALB/c mice, A/] mice exhibited
decreased expression of genes such as Tyro3 and its downstream
effector Socs1, which serve to control this inflammatory response
(50). Moreover, inadequate function of enzymes like GPX3 would
lead to increased oxidative stress and hydrogen peroxide produc-
tion, which reduce the expression and function of complement
factor H (51), a key complement-regulatory enzyme implicated in
disease pathogenesis (52). Thus, the inflammatory-primed state
of the retina in young A/J mice reflects a parainflammatory state
(53) that, accentuated by increased oxidative stress, transitions to
chronic inflammation and cellular dysfunction with increasing
age (Figure 8), just as observed in diseased patients (54). Priming
of RPE cells can translate to secondary effects on critical cellular
processes such as phagocytosis and digestion of POS, which are
increasingly affected in A/J mice with age. Another secondary
effect is the production of anti-retinal antibodies to a-crystallin,
GFAP, and a-enolase found in sera of ARD patients (55). Preferen-
tial activation of Statl has been detected in several autoimmune/
inflammatory conditions (23), and this increased significantly and
exclusively in A/J mice with age. We also noted increased GFAP
expression with age, and a-enolase was elevated at the transcript
level in A/] mice as early as 1 month of age. RPE/retina barrier
function is most detrimentally affected when both oxidative stress
and immune activation are induced (56), which suggests that
these additive effects of aging in A/J mice could potentially lead
to autoimmune responses. Ocular immune privilege is normally
responsible for the impaired tolerance to retinal antigens (57), but
exposure to such antigens upon age-related barrier compromise
could further contribute to disease progression.

Our preliminary RNA-Seq analysis of whole eye tissues from both
nocturnal (Long-Evans rat) and diurnal (Nile rat) rodent species
at a young age revealed gene signatures most closely related to B6
mice and clearly distinct from A/J mice (Supplemental Table 3).
This observation emphasizes that our present findings may extend
beyond model mouse species and provide an additional frame-
works for understanding etiologic factors contributing to complex
age-associated diseases in higher organisms. This is especially rel-
evant to human blinding conditions associated with aging, such
as age-related macular degeneration (AMD), the leading cause of
blindness in the industrial world and now considered one of the
major blinding diseases worldwide (58). The complex etiology of
AMD is reflected by the relative paucity of effective compounds
for its early prevention and treatment, with the main risk factor
being increasing age. Complex trait analysis of genome-wide asso-
ciation studies — having identified the vast majority of variations
in noncoding regions (59) and the recent identification of large
intervening noncoding RNAs implicated in controlling a diverse
set of biological processes (60, 61), including differentiation of the
murine retina (62), a discovery accelerated by application of next-
generation sequencing technology (63) — could serve as the next
frontier to facilitate understanding of complex disease phenotypes.
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In conclusion, we used 3 inbred background strains of mice
with differing susceptibilities to ARD and used RNA-Seq to
identify genes encoding components of cellular pathways that
contribute to this blinding condition at a young age, before
phenotypic changes are apparent. We identified relatively high
expression of proinflammatory factors coupled with low expres-
sion of homeostatic protective factors, such as those involved in
oxidative stress response, and localized them to the A/] mouse
retina, most notably to the RPE. This combination made A/J
mice especially vulnerable to rapidly progressive ARD compared
with BALB/c and B6 mice. A/J mice reared in the dark still devel-
oped ARD, which indicates that the pathogenic mechanisms
described here differ from those involving excessive accumula-
tion of the all-trans-retinal chromophore (64). These results, in
conjunction with imaging techniques that demonstrated elevat-
ed level of ROS and changes in phagocytotic processing in the
RPE, allow a more comprehensive understanding of a complex
neuronal degeneration. With advances in phenotypic and geno-
typic characterization technology, the methodologies outlined
herein represent a powerful paradigm to unveil cellular changes
that trigger and drive progression of complex neurodegenerative
diseases extending beyond the eye.

Methods
Materials. See Supplemental Methods for details and sources of antibodies
and probe sets.

Animals. A/J, BALB/c, and B6 inbred mice and A/J CSS mice were
obtained from The Jackson Laboratory. Long-Evans rats were purchased
from Harlan Laboratories. Nile rats were obtained from the laboratory of
L. Smale (Michigan State University, Lansing, Michigan, USA). Mice and
rats were housed in the animal facility at the School of Medicine, Case
Western Reserve University (CWRU), where they were maintained on a
standard chow diet in a 12-hour light (~10 lux), 12-hour dark cycle.

