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G E N E R A L A R T I C L E

Epigenetic hallmarks of age-related macular
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mouse model
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Abstract

Age-related macular degeneration (AMD) is a chronic, multifactorial disorder and a leading cause of blindness in the elderly.
Characterized by progressive photoreceptor degeneration in the central retina, disease progression involves epigenetic
changes in chromatin accessibility resulting from environmental exposures and chronic stress. Here, we report that a
photosensitive mouse model of acute stress-induced photoreceptor degeneration recapitulates the epigenetic hallmarks of
human AMD. Global epigenomic profiling was accomplished by employing an Assay for Transposase-Accessible Chromatin
using Sequencing (ATAC-Seq), which revealed an association between decreased chromatin accessibility and stress-induced
photoreceptor cell death in our mouse model. The epigenomic changes induced by light damage include reduced
euchromatin and increased heterochromatin abundance, resulting in transcriptional and translational dysregulation that
ultimately drives photoreceptor apoptosis and an inflammatory reactive gliosis in the retina. Of particular interest,
pharmacological inhibition of histone deacetylase 11 (HDAC11) and suppressor of variegation 3–9 homolog 2 (SUV39H2), key
histone-modifying enzymes involved in promoting reduced chromatin accessibility, ameliorated light damage in our mouse
model, supporting a causal link between decreased chromatin accessibility and photoreceptor degeneration, thereby
elucidating a potential new therapeutic strategy to combat AMD.
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Introduction
In human aging and disease, a variety of genomic and epige-
nomic changes accumulate over a lifetime, resulting in dele-
terious effects to overall health (1). Aging is associated with
increased transcriptional noise, in which key components of
vital cellular signaling pathways are dysregulated as a result
of the aberrant production and processing of gene transcripts
(2). Unlike DNA mutations, epigenetic alterations are reversible,
thereby providing avenues for the development of novel thera-
pies to combat both transcriptional and translational dysregu-
lations in age-associated diseases (3). These epigenetic changes
include DNA methylation, histone modifications and chromatin
remodeling—all of which could ultimately be targeted therapeu-
tically in efforts to normalize the transcriptome on a global level
and improve organismal health.

To date, epigenetic modifications have been implicated
in a variety of age-associated disorders, including cancer (4),
cardiovascular disease (5) and neurodegeneration (6). In the
present study, we focus on epigenetic changes associated
with visual dysfunction. Specifically, in age-related macular
degeneration (AMD), it has been demonstrated that decreased
chromatin accessibility is a hallmark that correlates with
disease progression in humans (7). Clinically, AMD is a leading
cause of blindness in the elderly, characterized by progressive
photoreceptor degeneration in the central retina (8). Up to 200
million individuals worldwide are affected by this disorder (9),
yet no effective therapies currently exist for the most common
(non-exudative or ‘dry’) form of AMD.

Employing mouse models to study disease offers numerous
advantages for accelerating drug development. In particular, for
simple monogenic disorders, knock-in/knockout mouse mod-
els can quite powerfully recapitulate disease pathogenesis. In
the case of complex polygenic disorders such as AMD, mice
can be employed as surrogate models that recapitulate key
pathological features of disease (8). Since AMD is character-
ized by photoreceptor degeneration, we reasoned that a light-
sensitive mouse strain, in which photoreceptor degeneration
is inducible by bright light exposure, could potentially serve
as a suitable surrogate model. Enzymatic deficiencies in the
visual cycle of Abca4−/−Rdh8−/− double knockout (dKO) mice
predispose to accelerated accumulation of cytotoxic by-products
(10), a phenomenon similarly observed to occur at a slower
rate over a longer time course in normal aging. Therefore, it is
conceivable that certain molecular mechanisms of cytotoxicity
could be conserved. Indeed, the retinal phenotype of dKO mice
exposed to bright light resembles certain clinical features of
AMD, including lipofuscin accumulation, drusen deposition and
late-onset choroidal neovascularization (11). Here, we utilized an
Assay for Transposase-Accessible Chromatin using Sequencing
(ATAC-Seq) to investigate whether the chromatin accessibility
changes implicated in human AMD are recapitulated in our
mouse model of light-induced injury. Through a comprehensive,
genome-wide chromatin accessibility analysis, we report that
our mouse model exhibits a global decrease in accessibility
of open chromatin regions upon induction of photoreceptor
degeneration by bright light stress, which closely resembles the
epigenetic phenotype characterized in clinical cases of AMD.

Results
Global chromatin accessibility changes in phototoxicity

In this study, we characterized the epigenetic phenotype of our
photosensitive dKO mouse model using ATAC-Seq, in order to

globally profile chromatin accessibility in the retina and RPE/-
choroid. Samples were processed in triplicate or as specified for
each experimental condition, and in total 63 018 high-confidence
peaks representing open chromatin regions were identified in
the retina, and 19 950 high-confidence peaks were identified in
the RPE/choroid. In dKO mice subjected to bright light exposure,
we observed on average a broad decrease in peak intensity with
diffusion into intergenic regions of the genome in both the retina
and RPE/choroid 1 day after photobleaching (Fig. 1A), resembling
the global reduction in accessibility of open chromatin regions
previously characterized in clinical cases of AMD (7) (Fig. 1B).
Notably, the key photoreceptor genes Rho, Gnat1, Nrl and Nr2e3
exhibited a mixed initial response at 6 h after light exposure,
which stabilized into an overall decrease in peak intensity by 1
day after photobleaching (Fig. 1C). In contrast, key inflammatory
response genes Ccl4 and Socs3 actually exhibited an increase
in peak intensity following photobleaching, consistent with the
upregulation of these genes seen in the inflammatory reactive
gliosis that follows light-induced photoreceptor degeneration
(12).

