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Retinitis pigmentosa (RP) is a large heterogeneous 
group of inherited retinal diseases (IRDs) characterized by a 
progressive loss of vision. Worldwide, RP affects 1 in 4000 
for a total of over 1.5 to 2 million patients having the disease 
[1,2]. Patients typically first experience the loss of night 
vision during adolescence, followed by the loss of peripheral 
vision in young adulthood and, eventually, central vision. 
This progression is due to primary rod degeneration, subse-
quently followed by a second wave of degeneration affecting 
the cones. The large number of genes linked to the disease 
accounts for the many phenotypic expression of the disease. 
Since Dryja and colleagues identified the first gene for RP, 
rhodopsin [3], more than 100 genes have been found to be 
causative of RP (RetNet). The RhoP23H mouse model of retinal 

degeneration is commonly used for therapeutic studies as it 
carries the most prevalent mutation in rhodopsin causing RP 
in patients [4]. Moreover, the model closely recapitulates the 
features of the human disease, such as outer nuclear layer 
(ONL) thinning, shortening of rod outer segments, and rod 
function being affected to a greater extent than cone function 
[5]. In this model, the rhodopsin gene carries a C>A mutation 
at codon 23, leading to the replacement of the amino acid 
proline with histidine in the protein sequence [6]. Because of 
the mutant codon, the rhodopsin protein is misfolded leading 
to aberrant glycosylation and a dysfunctional protein, which 
can be mislocalized causing cell death [6-8].

A common initial reaction of a cell to diverse exogenous 
or endogenous stimuli is the rapid and transient activation 
of immediate-early genes (IEGs). IEGs are activated early 
at the transcription level in response to stimuli, before any 
new proteins are synthesized [9]. The early growth response-1 
(EGR1; also known as NGFI-A, Kro×-24, TIS8, or Zif268) is 
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Purpose: Retinitis pigmentosa (RP) is a heterogeneous group of inherited retinal diseases characterized by progres-
sive photoreceptor degeneration. The early growth response-1 gene (Egr1) is an immediate-early gene implicated in 
neurodegenerative and stress responses in the retina, among many other tissues. While its expression is induced in the 
retina across various RP models, its functional role in the degenerative process remains unclear. This study aimed to 
investigate the contribution of Egr1 to photoreceptor degeneration in vivo.
Methods: We used adeno-associated virus (AAV)-mediated RNA interference and transgenic overexpression to modify 
Egr1 levels in rod and cone photoreceptors of wild-type and RhoP23H/+ mice. Rod- and cone-specific promoters enabled 
cell-specific expression. Exposure to high levels of white light was used to induce retinal degeneration in wild-type 
mice. We assessed retinal structure and transgene expression through funduscopy, optical coherence tomography (OCT), 
immunofluorescence, and histological analysis. We measured Egr1 mRNA expression levels via real-time PCR and 
assessed the effects of Egr1 modulation on the retina by determining the thickness of the outer nuclear layer (ONL) and 
the number of surviving cones.
Results: Similar to other models of retinal degeneration, Egr1 was induced in the retina after light exposure and in the 
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Conclusions: Egr1 upregulation is a consistent early marker of photoreceptor stress, independent of the nature of the 
underlying stimulus. Since moderate support for cell survival and preservation of retinal morphology was achieved 
through the downregulation of Egr1 expression in rods, but not in cones of the RhoP23H/+ mouse, the function of EGR1 in 
degenerative processes may be cell type specific. Although Egr1 may contribute to disease progression, it is unlikely to 
be a causative factor for degeneration. Our findings underscore the complexity of the transcriptional response in retinal 
degeneration and suggest that Egr1 is a secondary effector of degenerative processes in rods.
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an IEG whose transcription is rapidly induced by a wide array 
of stimuli, such as growth factors [10], glucose increase [11], 
hypoxia [12], UV irradiation [13,14], and mechanical stimula-
tion [15]. As a transcription factor, EGR1 is involved in the 
regulation of many physiologic and pathological processes. 
In the brain, EGR1 is particularly studied in connection to 
N-methyl-D-aspartate (NMDA) receptor activation and 
thought to modulate downstream signaling pathways by 
adjusting gene expression [16-20]. EGR1 is also readily 
expressed in the dentate gyrus of the hippocampus where it 
mediates long-term potentiation, a process essential for both 
long-term memory storage and memory reconsolidation after 
retrieval [21]. Beyond the nervous system, EGR1 has often 
been studied in cancer biology, where it can have contradic-
tory effects acting as both an oncogene [22-25] and a tumor 
suppressor by regulating genes such as TGF-β1, PTEN, and 
p53 [26].

