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Age-related macular degeneration (AMD) is a chronic and progressive disease characterized by degen-
eration of the retinal pigment epithelium (RPE) and retina that ultimately leads to loss of vision. The
pathological mechanisms of AMD are not fully known. Cellular senescence, which is a state of cell cycle
arrest induced by DNA-damage or aging, is hypothesized to critically affect the pathogenesis of AMD. In
this study, we examined the relationship between cellular senescence and RPE/retinal degeneration in
mouse models of natural aging and accelerated aging. We performed a bulk RNA sequencing of the RPE
cells from adult (8 months old) and naturally-aged old (24 months old) mice and found that common
signatures of senescence and AMD pathology — inflammation, apoptosis, and blood vessel formation —
are upregulated in the RPE of old mice. Next, we investigated markers of senescence and the degree of
RPE/retinal degeneration in Zmpste24-deficient (Zmpst624’/’) mice, which is a model for progeria and
accelerated aging. We found that ZmpsteZ4’/ ~ mice display markedly greater level of senescence-related
markers in RPE and significant RPE/retinal degeneration compared to wild-type mice, in a manner
consistent with natural aging. Overall, these results provide support for the association between cellular
senescence of RPE and the pathogenesis of AMD, and suggest the use of Zmpste24~/~ mice as a novel
senescent RPE model of AMD.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

the expression of the cell cycle inhibitor p21 and the induction of
G1 phase cycle arrest [2]. Senescent cells acquire a senescence-

Cellular senescence is a state of permanent cell cycle arrest in
aged or genomic-damaged cells. Senescence is induced by a variety
of stresses, such as mitochondrial dysfunction, severe DNA damage,
inflammatory stress, and oxidative stress [1]. Senescence is stim-
ulated by the induction of the tumor suppressor p53 or the cyclin-
dependent kinase 2 (CDK2) inhibitor p21. Activation of the p53
pathway causes cell growth arrest, principally via upregulation of
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associated secretory phenotype (SASP) and generate a variety of
related factors, including cytokines, chemokines, and matrix met-
alloproteinases. SASP proteins accelerate the cellular senescence
process of nearby cells and mediate multiple organismal effects
including immune evasion, tumor promotion, and mitochondrial
dysfunction within the affected tissue [3,4].

Cellular senescence of the retinal pigment epithelium (RPE) is
thought to play a key role in the pathology of age-related macular
degeneration (AMD) [5]. AMD is a multifactorial chronic disease
and a major cause of irreversible blindness in elderly individuals
worldwide [6,7]. AMD is characterized by continuous degeneration
of the RPE, Bruch's membrane, choriocapillaris, and retina. The RPE
layer is composed of a single polarized layer of hexagonal cells. RPE
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cells carry out many important functions, including ion and fluid
transport, phagocytosis of photoreceptor outer segments, and
polarized secretion of multiple factors [8,9]. The potential associ-
ation between the cellular senescence of the RPE and the retinal
degeneration in AMD was recently investigated and corroborated
by our recent studies where we found that targeted elimination of
senescent cells ameliorates retinal degeneration in AMD mouse
models [10,11]. Also, the pathological mechanisms of the chemical-
induced senescent RPE mouse model were investigated using
techniques such as single-cell RNA sequencing of the RPE cells
[10,12]. However, the exact mechanisms of and the relationship
between retinal degeneration and RPE senescence are not fully
known, and there is a need for additional animal models that can
represent aging and age-associated changes in the RPE.

Progeria, also known as the Hutchinson-Gilford progeria syn-
drome (HGPS), is caused by a de novo point mutation in the lamin
A/C gene (LMNA) and is characterized by accelerated aging. Patients
with progeria exhibit multiple premature aging symptoms,
including growth failure, hair loss, bone weakness, and early mor-
tality [13]. The pathological effects of progeria have been well
studied in heart, muscle, kidney, bone, and liver tissues of humans
and mice. However, in the ocular systems, only the loss of eyebrows
and eyelashes and lagophthalmos have been reported [14], and the
pathological changes that occur in the RPE or retina are unknown
[15,16].