In order to visualize the progression of photoreceptor degen-
eration in mice, we utilized scanning laser ophthalmoscopy
(SLO) and optical coherence tomography (OCT) to image the
fundus and cross sections of the retina, respectively (Fig. 2A). In
photobleached dKO mice, SLO imaging revealed characteristic
autofluorescent spots associated with phototoxicity and reac-
tive inflammation, which became increasingly apparent in the
days following light damage (12). OCT imaging revealed a con-
comitant degeneration of the photoreceptor-containing outer
nuclear layer (ONL) in bleached dKO mice relative to both wild-
type (WT) and non-bleached (NB) controls, with full degenera-
tion of the ONL evident at 7 days after photobleaching (Fig. 2B). At
1 day after light exposure, the majority of ATAC-Seq peaks, 93.7%
in the retina and 55.6% in the RPE/choroid of dKO mice, were
reduced in signal intensity (Fig. 2C), representative of a global
decrease in accessibility of open chromatin regions. This global
decrease occurred gradually, with total ATAC signal intensity
decreasing in a time-dependent manner following light damage
(Fig. 2D). As expected, this analysis showed that the chromatin
accessibility changes induced by bright light stress result in
distinct and reproducible epigenomic profiles (Fig. 2E).

Epigenomic changes manifest in the transcriptome

In order to assess how changes at the epigenomic level are
reflected in the transcriptome, we utilized next-generation RNA
sequencing (RNA-Seq) and performed a correlation analysis. In
non-bleached dKO mice, the retina exhibited a higher degree
of correlation between ATAC-Seq and RNA-Seq data than the
RPE/choroid, with Pearson’s correlation coefficients (R) of 0.33
and 0.21, respectively (Fig. 3A). Taken together, this positive cor-
relation supports a direct relationship between chromatin acces-
sibility and gene transcription. Indeed, MDS analysis of our
RNA-Seq data suggests a programmed transcriptional response
to bright light stress that results in distinct and reproducible
transcriptomic profiles (Fig. 3B). Using differential gene expres-
sion analysis, we identified statistically significant differentially
expressed (DE) genes in the retina and RPE/choroid of dKO mice
at 6 h, 1 day and 3 days after light damage and found that the
majority of transcriptomic changes occur in the retina, with the
total number of DE genes approximately 10-fold higher than
in RPE/choroid (Fig. 3C and D). Moreover, in both the retina and
RPE/choroid, the majority of transcriptomic changes occurred 1
day after photobleaching.
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Figure 1. Epigenetic landscape of chromatin accessibility in the retina and RPE/choroid. Circos plots showing genome-wide chromatin accessibility as ATAC-Seq peaks

in the retina and RPE/choroid (RPE/c) of (A) photosensitive Abca4−/−Rdh8−/− (dKO) mice reared under normal lighting conditions and 1 day after exposure to bright

light stress (bleached), and (B) humans with and without AMD (generated from raw human sequencing data deposited in NCBI’s Gene Expression Omnibus (GEO) under

accession number GSE99287). (C) Chromatin accessibility changes induced by photobleaching. Average ATAC-Seq signal in key genes for non-bleached (NB, n = 5) and

bleached dKO retina 6 h (n = 3) and 1 day (n = 6) after bright light exposure. TSS, transcriptional start site; kb, kilobases.

To elucidate the pertinent biological pathways involved in the
progression of photoreceptor degeneration, we first generated
a Venn diagram to quantify the total number of DE genes

unique to each post-bleach time point. At 6 h, 1 day and 3 days
post-bleach, 317, 980 and 141 unique DE genes were identified
in the retina of dKO mice, respectively (Fig. 4A). We then
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Figure 2. Chromatin accessibility changes in a light-damaged retina. (A) SLO images (top) demonstrate the time course of induction of retinal pathology (autofluorescent

spots) in the fundus of photosensitive Abca4−/−Rdh8−/− (dKO) mice 6 h to 1/3/7 days after exposure to bright light stress, as compared to non-bleached (NB) dKO and

wild-type (WT) mice. SLO scale bars, 1 mm. OCT images (bottom) were also obtained from these mice, and the thickness of the photoreceptor-containing outer nuclear

layer (ONL; yellow asterisk) is quantified in (B), exhibiting complete degeneration in the dKO mice by 7 days post-bleach. OCT scale bars, 50 μm. INL, inner nuclear

layer; GCL, ganglion cell layer. n = 3 per group. (C) Global decrease of chromatin accessibility in the retina and RPE/choroid (RPE/c) 1 day after photobleaching relative

to non-bleached dKO mice. Each data point (left panel) represents one ATAC-Seq peak, and the population of reduced peaks is highlighted in blue in the density curve

(right panel) and quantified as a percentage of all ATAC-Seq peaks. (D) Global heat map of open chromatin regions in non-bleached dKO mice, compared to 6 h and