Histology and IHC. Histological and THC procedures were carried out as
previously described (65). IHC sections were viewed with a Zeiss LSM 510
inverted Laser Scan Confocal Microscope.

ERGs. All ERG procedures were performed according to previously pub-
lished methods (65).

Retinoid and A2E analyses. All experimental procedures related to extrac-
tion, derivatization, and separation of retinoids from dissected mouse eyes
were carried out as described previously (65). Quantification of A2E by
HPLC was achieved by comparison with known concentrations of pure
synthetic A2E standards (66).

Ultra-high-resolution SD-OCT and SLO imaging. Both ultra-high-resolution
SD-OCT (Bioptigen) and SLO (HRAII; Heidelberg Engineering) were used
for in vivo imaging of mouse retinas as previously described (11).

Library preparation and Illumina RNA-Seq runs. Mouse eye tissue libraries
were prepared as previously described (18). Pooled total RNA samples
from 5 eyes were used for each whole-eye library preparation. 3 separate
biological replicate libraries were made from mice with A/J, BALB/c,
or B6 backgrounds. Each murine eye library was run on 1 lane of the
Genome Analyzer IIx in the CWRU Genomics Core Facility using 54-, 76-,
or 79-bp single-end sequencing. The number of mapped single reads was
19.9 x 10%,22.5 x 106, and 21.7 x 10 from the 3 different A/J eye librar-
ies; 41.2 x 106, 38.9 x 10°, and 27.4 x 10° from the 3 different BALB/c eye
libraries; and 16.8 x 109, 17.7 x 10, and 38.2 x 10°¢ from the 3 different B6
eye libraries. Data were processed and aligned with the University of Cali-
fornia, Santa Cruz, mouse genome assembly and transcript annotation
(mm?®) and processed as previously described to calculate FPKM statistics
by gene, transcript, and exon (18). The output for CASAVA was visual-
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ized with the GenomeStudio RNA Sequencing Module (Illumina), which
allowed comparisons between samples. The processed and raw fastq files
were deposited in GEO (accession no. GSE38359).

Pathway generation and analysis. RNA-Seq data were analyzed with Ingenuity
pathway analysis software (Ingenuity Systems). Average FPKM values from
RNA-Seq runs of A/J, BALB/c, and B6 mouse eyes were uploaded along with
gene identifiers and statistical P value calculations. Core analysis of a set of
11,339 mapped genes was done to identify perturbed molecular networks.
Pathway generation of differentially expressed gene was also done by hand
with Ingenuity, Pubmed database, and known retinal localization as guides.

Real-time RT-PCR. 2 ug isolated total retinal RNA from 3 pooled A/J,
BALB/c, or B6 eye samples was converted to cDNA with the High Capac-
ity RNA-to-cDNA kit (Applied Biosystems). All real-time experiments were
done in triplicate with an ABI Step-One Plus qRT-PCR machine (Applied
BioSystems). Fold changes were calculated based on differences in C;
between A/J or BALB/c and B6 samples after normalization to 18S rRNA.

TEM. Mouse eye cups were prepared as previously described (18). Blocks
were cut with a microtome, and ultrathin sections (0.07 wm) were stained
with uranyl acetate and adsorbed onto carbon grids. A Tecnai T12 EM
(FEI) operating at 120 kV with a LaBg filament was used for final imaging.

TPM. Excitation TPM was performed with a Leica TCS SP2 scanning
head (Leica) attached to a DM IRBE2 inverted microscope stand with Leica
LCS 3-dimensional software. Laser pulses from a mode-locked Ti:Sapphire
laser (Chameleon-XR) were focused on the tissue sample by an HCX PL
APO x40 oil immersion objective lens (NA, 1.25; Leica). Imaging and sam-
ple conditions were as described previously (67).

In vivo detection of ROS. ROS detection in vivo was performed as previously
published (68). The ROS probe dihydroethidium (Invitrogen), at a dose
of 20 mg/kg body weight, was administered to mice via intraperitoneal
injection 30 minutes prior to light exposure. Eye cups — obtained after
removing the cornea, lens, and vitreous body from enucleated eye globes 3
hours after light illumination — were fixed in 4% paraformaldehyde. Cryo-
sections were prepared from fixed eye cups and cut at 12-um thickness for
microscopic assessment of ROS signal fluorescence in the retina.

Statistics. Experimental results were analyzed by 1-way ANOVA. A Pvalue
of 0.05 or less was considered statistically significant. Data are presented
graphically in figures as mean + SD.
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