In the developing eye and retina, EGR1 has been impli-
cated in numerous pathways regulating ocular growth and 
neural retina development across different species including 
chicken, mice and zebrafish [27-31]. In the adult mouse retina, 
EGR1 expression in the inner retina is both circadian- [32] 
and light-driven [33-35]. While not expressed in darkness, 
light onset generates a signal that is transmitted from photo-
receptors, with a major contribution of cones [36], to inner 
retinal neurons rapidly inducing EGR1 expression in various 
cell types in the inner nuclear layer (INL) and ganglion 
cell layer (GCL). In pathological contexts, however, EGR1 
is upregulated in microglia and/or rods and cones at early 
phases of degeneration: In retinoschisis mice (Rs1hY/-), Egr1 
upregulation preceded the expression of several microglia-
related genes, suggesting a possible causative role in the 
disease [37,38]. Similar results were found in vitro, where 
lipopolysaccharide-stimulated BV-2 microglia cells strongly 
upregulated Egr1 before the expression of microglia-activa-
tion markers. However, apoptosis and microglia activation 
was not prevented by knocking out Egr1 in Rs1hY/- mice, 
suggesting that a functional Egr1 gene is not essential for 
these processes. Similarly, Sharma and colleagues reported 
Egr1 upregulation and microglia activation in the rds mouse 
model. Since this was observed at a time subsequent to photo-
receptor cell death, the authors concluded that photoreceptor 
apoptosis in this model is at least partially independent of 
Egr1 and hypothesized that the activation of the gene might 
represent a protective immune response [39]. In a more recent 
publication, Egr1 positively correlated with photoreceptor cell 
death in the rd1 mouse [40]. The authors proposed in their 
ex vivo study that EGR1 controls cell death via regulation 
of Parp1 expression, a gene that was previously implicated 
in the degenerative processes in several RP animal models 

[41-43]. Lastly, in a droplet-based single-cell RNA sequencing 
study of rd10 mice, a pseudotime analysis of the transcrip-
tome of individual rod cells showed that Egr1 was one of 
the most highly upregulated transcripts in the early phase of 
degeneration [44]. Its upregulation, however, was transient, 
with rods ceasing to express Egr1 in the later phase of cell 
death. The upregulation of Egr1 was also detected in cones 
that, however, continued to express Egr1 as degeneration 
progressed [44]. These studies suggest that the early activa-
tion of EGR1 is a unifying feature across a variety of geneti-
cally heterogeneous models of retinal degeneration. However, 
conclusive in vivo data are still missing to understand the role 
of EGR1 in photoreceptor cell death.