1 day after bright light exposure. Each row (bottom panel) represents one ATAC-Seq peak, and the degree of chromatin accessibility is represented by color. Peaks are

aligned at the center of regions spanning 2 kb. The total ATAC-Seq signal (normalized counts) of all peaks combined is shown in the top panel. (E) Multidimensional

scaling (MDS) of all retina and RPE/choroid samples. Non-bleached (n = 5 for retina, n = 2 for RPE/c) and bleached dKO mice 6 h (n = 3 for retina, n = 3 for RPE/c) and 1 day

(n = 6 for retina, n = 3 for RPE/c) after light exposure cluster into groups with distinct ATAC-Seq profiles.
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Figure 3. Transcriptome reflects epigenetic changes associated with photoreceptor degeneration. (A) Relationship between chromatin accessibility (ATAC-Seq signal

intensity) and gene expression (RNA-Seq signal intensity) in the retina and RPE/choroid (RPE/c) of unbleached dKO mice. Pearson’s product-moment correlation constant

(R) is displayed on the graph (P-value < 0.0001). (B) Multidimensional scaling (MDS) of all retina and RPE/choroid samples. Non-bleached (NB) and bleached dKO mice

cluster into groups with distinct RNA-Seq profiles. n = 4 per group for all NB, 1-day and 3-day samples. n = 3 per group for all 6-h samples. (C) Differentially expressed

(DE) genes in the retina and RPE/choroid 6 h, 1 day and 3 days after photobleaching (BL). Each data point represents one RNA-Seq peak, and the total sum of significantly

upregulated (red) and downregulated (blue) DE genes is quantified in (D) at 6 h (red), 1 day (green) and 3 days (blue) post-bleach, respectively; DE genes total 852, 1839

and 712 in the retina and 9, 216 and 13 in RPE/choroid.
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performed gene set enrichment analysis on these unique genes,
which revealed early enrichment in transcriptional activation,
cell signaling, apoptosis and metabolism pathways, followed
by delayed enrichment in phagocytosis and inflammatory
response pathways (Fig. 4B). Upon closer inspection of specific
DE genes (Supplementary Material, Data 1), we observed early
downregulation of key photoreceptor genes Nrl, Nr2e3, Rho and
Gnat1 (Supplementary Fig. 1), followed by upregulation of key
immune response genes Ccl4, Socs3, Ifi204, Ddx58, Cfi, C3, Nfkb2,
Gfap and Cd68 (Supplementary Material, Fig. 2a). Moreover,
upregulation of gliosis markers GFAP and CD68 at the protein
level was visually confirmed by immunohistochemistry analysis
of retinal cross sections (Supplementary Material, Fig. 2b). Taken
together, these results suggest an initial transcriptional response
that predominates in light-damaged photoreceptors, followed
by a delayed inflammatory response mediated by retinal glia. To
investigate this possibility, Seurat was used on a generic wild-
type murine retina single-cell RNA-Seq (scRNA-Seq) dataset
to determine the top 50 marker genes unique to each retinal
cell type (Supplementary Material, ata 2), and the DE genes
identified from each post-bleach time point were matched
to the marker genes and quantified as a percentage of the
total number of cell type-specific genes for each time point.
Indeed, this analysis revealed the majority of stress-induced
transcriptomic changes shift from rod and cone photoreceptors
(early) to Müller glia and microglia (late), with a minority
of transcriptomic changes occurring in amacrine, horizontal
and bipolar cells of the inner retina (Fig. 4C). By integrating
Uniform Manifold Approximation and Projection (UMAP) non-
linear dimensionality reduction analysis of the scRNA-Seq
data with our dKO mouse RNA-Seq data, we employed a novel
methodology henceforth known as ‘pseudo-scRNA-Seq’ to map
DE genes to individual cells on a UMAP plot for each post-
bleach time point (Fig. 4D). As expected from our epigenomic
data, this analysis revealed mixed up- and downregulation of
transcription at 6 h, followed by a more uniform downreg-
ulation in photoreceptors at 1 day post-bleach, and delayed
upregulation occurring in activated microglia 3 days after light
damage.

Chromatin remodeling drives phototoxicity

Among the many DE genes identified in our study, we first
narrowed our focus on DE genes encoding histone-modifying
enzymes that could drive the observed changes in chromatin
accessibility (Supplementary Material, Data 3). From this list, we
identified HDAC11, which encodes an enzyme that functions
to deacetylate histones, thereby promoting reduced chromatin
accessibility (13). Notably, upregulation of this gene, along with
decreased histone acetylation, has also been observed in clinical
cases of dry AMD (7). In bleached dKO mice, we observed statis-
tically significant upregulation of HDAC11 both 1 day and 3 days
after light damage in the retina (Fig. 5A), which corresponded
with decreased protein abundance of H3K27ac, an acetylated
histone marker for open chromatin regions (euchromatin). Like-
wise, in the RPE/choroid at 1 day post-bleach, we observed sta-
tistically significant upregulation of SUV39H2, which encodes a
methyltransferase that trimethylates the K9 residue of histone
3, thereby promoting the formation of highly condensed, inac-
cessible regions of chromatin (heterochromatin) (14). Indeed, by
quantitative western blot analysis, we observed a concomitant
increase in protein abundance of H3K9me3, a marker for het-
erochromatin, in the RPE/choroid of bleached dKO mice com-
pared to non-bleached controls (Fig. 5B). In order to visualize

the heterochromatin formation contributing to reduced chro-
matin accessibility, we prepared retina and RPE flat mounts
for immunofluorescence microscopy and observed increased
H3K9me3 signal in both retina (Supplementary Material, Fig. 3)
and RPE (Fig. 5C) of dKO mice at 1 day after photobleaching.
Taken together, these results demonstrate that the global reduc-
tion of chromatin accessibility induced by bright light stress
involves effectors that inhibit euchromatin while promoting
heterochromatin formation.