As a mouse model of progeria and accelerated aging, zinc met-
allopeptidase STE24 homolog (Zmpste24) knockout mice are
commonly used. Zmpste24 is a metalloproteinase responsible for
cleaving the carboxylic group of prelamin A for the development of
mature lamin A [17—19]. LMNA is a vital component of the nuclear
lamina, which plays roles in nuclear membrane structure, nuclear
pore positioning, gene expression, DNA replication, and multiple
types of chromatin organization [20]. Both Zmpste24- and LMNA-
deficient mice demonstrate severe nuclear abnormalities and
various age-related pathological defects that phenocopy an accel-
erated senescence process [17,21]. Zmpste24~/~ mice exhibit
accelerated aging resulting in weight loss, spontaneous bone frac-
ture, cardiomyopathy, and muscular dysfunction [21,22]. Addi-
tionally, Zmpste24 deficiency leads to upregulation of senescence-
related p53 target genes, resulting in the expression of progeria-
like phenotypes in the kidneys, liver, and heart [23].

In this study, we comprehensively analyzed the gene expression
of naturally aged adult and old mouse RPE cells by using bulk RNA
sequencing (bulk RNA-seq) and found signatures consistent with
cellular senescence in the RPE cells of old mice. We investigated the
RPE and retina in Zmpst624’/ ~ mice as a model of accelerated aging
and characterized for the first time the age-related target genes and
phenotypes in the RPE and retinal cells of the Zmpste24~/~ mice.
Our findings support the hypothesis that cellular senescence is
closely linked to the pathogenesis of AMD and the potential use of
Zmpste24’/ ~ mice as a model of senescence-induced AMD.

2. Methods
2.1. Experimental animals (Zmpste24~/~ mice)

The animal care and experimental procedures using mice were
approved by the Institutional Animal Care and Use Committee
(IACUC) at Daegu Gyeongbuk Institute of Science and Technology
(DGIST-IACUC-21112504-0001) and were in accordance with the
National Institute of Health Guide for the Care and Use of Labora-
tory Animals. Zmpste24~/~ mice were generated and genotyped as
previously described [17]. Briefly, Zmpste24 heterogeneous mice
(+/-) were provided by Dr. Zhongjun Zhou (Li Ka Shing Faculty of
Medicine, University of Hong Kong) [17]. Zmpste24~/~ mice were
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obtained by mating Zmpste24 heterogenous mice (+/—). The
Zmpste24~!~ mice were genotyped by PCR to confirm the Zmpste24
allele. All mice were housed in microisolator cages under specific
pathogen-free conditions and maintained in a 12:12 h dark/light
cycle in a humidity and temperature control facility with ad libitum
access to food and water.

2.2. Western blot analysis

Mouse retinal or RPE tissues were lysed in RIPA lysis buffer
(Pierce, 89901, Rockford, IL, USA) containing a protease inhibitor
cocktail (Roche, 11697498001, Basel, Switzerland). A BCA assay
(Pierce, 23227) was performed to quantify the protein concentra-
tion according to manufacturer's instructions. Equal amounts of
protein samples were loaded and separated by SDS-PAGE and the
proteins in the gels were transferred to polyvinylidene difluoride
(PVDF) membranes. To block non-specific binding, the PVDF
membranes were incubated with 5% nonfat dry milk in Tris buffer
containing 0.05% Tween-20 (TBS-T) for 1 h, followed by overnight
incubation at 4 °C with anti-p53 (1:500, Santa Cruz Biotechnology,
SC-126, Dallas, TX, USA), anti-p21 (1:500, Santa Cruz Biotech-
nology, SC-6246), anti-p16 (1:1000, Abcam, ab189034, Cambridge,
UK), anti-lamin A/C (1:1000, Santa Cruz Biotechnology, SC-376248),
and anti-f-actin (1:2000, Santa Cruz Biotechnology, SC-47778)
antibodies. Finally, the blots were incubated with horseradish
peroxidase (HRP)-conjugated anti-mouse IgG (1:5000, Cell
Signaling Technology, 7076S, Boston, MA, USA) or HRP-conjugated
anti-rabbit IgG (1:5000, Cell Signaling Technology, 7074S) anti-
bodies in 5% nonfat dry milk TBS-T buffer for 2 h. The immunore-
active proteins were visualized using Femto chemiluminescence
substrate (Pierce, 34095). All experiments were performed at least
three times.