In this study, we used RhoP23H/+ mice to investigate the 
effects of the cell type-specific modulation of Egr1 in retinal 
degeneration. Because of their rather slowly progressing 
degeneration [6], the RhoP23H/+ mice offer a large time window 
for genetic manipulations that aim to protect photoreceptors. 
To modulate Egr1 expression specifically in rods or cones, 
we used AAV-mediated RNA interference (RNAi) and gene 
overexpression and analyzed the consequences of decreased 
or increased Egr1 expression in wt and RhoP23H/+ mice over 
time. To overcome known disadvantages of conventional 
small interfering RNAs (siRNAs) [45], we adopted the 
microRNA-based shRNAmir system [46]. This system chan-
nels the cargo RNA into the endogenous miRNA processing 
pathway at the level of DROSHA in the nucleus [47,48], 
ensuring precise siRNA cleavage while minimally interfering 
with the natural microRNA processing machinery [48]. Cell-
type specificity was achieved by using a combination of AAV 
capsid variants [49,50] and gene promoters [51,52] to target 
specifically either rods or cones.

METHODS

Animals: Animal experimentation was approved by the 
Cantonal Veterinary Office of Zürich, Switzerland (license 
numbers: ZH019/2019 and ZH105/2022) and adhered to 
the ARVO statement for the use of Animals in Ophthalmic 
and Vision Research. Wild-type (C57BL6/J, 129S6) and 
transgenic mice (RhoP23H/P23H, RhoP23H/+) were housed at the 
Laboratory Animal Services Centre (LASC) of the University 
of Zürich with a 14/10 h light/dark cycle and an average light 
intensity of 60–150 lx at cage level. RhoP23H/P23H mice (strain 
# 017,628, Jackson laboratory, Bar Harbor, ME) were bred 
with C57BL6/J wild-type mice to generate RhoP23H/+ mice. 
All mice used were tested negative for the rd8 mutation in the 
Crumbs 1 (Crb1) gene [53,54].

Lentiviral-mediated generation of shEgr1 expressing 
stable cell lines, PMA treatment, and transgenic Egr1 
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overexpression in 661W: The photoreceptor-derived 661W 
cell line [55] and HEK293T (ATCC CRL-3216) cells were 
cultured in DMEM, 10% heat-inactivated FBS (Gibco, 
Thermo Fisher Scientific, Waltham, MA) and 1% penicillin-
streptomycin (Gibco, Thermo Fisher Scientific) at 37 °C and 
5% CO2. For gene silencing, lentiviral-pseudotyped particles 
were used to generate stable cell lines expressing shRNAs 
against Egr1 (Sigma-Aldrich, St. Louis, MO; Table 1) and a 
non-targeting scrambled shRNA (SHC002, Sigma-Aldrich; 
Table 1). To prepare lentiviral particles, HEK293T cells were 
cultured in 75 cm2 flasks and co-transfected with shRNAs in 
combination with the ViraPower lentiviral expression vector 
system and Lipofectamin 3000 (Invitrogen, Thermo Fisher 
Scientific) in serum-free medium. The serum-free medium 
was replaced the next day with complete medium. The 
culture supernatants containing the lentivirus particles were 
collected 48–72 h post-transfection, cleared by centrifugation 
at 200 g for 5 min, and filtered through a 0.45 µm pore size 
filter (Merck & Co., Schaffhausen, Switzerland). Filtrates 
were applied in a 1:1 mixture with medium containing 6 µg/
ml polybrene (Sigma-Aldrich) to infect 661W cells. Infected 
cells were selected with 2 µg/ml puromycin for 2–3 weeks. To 
induce endogenous expression of Egr1, cells were treated with 
10 ng/mL of phorbol 12-myristate 13-acetate (PMA, P1585-
P1MG, Sigma-Aldrich) in DMSO (D8418, Sigma-Aldrich) 
for 1 h. Subsequently, cells were washed once with 1X PBS 
(Gibco), harvested, and RNA prepared for real-time PCR to 
investigate gene expression (see below).

To overexpress Egr1, 661W cells were seeded at a density 
of 50’000 cells/ml in wells of 12-well plates and incubated 
overnight. Cells were transfected with Lipofectamine 3000 
(Invitrogen, Thermo Fischer Scientific) and 1 μg of plasmid 
DNA containing the overexpression or a control plasmid (see 
next section) in Opti-MEM (Thermo Fischer Scientific) for 
24 or 48 h. Subsequently, cells were washed once with 1X 
PBS (Gibco), harvested, and RNA was prepared for real-time 
PCR (see below).