Having identified the correlation between reduced chromatin
accessibility and photoreceptor degeneration in our mouse
model, we next sought to investigate whether this chromatin
remodeling could play a causative role in driving phototoxicity.
Knowing that HDAC11 and SUV39H2 are upregulated in
photobleached dKO mice, we reasoned that pharmacological
inhibition of these enzymes would provide protection from light
damage if reduced chromatin accessibility were indeed a driver
of phototoxicity. By quantitative western blot analysis, we first
confirmed that intraperitoneal administration (60 mg/kg bw)
of Mocetinostat (MCT), a pharmacological inhibitor of HDAC11
(15), rescues the stress-induced reduction in euchromatin
abundance observed in the retina of photobleached dKO
mice (Fig. 6A). Likewise, we confirmed that intraperitoneal
administration (60 mg/kg bw) of OTS186935 (OTS), a selective
inhibitor of SUV39H2 (16), attenuates the stress-induced increase
in heterochromatin abundance observed in the RPE/choroid
of bleached dKO mice. In order to visualize the effect of
SUV39H2 inhibition on heterochromatin formation throughout
the retina of dKO mice, we prepared retinal cross sections for
immunohistochemistry analysis and found that the widespread
increase in H3K9me3 signal induced by photobleaching was
attenuated by OTS therapy, particularly in the photoreceptor-
containing outer nuclear layer (Fig. 6B). With confirmation
that these pharmacological interventions indeed mitigate
the global reduction of chromatin accessibility induced by
bright light stress, we performed SLO and OCT imaging and
found that either MCT or OTS therapy alone was sufficient to
ameliorate stress-induced retinal pathology in photobleached
dKO mice (Fig. 6C and D). Altogether, these findings demon-
strate proof of concept in support of a causal relationship
between decreased chromatin accessibility and photoreceptor
degeneration.

Discussion
The complex pathogenesis of photoreceptor degeneration in
AMD has puzzled physicians and biomedical investigators for
decades. As a chronic, multifactorial disease, AMD susceptibility,
progression and severity are determined by a combination
of multiple genetic variants as well as environmental and
lifestyle factors (8,17). In this study, we focused on the epigenetic
modifications associated with AMD, which accumulate under
various environmental conditions over a lifetime. The retinal
pathology in AMD involves chronic photoreceptor degeneration,
although the underlying mechanisms have remained unclear. To
delineate the pathways driving photoreceptor cytotoxicity in a
controlled setting, we employed a photosensitive mouse model
exhibiting synchronized photoreceptor degeneration following
exposure to bright light stress. Using mice as the animal model to
study AMD comes with inherent constraints. Given the differing
topography between the mouse and human retina, such as the
anatomical absence of a macula in mice, the dKO mouse model
serves only to approximate the accumulation of stressors that

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa158#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa158#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa158#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa158#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa158#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa158#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa158#supplementary-data
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Figure 4. Transcriptomic analysis reveals biological pathways underlying photoreceptor degeneration. (A) Venn diagram of the total numbers of differentially expressed

(DE) genes in the retina 6 h, 1 day and 3 days after photobleaching, relative to non-bleached dKO mice. (B) Global transcriptome gene set enrichment analysis identifies

top biological pathways associated with bright light-induced damage in the retina of dKO mice at indicated time points after photobleaching. (C) Proportion of cell

type-specific DE genes at corresponding time points after photobleaching. Majority of stress-induced transcriptomic changes shift from photoreceptors (early) to glia

(late), suggesting a late-onset inflammatory reactive gliosis. DE genes were cross-referenced against a single-cell RNA-Seq (scRNA-Seq) database of the top 50 genes

unique to each retinal cell type and are represented as a percentage of the total number of DE genes that are cell type specific at each time point. (D) Pseudo-scRNA-Seq

analysis maps of upregulated (red) and downregulated (blue) DE genes in distinct retinal cell types. Uniform Manifold Approximation and Projection (UMAP) non-linear

dimensionality reduction was used to cluster individual cells with similar transcriptomic profiles and assign cell types based on the expression of unique marker

genes. Cell types exhibiting highest degree of differential gene expression at each time point are labeled. As, astrocyte; Pc, pericyte; EC, endothelial cell.