2.3. RNA isolation and real-time PCR

Total RNA was extracted from harvested mouse retinal or RPE
tissues using TRIzol reagent (Invitrogen, 15596026) according to
manufacturer's instructions. The mRNA of the isolated RNA was
transcribed into cDNA using iScript reverse transcriptase (Bio-Rad
Laboratories, #1708890, Hercules, CA, USA). Mouse mRNA expres-
sion using specific primers was amplified and quantified with
TOPreal™ SYBR Green qPCR PreMIX (Enzynomics, RT500S) using a
CFX96 Real-Time PCR detection system (Bio-Rad, CFX96). The levels
of relative mRNA expression were analyzed using the 2-AACt
method and the expression levels of GAPDH were used as the in-
ternal reference gene. Real-time PCR was performed at least three
times for each group. The primers used in this study are shown in
Supplementary Table 1.

2.4. Senescence-associated (-galactosidase (SA-3-gal) staining

Sectioned retinal tissues were washed with cold PBS and the
fixative solution in the SA-B-gal staining kit (BioVision Inc., K320,
Milpitas, CA, USA) was used to fix tissues. Then, the samples were
incubated with SA-B-gal staining reagent at 37 °C overnight. All
images were captured using an inverted microscope (Olympus,
CKX53, Tokyo, Japan).

2.5. Immunofluorescence

Mouse RPE/choroid flat mounts and sectioned retinal tissues
were fixed with 4% paraformaldehyde (PFA) for 15 min and per-
meabilized with 0.1% Triton X-100 in PBS for 10 min at room
temperature. After blocking with 1% BSA in PBS for 1 h, the tissues
were incubated overnight at 4 °C with anti-p53 (1:100); anti-p21
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(1:100); anti-Z0-1 (1:1000, Invitrogen, 61-7300); anti-Nrf2 (1:100,
Santa Cruz Biotechnology, SC-365949); anti-NQO1 (1:50, Santa
Cruz Biotechnology, SC-32793); anti-heme oxygenase 1 (1:50,
Santa Cruz Biotechnology, SC-136960); anti-opsin, blue (1:500,
Millipore, AB5407, Billerica, MA, USA); anti-opsin, red/green
(1:1000, Millipore, AB5405); and anti-rhodopsin (1:1000, Milli-
pore, MAB5356) antibodies. After overnight incubation, the sam-
ples were washed with PBS and incubated for 2 h at room
temperature with Alexa Fluor 488- or 555-conjugated secondary
antibodies (1:2500, A-11029, A-21424, A-21427, A-11034, Thermo
Fisher Scientific, A-Waltham, MA, USA). The nuclei were counter-
stained with Hoechst 33342 (1:1000, Thermo Fisher Scientific,
H3570) in PBS for 15 min at room temperature. The stained samples
were mounted with Aqua Poly/Mount mounting medium (Poly-
sciences, Inc., 18606-20, Warrington, PA, USA) and visualized with
an inverted microscope (Carl Zeiss A.G., LSM900, Oberkochen,
Germany).

2.6. Cryosectioning and histology

Mouse eyes were enucleated, trimmed, and eye cups were iso-
lated, followed by fixation in 4% PFA for 6 h at 4 °C. The fixed eye
cups were transferred to 15% sucrose in PBS for 6 h at 4 °C and
transferred to 30% sucrose in PBS for at least 2 h until the eye cups
settled to the bottom. The sucrose equilibrated eye cups were
embedded in O.C.T compound (Leica Biosystems Inc., 3801480,
Wetzlar, Germany) with cryomolds and stored in —80 °C. The
frozen blocks were sectioned with a cryostat (Leica Biosystems Inc.,
Leica CM1860) at 10-um thickness and serial frozen sections were
stained with hematoxylin and eosin (H&E) staining. The thickness
of outer nuclear layer (ONL) and inner nuclear layer (INL) of the
retina was measured by the stained samples using Image] software
(NIH, USA). The averages of thickness ONL, INL, and whole retina
thickness were measured at least three different sections.