Plasmid cloning and AAV generation: shRNAmir DNA frag-
ments containing shEgr1 or shCtrl sequences were designed 
using the miR-E backbone following the recommendations 
by Fellmann [46] and synthesized by Genewiz (Azenta Life 
Science, South Plainfield, NJ). The shRNA cassettes were 
cloned in the 3′UTR of GFP. For overexpression, the Egr1 
coding sequence from mouse (mEgr1; Addgene plasmid 
#11729) [56] was connected with a P2A cassette to a GFP 
coding sequence and cloned downstream of the ubiquitous 
cytomegalovirus (CMV) promoter in an AAV2 backbone 
for in vitro experiments (AAV2::CMV-mEgr1-P2A-eGFP-
pA-WPRE). A pcDNA3-CMV-eGFP plasmid (Clontech, 
Addgene #2487) was used as control. To achieve cell speci-
ficity in vivo, constructs were placed under control of the 
mOP (mouse opsin) promoter [52] to transduce rods, and an 
engineered human OPN1WM (opsin medium wavelength) 
promoter to target middle wavelength (M) cones [51]. All 
constructs were cloned into an AAV backbone with mutated 
type 2 inverted terminal repeats (ITRs), and packaged into 
the AAV2(QuadYF+TV; 7m8)/2 capsid variant containing 
five point mutations (Y272F, Y444F, T491V, Y500F, and 
Y730F) [49] to target rods, and into the AAV2/7m8 capsid 
[50] to target cones. Due to AAV packaging limitations, the 
cone-specific overexpression vector did not contain eGFP.

Subretinal injections: Injections were performed at 4 weeks 
of age as described earlier [57]. Briefly, pupils were dilated 
with 1% cyclogyl (Alcon Pharmaceuticals, Fribourg, Swit-
zerland) and 5% neosynephrin (Ursapharm Schweiz GmbH, 
Hünenberg, Switzerland). Mice were anesthetized with a 
subcutaneous injection of ketamin (85 mg/kg, Pfizer AG, 
Zürich, Switzerland) / xylazine (10 mg/kg, Elanco Animal 
Health GmbH, Basel, Switzerland) and placed on a heating 
pad set to 37 °C during the procedure. Lacrinorm® Carbo-
merum (Bausch & Laumb Swiss AG, Zug, Switzerland) was 
applied to keep the eyes moist. The head was held by a stereo-
tactic adaptor (Hugo Sachs Elektronik – Harvard Apparatus 
GmbH, March–Hugstetten, Germany) and the temporal sclera 
was punctured with a 30G needle beneath the ora serrata. A 

Table 1. Egr1-targeting and control shRNA sequences.

Name Sigma-Aldrich clone ID Insert sequence Target region on Egr1 Affinity to EGR1
Sequence 1 TRCN0000231218 GGATGAGCTTACCCGCCATAT CDS 0 mismatches
Sequence 2 TRCN0000374054 GATAATTTGCATACTCTATTG 3′UTR 1 mismatch
Sequence 3 TRCN0000081627 GCTCTTAATACCACCTACCAA CDS 4 mismatches
Sequence 4 TRCN0000231216 CACTCCACTATCCACTATTAA CDS 5 mismatches
Sequence 5 TRCN0000374131 GACTTGATTTGCATGGTATTG 3′UTR 4 mismatches
Sequence 6 TRCN0000231219 GACCATCAAGTTGGCATAAAG 3′UTR 5 mismatches
Ctrl sequence SHC002 CAACAAGATGAAGAGCACCAA NA NA
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5 µl Hamilton syringe with a 34G blunt-end needle (Hamilton 
Bonaduz AG, Bonaduz, Switzerland) was placed in a micro-
manipulator (H. Saur Laborbedarf, Reutligen, Germany) 
and inserted through the pre-punctured site for the trans-
vitreal subretinal injection of 1 µl AAV solution nasally to 
the optic nerve. All AAVs were applied at a concentration 
of 1×109 vg/µL. To visually control the procedure, the injec-
tion solution was supplemented with 10% fluorescein (1 mg/
ml, Akorn Inc., IL). After injections, 1 drop of viscotears 
(Bausch+Lomb, Vaughan, Canada) was applied, and anes-
thesia was reversed with atipazemole (2 mg/kg, Graeub, 
Bern, Switzerland). Mice were placed on a heating pad until 
fully awake. Two to three weeks after injection, mice were 
subjected to fluorescent funduscopy and optical coherence 
tomography (OCT) to test for transgene expression and to 
detect potential injection-inflicted tissue damages, such as 
bleeding or persistent retinal detachment. Such eyes were 
excluded from the study.