trigger photoreceptor/RPE dysfunction. Retinal photoreceptors
and RPE function together as a system, and because of their
interdependence, perturbations to this functionally integrated
network will lead to cell death and dysfunction, regardless of
whether the susceptibility to stress is initially localized in pho-
toreceptors or RPE (18). Whereas human AMD may involve RPE

dysfunction preceding photoreceptor degeneration, our dKO
mouse model exhibits susceptibility to stress primarily in
photoreceptors, with the RPE initially spared. Despite these
differences, synchronously induced photoreceptor degeneration
in a mouse model confers many advantages over correlative
clinical studies on AMD disease progression, namely, with
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Figure 5. Histone modifications associated with decreased chromatin accessibility. (A) Expression of HDAC11 in the retina (left panel), measured in counts per million

(CPM). Increased expression corresponds to histone modifications that decrease chromatin accessibility (n = 4 per group, ∗P < 0.05, ∗∗∗∗P < 0.0001). Euchromatin marker

H3K27ac is decreased in dKO mice 1 day and 3 days after photobleaching (right panel). Representative western blot (WB) analysis and quantification of H3K27ac levels,

expressed as relative quantity (RQ), in the retina of non-bleached (NB) and bleached dKO mice (n = 3 per group, ∗P < 0.05). (B) Expression of SUV39H2 in RPE/choroid

(RPE/c) (left panel). Heterochromatin marker H3K9me3 is increased in dKO mice 1 day and 3 days after photobleaching (right panel). Representative WB analysis

and quantification of H3K9me3 levels in RPE/c of non-bleached and bleached dKO mice. All P-values were calculated by the unpaired t-test. (C) RPE flat mount

immunofluorescence microscopy. F-actin labels RPE cell borders, nuclei are labeled by DAPI, and H3K9me3 is a marker for heterochromatin foci. 60× magnification is

of boxed region shown in 20× merged window. Increased heterochromatin staining is observed in dKO mice 1 day after photobleaching. Scale bars, 50 μm.

respect to tractability, reproducibility and turnover. Furthermore,
as both human and murine cells are derived from a common
eukaryotic ancestor, it is conceivable that certain cellular pro-
cesses governing cytotoxicity could be evolutionarily conserved,
and potentially active, in a range of neurodegenerative diseases.

In the current study, we investigated stress-induced retinal
pathology in photosensitive mice and ascertained three insights
on the pathogenesis of photoreceptor degeneration. The first
pertains to how chromatin accessibility changes on a global
level in the context of light damage. We found that upon bright
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Figure 6. Pharmacological interventions that attenuate stress-induced chromatin remodeling ameliorate photoreceptor degeneration. (A) Representative western blot

(WB) analysis and quantification of H3K27ac and H3K9me3 levels, expressed as relative quantity (RQ), in the retina and RPE/choroid (RPE/c) of non-bleached (BL-) and

1 day post-bleach (BL+) dKO mice treated with intraperitoneal injection of DMSO vehicle (drug-), Mocetinostat (MCT) at a dose of 60 mg/kg bw or OTS186935 (OTS) at

a dose of 60 mg/kg bw. (B) Immunohistochemistry analysis of retinal cross sections reveals broadly increased H3K9me3 staining throughout the retina of dKO mice

1 day after photobleaching relative to non-bleached controls, which is attenuated in bleached OTS-treated mice relative to DMSO vehicle-treated mice. H3K9me3 is a

marker for heterochromatin foci, nuclei are labeled by DAPI, and peanut agglutinin (PNA) labels cone photoreceptors. Scale bars, 50 μm. (C) SLO (top) and OCT (bottom)

imaging reveals light-induced retinal pathology in dKO mice is ameliorated by MCT or OTS treatment, and the thickness of the photoreceptor-containing outer nuclear

layer (ONL; yellow asterisk) is quantified in (D). SLO and OCT images were acquired from live dKO mice 7 days after photobleaching. SLO scale bars, 1 mm. OCT scale

bars, 50 μm. INL, inner nuclear layer; GCL, ganglion cell layer. n = 3 per group, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.



2620 Human Molecular Genetics, 2020, Vol. 29, No. 15

Figure 7. Pathogenesis of photoreceptor degeneration associated with decreased chromatin accessibility. In photosensitive dKO mice and humans that develop AMD,

stress-induced cytotoxic by-product accumulation drives global reduction in chromatin accessibility and downregulation of transcription factors (TFs), resulting in an

altered transcriptome that culminates in photoreceptor cell death and reactive inflammation.

light exposure, both the retina and RPE/choroid exhibit a global
decrease in accessibility of open chromatin regions, as evidenced
by a gradual, time-dependent reduction in total ATAC signal.
While our analysis of bulk retina and RPE/choroid samples by
ATAC-Seq and RNA-Seq revealed global changes in chromatin
accessibility, further studies will be required to determine the
nature of chromatin rearrangement occurring at the individ-
ual cell level. For instance, single-cell ATAC-Seq (scATAC-Seq)
and scRNA-Seq could be employed to investigate the possi-
bility that certain retinal cell types, such as Müller glia and
microglia, actually undergo an increase in chromatin accessi-
bility, contrary to the global trend observed in the majority of
retinal cells, which might account for the upregulation of glia-
specific genes observed in our pseudo-scRNA-Seq analysis. Sec-
ondly, we demonstrated the relationship between changes at the
epigenomic level and how they manifest in the transcriptome,
observing a programmed transcriptional response to bright light
stress involving cross-talk between different retinal cell types
and a transition from an initial response in photoreceptors to
a delayed inflammatory reactive gliosis. Lastly, we identified
key histone modifications induced by bright light stress that
reduce euchromatin while promoting heterochromatin forma-
tion, thereby contributing to the changes in global chromatin
accessibility observed in phototoxicity.