2.7. TUNEL assay

For the detection of apoptosis in retina tissues, the In Situ Cell
Death Detection Kit (Roche, 11684795910) was used according to
manufacturer's instructions with slight modifications. Briefly,
sectioned retina slides were fixed with 4% PFA for 15 min and
washed with PBS. The tissues were incubated with 50 uL of TUNEL
reaction mixture for 1 h at 37 °C in a humidified atmosphere in the
dark. The nuclei were counterstained with Hoechst 33342 (1:1000,
Thermo Fisher Scientific), and the stained tissue was observed with
an inverted microscope (Carl Zeiss A.G., LSM900).

2.8. Bulk RNA-seq analysis

The concentration of total RNA was measured with Quant-IT
RiboGreen (Invitrogen, R11490). To confirm the quality of the
extracted total RNA, the RNAs were loaded and run on a TapeStation
RNA ScreenTape device (Agilent Technologies, 5067-5576, Santa
Clara, CA, USA). The high-quality RNA with RNA integrity numbers
(RINs) more than 7.0 were processed for RNA library construction.
Each library was independently prepared with 0.5 pg of total RNA
for each sample with an Illumina TruSeq Stranded Total RNA Library
Prep Gold Kit (Illumina, Inc., 20020599, San Diego, CA, USA). First,
the rRNA from the total RNA was removed, and then the residual
mRNA was cleaved into small portions with divalent cations at
elevated temperature. The fragmented RNA portions were reverse
transcribed into ¢cDNA by SuperScript I reverse transcriptase
(Invitrogen, 18064014) with random hexamers. The synthesized
first-strand cDNA was used as a template for generating second-
strand cDNA using DNA Polymerase I, RNase H and dUTP. The
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synthesized ¢cDNA fragments were prepared with an end repair
process, a single ‘A’ base addition, and adapter ligation. The DNA
products were refined and amplified with PCR to generate the
cDNA library. The prepared libraries were quantified with KAPA
Library Quantification kits with Illumina Sequencing Platforms
according to the qPCR Quantification Protocol Guide (KAPA BIO-
SYSTEMS, KK4854, Potters Bar, United Kingdom) and qualified with
the TapeStation D1000 ScreenTape device (Agilent Technologies,
5067-5582). The indexed libraries were then subjected paired-end
(2 x 100 bp) sequencing on an Illumina NovaSeq (Illumina, Inc.).
The raw reads from the sequencer were preprocessed to remove
low-quality and adapter sequences prior to analysis and aligned the
processed reads to the Mus musculus genome (GRCm38) using
Bowtie2 v2.3.4.1 [24]. The reference genome sequence and anno-
tation data were downloaded from Ensembl. Then, the known
transcripts were assembled with featureCounts v1.6.0 [25]. Based
on the results, the expression abundance of transcripts and genes
was calculated as the read counts or values (fragments per kilobase
of exon per million fragments mapped, FPKM) per sample. To
explore the signaling pathways in which the differentially
expressed genes (DEGs) were enriched, Gene Ontology (GO)
enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses were performed using g:Profiler. To construct a
network depicting the enriched processes, GO-BP-based network
analysis was visualized and interpreted in Cytoscape using
Enrichment Map.

2.9. Statistics

All experimental data are presented as the mean + SD. Statistical
significance (the P value) was determined using unpaired two-
tailed Student's t tests followed by Fisher's least significant differ-
ence post hoc test or Tukey's multiple comparisons test. Data were
analyzed using GraphPad Prism software (San Diego, CA, USA).
Statistical significance was defined as p < 0.05 (* p < 0.05,
**p < 0.01, ***p < 0.001).