White light damage: To induce retinal degeneration, mice 
were exposed to high levels of white light as described in 
[58]. Briefly, 129S6 mice were placed in darkness the evening 
before the experiment. Thirty min before light exposure, 
pupils were dilated (as described above) in dim red light. 
The mice were placed in cages without a grid but lined with 
aluminum foil (to homogeneously distribute light within the 
cage), which were positioned under the light-exposure device 
to reach 13’000 lx at cage level. Exposure lasted for 1 h. After 
this time, mice were returned to their home cages and kept 
in darkness for 24 h. Afterwards, mice were housed in the 
normal light/dark cycle until analysis.

In vivo imaging by funduscopy and optical coherence 
tomography: Anesthesia and pupil dilation were performed 
as described above. One drop of 2% methocel (OmniVision 
AG, Neuhausen, Switzerland) was applied to keep the eyes 
moist. Fundus images and OCT scans were acquired using 
the Micron IV system (Phoenix Research Labs, Pleasanton, 
CA) equipped with filters for imaging green fluorescence.

RNA isolation and real-time PCR: Mice were euthanized 
with CO2 inhalation followed by decapitation. Retinas were 
isolated through a slit in the cornea and snap-frozen in liquid 
nitrogen. To separate the transduced from the untransduced 
retinal area, the retina was flattened out and cut in half using 
the GFP signal as guidance. The two halves were snap-frozen 
in liquid nitrogen. RNA from tissue or cells was isolated 
using an RNA isolation kit (NucleoSpin RNA, Macherey-
Nagel GmbH & co.KG, Düren, Germany) according to the 
manufacturer’s instructions, including an on-column DNase 
digestion step (740,963, Macherey-Nagel GmbH & co.KG). 
First-strand cDNA synthesis was performed using M-MLV 

reverse transcriptase (Promega, Dübendorf, Switzerland), 
650 ng of total RNA and 20 pmol of oligo-dT primers. Gene 
expression was analyzed via semiquantitative real-time 
PCR (QuantStudio 3, Thermo Fisher Scientific) using 10 ng 
of cDNA template and PowerUp SYBR green Master Mix 
(Thermo Fisher Scientific). Primer pairs for Egr1 (F: 5′-ACA 
ACC CTA TGA GCA CCT GAC C-3′; R: 5′-GGC AGA GGA 
AGA CGA TGA AG-3′), Actb (F: 5′-CAA CGG CTC CGG 
CAT GTG C-3′; R: 5′-CTC TTG CTC TGG GCC TCG-3′), 
and Atf3 (F: 5′-ACC TCC TGG GTC ACT GGT ATT TG-3′; 
R: 5′-TTC TTT CTC GCC GCC TCC TTT TCC-3′) were 
designed to span large intronic regions and avoid known 
single nucleotide polymorphisms in the mouse sequence. 
Normalization was performed with Actb as housekeeping 
gene, and relative expression was calculated using the 
comparative threshold cycle method (2-ΔΔCT) [59].