In early stages of embryonic development, cellular differ-
entiation results from the interplay between heritable epige-
netic modifications and spatiotemporally regulated production
of cell type-specific transcription factors (TFs) (19). Cells are
able to distinguish their identity through what is known as
epigenetic memory (20,21) while maintaining a level of plasticity
that enables restoration of tissue homeostasis after injury and
exposure to other environmental stimuli over time (22). Rod and
cone photoreceptors, which are terminally differentiated cells
in the adult murine retina, develop and maintain their cellular
identity through a combination of TFs, namely, Nrl (23) and Nr2e3
(24). Upon stress-induced photoreceptor toxicity, we observed
decreased ATAC signal for not only Nrl and Nr2e3 but for their
respective target genes as well, including Rho and Gnat1. This
corresponded to an overall decrease in downstream gene expres-
sion, as demonstrated by pseudo-scRNA-Seq, in photoreceptors
1 day after light damage. Taken together, our data suggest that

the initial stages of stress-induced photoreceptor degeneration
involve globally reduced chromatin accessibility, resulting in
decreased TF binding and an altered transcriptome that drives
apoptosis (Fig. 7).

Following the initial insult to photoreceptors, a delayed
immune response emerges, as evidenced by increased ATAC
signal in key inflammatory response genes, such as Ccl4 and
Socs3. This is accompanied by widespread upregulation of
gene expression, as demonstrated by pseudo-scRNA-Seq, in
activated microglia 3 days after light damage. Specifically, our
analysis revealed significantly increased expression of various
pro-inflammatory genes including Ccl4, Ifi204, Ddx58, Cfi, C3,
Nfkb2, Gfap and Cd68 following light damage, consistent with
inflammasome activation and a reactive gliosis that functions
primarily to phagocytose apoptotic photoreceptor debris (12,25–
27). Of particular interest, inflammasome activation involving
chemokines such as Ccl4 (28), as well as interferon signaling
which may involve Ifi204 and Ddx58, has been described in the
clinical context of AMD (29,30). Likewise, complement pathway
genes Cfi and C3 have also been implicated in genome-wide
association studies (GWAS) of AMD (17). Taken together, this
evidence supports potentially conserved immune response
pathways underlying photoreceptor degeneration in our mouse
model and in clinical cases of AMD.

The data presented in this publication demonstrate that our
light-sensitive mouse model of stress-induced photoreceptor
degeneration recapitulates the epigenetic hallmarks of human
AMD. Moreover, the potentially conserved pathways between
the two species underlying the pathogenesis of photoreceptor
degeneration support the use of our mouse model in subsequent
studies to further address causality, whereas human studies
have largely been limited to correlative analyses. For instance,
in humans, it would be prohibitively difficult to determine
whether decreased chromatin accessibility represents a harmful
change that compromises photoreceptor viability or an adaptive
response that enhances cell survival in disease. In contrast,
we were able to tractably approach this question in our
mouse model by demonstrating the therapeutic efficacy of
pharmacological inhibitors that attenuate chromatin remod-
eling, thereby identifying HDAC11 and SUV39H2 as potential
therapeutic targets in the context of photoreceptor degeneration
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and AMD. However, for robust target validation, further studies
employing conditional Hdac11- and/or Suv39h2-knockout mice
crossed onto our light-sensitive dKO genetic background will
be required. Nevertheless, our findings from the current study
provide the rationale to support such further investigation.
Additionally, use of the novel methodology described herein
as pseudo-scRNA-Seq, to ascertain cell type-specific insights
from bulk RNA-Seq data cross-referenced against a generic
scRNA-Seq dataset, establishes a cost-effective framework for
numerous potential applications in a variety of experimental
contexts. Indeed, this framework may ultimately be leveraged to
extend far beyond the context of retinal degenerative disease to
provide unique mechanistic insights on disease progression in
any organ system of interest.

Materials and Methods
Animals

Male and female Abca4−/−Rdh8−/− mice at 6–8 weeks of age were
used for the current study. These mice were maintained on a
pigmented C57BL/6 background, and age-matched C57BL/6 mice
from the Jackson Laboratory were used as wild-type controls. All
mice were housed and maintained in a 12-h light (≤150 lux)/12-
h dark cyclic environment in the University Laboratory Animal
Resources Center at the University of California, Irvine (UCI)
School of Medicine. Bright light-induced retinal damage was
generated by exposing photosensitive Abca4−/−Rdh8−/− mice to
white light delivered at 10 000 lux (150-W spiral lamp, Com-
mercial Electric, Cleveland, OH) for 30 min. Mice were dark-
adapted 24 h prior to photobleaching, and pupils were dilated
with 1% ophthalmic tropicamide 30 min prior to light exposure.
Mocetinostat (MedChemExpress #HY-12164, 60 mg/kg bw) and
OTS186935 (AdooQ BioScience #A18632, 60 mg/kg bw) were dis-
solved in DMSO and administered in a total volume of 50 μL
by intraperitoneal injection 30 min prior to light exposure. All
animal handling procedures and experimental protocols were
approved by the Institutional Animal Care and Use Committee at
the UCI and conformed to recommendations of both the Ameri-
can Veterinary Medical Association (AVMA) Panel on Euthanasia
and the Association for Research in Vision and Ophthalmology.