3. Results and discussion
3.1. Analysis of differentially expressed genes in old mouse RPE cells

We first examined the effects of natural aging on the RPE cells of
wild-type mice. The differential gene expression in the RPE cells of
three adult (8 months old) and three old (24 months old) mice was
analyzed by bulk RNA-seq. The resultant gene expression is shown
in the volcano plot (Fig. 1A), where significantly (P < 0.05) differ-
entially expressed genes (DEGs) of the old mice RPE compared to
the adult mice RPE were identified. There was a greater number of
upregulated DEGs compared to downregulated DEGs, and we
focused further analysis on these upregulated DEGs to find poten-
tial markers of RPE senescence. To detect which biological path-
ways are influenced by aging, Gene Ontology (GO) analysis focusing
on the biological process (BP) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis were performed. Interestingly, the most
upregulated BP terms included signal transduction, immune
response, apoptotic process, and blood vessel development
(Fig. 1B). The upregulated immune response is in line with the re-
ported increase of inflammatory environment induced by cellular
senescence and the SASP of senescent cells, which eventually leads
to signals of apoptosis. Also, the upregulated blood vessel devel-
opment is highly relevant to the precipitation of choroidal neo-
vascularization in AMD. These upregulated pathways in the GO-BP
analysis suggest that senescence is related to increased inflamma-
tion signaling, altered signal transduction, apoptosis, and neo-
vascularization in RPE. In KEGG analysis, the top upregulated
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Fig. 1. Differentially expressed genes (DEGs) in the retinal pigment epithelium (RPE) cells isolated from old mice in comparison to those from adult mice. Bulk-RNA seq analysis was
performed on the RPE isolated from the old mice (24 months old; n = 3) and the adult mice (8 months old; n = 3).

(A) Volcano plot of DEGs of the old mice RPE cells in comparison to the adult mice RPE cells. Genes upregulated or downregulated by more than 1.2-fold with P-value < 0.05 are
shown in red and blue, respectively. The upregulated genes were selected for further analysis. (B) Network modeling of the most significant Gene Ontology (GO) biological processes
of the upregulated genes. The legends for color coding and gene counting are shown on the right. (C) KEGG pathway analysis of the upregulated genes, showing the most
significantly altered pathways in a ranked order. (D) Heatmap of the individual upregulated DEGs that are associated with cellular senescence. .

signaling pathways were all related to inflammation, including the
NF-kappa B, JAK-STAT, and TNF signaling pathways (Fig. 1C).
Notably, cellular senescence was also detected among the top
upregulated KEGG pathways, suggesting that cellular senescence is
indeed upregulated in the RPE cells of old mice. To specifically
determine which genes in the cellular senescence pathway are
upregulated to what degree, the name and expression of all 16
genes from each animal were depicted as a heatmap (Fig. 1D). Of
note, among these genes, CDKN1A encodes the p21 protein,
wherein its increase plays a pivotal role in cellular senescence.
Overall, the transcriptomic analysis data demonstrate that cellular
senescence and signatures of AMD — inflammation, apoptosis, and
neovascularization — are upregulated in the RPE of naturally aged
old mice.

3.2. Deficiency of Zmpste24 accelerates senescence in the mouse
RPE

To evaluate the cellular senescence features in the RPEs and
retinas of Zmpste24~/~ mice, we compared the SA-B-gal activity as a
biomarker of cellular senescence in 12-week-old Zmpste24’/ ~ mice
with those of their wild-type littermates. Markedly increased SA--
gal activity in the RPE and retina was observed in Zmpste24~/~ mice
compared to wild-type mice (Fig. 2A). Next, we investigated the
expression of the major senescence markers p53 and p21; Zmpste24
deficiency is reported to promote p53 signaling activation and
upregulate p53-related target genes [23]. In the RPE layer, the
expression of both p53 and p21 was remarkably higher in
Zmpste24~!~ mice than that in wild-type mice (Fig. 2B and C).
Consistent with these findings, Western blot analysis showed
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higher p53, p21, and p16 levels in RPE cells from Zmpst624*/ ~ mice
than in those from wild-type mice (Fig. 2D). Zmpste24~/~ mice are
defective in proteolytic processing of prelamin A [26], and accu-
mulation of prelamin A leads to abnormalities in nuclear envelopes
and to loss of mature lamin A [17,18,23]. As expected, Western blot
analysis of lamin A/C showed significantly lower levels of lamin A in
the RPE in Zmpste24~/~ mice than in wild-type mice (Fig. 2D). The
mRNA expression of the senescence markers p53 and p21 and the
SASP factors vascular endothelial growth factor A (VEGFA), inter-
leukin 1o (IL-1a), interleukin 1 (IL-1B), and interleukin 6 (IL-6) was
also increased significantly in the RPE tissues from Zmpst624*/’
mice compared to those from wild-type mice (Fig. 2E). In retina,
however, neither the protein nor the mRNA expression of p53, p21
and SASP factors except for IL-6 was significantly increased in
Zmpste24~/~ mice compared to wild-type mice (Fig. 2B, D, and 2E).
Collectively, these results show that cellular senescence is robustly
observed in the posterior eyeball segments of Zmpste24~/~ mice,
mainly in the RPE layer.

3.3. Deficiency of Zmpste24 induces retinal degeneration

We investigated whether accelerated senescence of the RPE in
Zmpste24~/~ mice indeed contributes to the retinal degeneration.
H&E staining of cryosectioned retinas showed that both the INL and
ONL are thinner in Zmpste24~/~ mice than in wild-type mice, and
significant reduction of retinal thickness is observed in ZmpsteZ4*/ -
mice (Fig. 3A). There was also increased numbers of TUNEL-positive
cells in the retinas from Zmpst624’/ ~ mice (Fig. 3B), which suggest
that the retinal thickness may have been reduced due to apoptotic
cell death of retinal cells.
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kit. (C) Immunofluorescence staining of Nrf2 (left), Nqo1 (middle), and Ho-1 (right) in cryosectioned retinas. (D) Immunofluorescence staining of S-opsin (left), L/M-opsin (middle),
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100 pm.

66



J.-B. Chae, C.-W. Park, H.M. Lee et al.

In addition to the evident retinal degeneration observed, the
antioxidative and anti-inflammatory capacity of the RPE from
Zmpste24’/ ~ mice was investigated. This was because inflammation
is a key aspect of both senescence and AMD and inflammation was
specifically increased in the RPE of old mice. The expression levels
of nuclear factor erythroid-2-related factor 2 (Nrf2) and its down-
stream targets NAD(P)H quinone dehydrogenase 1 (Nqol) and
heme oxygenase 1 (Ho-1) were examined in the cryosectioned
retinas, because the Nrf2 signaling pathway is a key regulator of
inflammation [27—29]. Nrf2 expression was increased prominently
in the retinal ganglion cell layer in Zmpste24~'~ mice; the expres-
sion of Nqo1 and Ho-1 was also markedly increased in most retinal
layers in Zmpste24~/~ mice compared to wild-type mice (Fig. 3C).
The significantly increased expression levels of Nrf2, Nqo-1, and
Ho-1 in the retinas in Zmpste24’/ ~ mice suggest that inflammatory
stress indeed exists heavily in the retinas of these mice [30—33].

Lastly, to fully evaluate the retinal health, the expression of
photoreceptor markers was examined. The levels of expression of
the cone photoreceptor markers S-opsin and L/M-opsin and the rod
photoreceptor marker rhodopsin were significantly lower in
Zmpste24~'~ mice than in wild-type mice (Fig. 3D), consistent with
previous reports of changes in photoreceptors in aged mice and rats
[34,35]. Taken together, the overall results indicate that along with
the cellular senescence observed, there is significant retinal
degeneration in Zmpst624’/* mice.

4. Conclusions

In this study, 12-week-old Zmpste24~/~ mice exhibited cellular
senescence of the RPE that was consistent with the transcriptomic
patterns of naturally aged mice; also, subsequent degeneration of
the retina and RPE was strongly observed. Given the difficulty of
maintaining and performing experiments with naturally aged mice
over 24 months old, Zmpst624*/* mice may be used as a new RPE
senescence animal model for potential therapeutics of AMD.
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