Live in vivo retinal imaging

Mice were anesthetized by intraperitoneal injection of ketamine
(20 mg/mL) with xylazine (1.75 mg/mL) at a dose of 5 μL/g bw,
and pupils were dilated with 1% tropicamide prior to imaging.
Ultrahigh-resolution spectral domain OCT (Bioptigen, Research
Triangle Park, NC) was performed for cross-sectional imaging of
mouse retinas, as described previously (31). Briefly, five frames
of OCT images were acquired in the B-mode and then averaged.
For quantitative measurements of photoreceptor viability, ONL
thickness was measured in the InVivoVue software at a dis-
tance of 0.45 mm from the optic nerve head in the temporal
retina, where the most severe damage is found in bright light-
exposed Abca4−/−Rdh8−/− mice. SLO (Heidelberg Engineering,
Heidelberg, Germany) was also performed for whole fundus
imaging of mouse retinas, and images were acquired in the
autofluorescence mode, as previously described (12).

ATAC sequencing

Fresh retina and RPE/choroid tissues were harvested from pho-
tosensitive Abca4−/−Rdh8−/− mice and dissociated into single

cells using the Worthington Papain Dissociation System (Lake-
wood, NJ). For nuclear extraction, cells (50–75 k) were lysed by
adding 50 μL of ice-cold cell lysis buffer (10 mM Tris-Cl pH 7.4,
10 mM NaCl, 3 mM MgCl2) containing 0.03% IGEPAL and protease
inhibitors (one tablet per 7 mL of lysis buffer) and mixing three
times by pipetting. Cells were then immediately spun down at
500 g for 10 min and washed with 150 μL of ice-cold lysis buffer
without IGEPAL and protease inhibitors. For tagmentation, cell
nuclei were incubated with 2.5 μL enzyme in 50 μL total volume
at 37◦C in a thermocycler (Illumina Nextera DNA library prep
kit, #FC1211030). DNA was cleaned up using the MinElute PCR
purification kit (#28006, Qiagen) and eluted in 10 μL of EB buffer.
Tagmented DNA was amplified, and the number of PCR cycles
was calculated by following a previously described protocol (32).
PCR products (10 μL) were run on a 1.5% agarose gel to confirm
expected DNA band pattern. PCR products were then cleaned by
double-sized selection using Ampure beads (Agencout AMPure
XP, Beckman Coulter, #A63880) to remove large and small DNA
fragments. This was performed by using 1:0.5 and 1:1.6 ratios
of sample to Ampure beads (v/v). Completed ATAC-Seq libraries
were then analyzed by fragment bioanalyzer and sequenced for
paired-end 75 cycles using the NextSeq 500 system with ∼ 400–
500 million reads per run, yielding ∼45–50 million reads per
sample.

ATAC-Seq differential chromatin accessibility analysis

Adaptors were removed using Trimmomatic (33). ATAC-Seq
reads were aligned to the mouse genome (GRCm38) using
Bowtie2 with default parameters (34). After filtering the read
for mitochondrial DNA, the Y chromosome duplicate reads
were removed using the Picard tools MarkDuplicates program
(http://broadinstitute.github.io/picard/). ATAC-Seq peak regions
of each sample were called using MACS2 with the parameters—
nomodel, shift 100 and extsize 200 (35). All peak files were
combined together, with overlapping peaks merged into a single
peak. We identified 63 018 peaks from retina samples and 19 950
peaks from the RPE/choroid samples. The top 25% of the peaks
by signal strength were plotted using R. Integrative genomics
viewer was used to visualize the peak intensity for individual
genes (36). DeepTools2 was used to create BigWig files. The
BigWig files were merged together for each time point to create
heat maps for the peak values from the top half of the peaks by
signal strength (37). The circos plots were created using circlize
(7,38). MDS plots were created from the values of all peaks using
edgeR (39).

Retina and RPE extraction for RNA-Seq

Fresh retina and RPE tissues were harvested from photosen-
sitive Abca4−/−Rdh8−/− mice according to published protocols
(40). Under a dissecting microscope, spring scissors were used
to puncture the eye and remove the cornea, iris and lens. The
remaining eyecup had 4 radial incisions made every 90 degrees,
resulting in a flat and open eyecup. The retina was then gently
removed using curved tweezers and placed in a 1.5-mL micro-
centrifuge tube containing RNAlater (Qiagen, Hilden, Germany).
The RPE-containing eyecup was placed in a 1.5 mL microcen-
trifuge tube containing RNAprotect (Qiagen). The second eye was
processed identically and pooled with the first eye from the
same mouse. Total RNA from RPE cells was isolated using the
simultaneous RPE cell isolation and RNA stabilization (SRIRS)
method (40). Briefly, the tube containing RNAprotect with the
two pooled RPE/choroid eyecups was agitated in 10-min intervals

http://broadinstitute.github.io/picard/
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for 20 min at RT. After the second agitation, the eyecups were
removed to minimize choroid contamination, with dissociated
RPE cells remaining in solution. Retina and RPE samples in
RNAlater and RNAprotect, respectively, were stored at 4◦C for up
to 1 week.

RNA sequencing

Retina tissue samples were removed from the RNAlater solution
and placed in a fresh 1.5 mL microcentrifuge tube. RPE samples
were centrifuged for 5 min at 700 g and the supernatant was
then discarded. Total cellular RNA isolation was performed with
the miRNAeasy micro kit with an optional DNase step, per the
manufacturer’s protocol (Qiagen, Hilden, Germany). RNA sam-
ples were sent to the Transcriptomics and Deep Sequencing Core
(Johns Hopkins University, Baltimore, MD) for library preparation
and sequencing. Briefly, mRNA was polyA-selected from total
RNA (100–150 ng per sample) and subjected for library prepara-
tion by following the Illumina TruSeq Stranded mRNA Library
Prep Kit instructions. Libraries were then pooled and sequenced
for paired-end 150 cycles in the Illumina NextSeq 500 system,
yielding ∼45–50 million raw reads per library.

RNA-Seq differential gene expression analysis

Alignment of sequences to the genome was completed using
STAR version 2.5.3, Ensembl GRCm38 was used for STAR map-
ping (41), and read counts were generated using the feature-
Counts function of Rsubread (42). Gene transcripts with 1 ≥ CPM
in four or more replicates were considered expressed and used
in all downstream analyses. Differential gene expression anal-
ysis was performed using edgeR. Ggplot2 was used to create
the correlation plots. The R package VennDiagram was used to
create the Venn diagram (43). Gene set enrichment analysis was
performed using the Gene Ontology (GO) functional annotation
clustering method of DAVID 6.8 to determine the biological
function of differentially expressed genes (44). Seurat was used
to determine cell type markers (45) and perform the pseudo-
scRNA-Seq analysis by cross-referencing an unpublished wild-
type C57BL/6 murine retina scRNA-Seq dataset. For each time
point analyzed in the bulk RNA-seq data, the DE genes up- or
downregulated relative to non-bleached controls were used to
create a ‘meta-gene’ from the scRNA-Seq dataset, which was a
collective sum of the values for all the up- or downregulated DE
genes. The collective up- and downregulated meta-genes gener-
ated were then used through standard Seurat tools to highlight
meta-gene expression in individual cells on the UMAP plot.

Preparation of tissue lysates for western blotting
analysis

Fresh retina and RPE were harvested from study mice as
described previously. Briefly, samples from both eyes of the
same mouse were pooled together and homogenized in RIPA
buffer supplemented with a protease and phosphatase inhibitor
cocktail (Roche, Basel, Switzerland). Posterior eyecups (sclera–
choroid–RPE) were incubated on ice for 20 min with frequent
agitation to dissociate the RPE monolayer into solution; then the
remainder of the eyecups were removed prior to sonication,
vortex and centrifugation at 21 000 g for 15 min at 4◦C.
Proteins were size-fractionated on 4–12% Bis-Tris Nu-PAGE
gels (Invitrogen, Carlsbad, CA) and transferred to nitrocellulose
membranes. The membranes were incubated in Intercept
blocking solution (LI-COR, Lincoln, NE) for 1 h at RT, followed

by primary antibodies targeting H3K27ac (1:1000, Cell Signaling
#8173), H3K9me3 (1:1000, Abcam #8898) and GAPDH (1:1000, Cell
Signaling #2118) overnight at 4◦C. Membranes were washed with
PBS containing 0.1% Tween-20 and incubated with an infrared
dye (IR)-labeled goat anti-rabbit secondary antibody (1:5000,
LI-COR #926-32 211) for 1 h at RT. The blots were imaged, and
IR signals were quantified using a LI-COR Odyssey Fc imaging
system.

Immunofluorescence microscopy

Mice were euthanized in a CO2 chamber prior to enucleation.
For IF staining of retina and RPE flat mounts, the cornea and
lens were first dissected out; then the remaining neural retina
was separated from the RPE-containing posterior eyecup, and
both were fixed in 4% paraformaldehyde for 30 min. Retina-
and RPE-containing eyecups were then flattened by making
long radial cuts and mounted on glass slides (Superfrost Plus,
Fisher Scientific). For both IHC and flat mount IF staining, slides
were incubated in a blocking buffer containing 5% FBS, 1% BSA
and 0.2% Triton X-100 in PBS for 2 h at RT. Slides were then
incubated with a primary antibody targeting H3K9me3 (1:100,
Abcam #8898) overnight at 4◦C, followed by a 1-h incubation with
a fluorescent goat anti-rabbit secondary antibody (1:250, Invit-
rogen #A11037). F-actin was labeled by FITC-phalloidin (1:200,
Invitrogen #A12379) co-incubated with secondary antibody for
1 h at RT. Fluorescence microscopy images were obtained on a
Keyence BZ-X810 fluorescent microscope.

Statistical analyses

Results were collected from at least three mice for each
experimental group unless otherwise indicated. Data from
at least three independent experiments were presented as
mean ± standard error of the mean (SEM). Statistical significance
was determined by the Student’s t-test, where differences with
P < 0.05 were considered significant. Fold change, false discovery
rate (FDR) and Pearson’s correlation coefficient were calculated
in the R platform (https://www.R-project.org).
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