Determination of ONL thickness and immunofluorescence: 
To determine the thickness of the ONL, dorsally marked eyes 
were enucleated and fixed in 2.5% glutaraldehyde at 4 °C 
overnight. Dissected eyes were post-fixed in 1% osmium 
tetroxide for 1 h and embedded in Epon812 (Sigma-Aldrich). 
Nasal-temporal sections (0.5 µm) were cut through the optic 
nerve head, counterstained with toluidine blue, and analyzed 
by light microscopy (AxioImager Z2, Carl Zeiss AG, Feld-
bach, Switzerland). Retinal panoramas were reconstructed 
from single 10X images using Adobe Photoshop CS6 (Adobe 
Systems, Inc.). The ONL thickness (from the outer limiting 
membrane to the outer plexiform layer) was measured every 
200 µm starting from the optic nerve head with the Adobe 
Photoshop CS6 ruler tool.

Eyes for immunofluorescence analysis were marked and 
fixed in 4% PFA in 0.1 M PBS for 1.5 h at 4 °C. After removal 
of the lens, eyes were cryo-protected in 30% sucrose (Sigma-
Aldrich) in 0.1 M PBS for at least 2 h, embedded and frozen 
in freezing medium (O.C.T., Leica Biosystems, Nussloch, 
Germany). Embedded eyes were stored at −80 °C until cut 
into 12 µm thin sections. Immunolabelling was performed 
overnight at 4 °C with the following primary antibodies: anti-
EGR1 (1:500, MA5–15008, Thermo Fisher Scientific), anti-
RHO (1:100, O4886, Sigma-Aldrich), anti-OPN1SW (1:500, 
sc-14363, Santa Cruz, Dallas, TX) and anti-ARR3 (AB15282, 
1:1000, Merck & Co.). Peanut Agglutinin (PNA) lectin from 
Arachis hypogaea (peanut) conjugated with Alexa Fluor™ 
647 (L32460, Thermo Fischer Scientific) was used to label the 
cone interphotoreceptor matrix [60]. Incubation of primary 
antibodies and PNA was done in blocking solution containing 
3% normal goat serum (Sigma-Aldrich) and 1% Triton X-100 
(Sigma-Aldrich) in PBS. The next day, sections were washed, 
incubated with the appropriate secondary antibodies in 
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blocking solution for 1 h, and with 4’,6-diamidino-2-phenyl-
indole (DAPI, 1:6000) in 0.1 M PBS for 3 min. Sections were 
mounted with MOWIOL (Sigma-Aldrich) antifade medium 
and imaged using a fluorescence microscope (AxioImager 
Z2, Carl Zeiss AG). To count cone cells, retinal panoramas 
from immunofluorescence images were reconstructed with 
Adobe Photoshop CS6, and 600 µm-wide sections were 
selected within the transduced and the untransduced areas of 
the same retina. Cones (ARR3-positive cells) were counted 
in these areas using the multi-point tool in ImageJ (Version 
1.52a).

Statistical analysis: Statistical analysis was performed 
using GraphPad Prism (GraphPad Software, San Diego, 
CA). Significance was tested by an unpaired t test when two 
independent groups were compared, or a paired t test when 
the two measurements came from the same animal. When 
more than 2 groups were compared, a one-way ANOVA 
followed by a Tukey’s (when all groups were compared to 
each other) or Dunnett’s (when all groups were compared to 
a specific group) multiple comparison test was applied. When 
assessing the influence of two independent variables and their 
interaction (2×2 factorial design), a two-way ANOVA was 
applied. Data were considered significantly different with 
p≤0.05. Only p values <0.05 are shown in the figures. All 
tests and number of animals/samples are indicated in the 
figure legends.

RESULTS

In wild-type mice, EGR1 expression is largely restricted 
to several cell types of the inner retina and can follow both 
circadian [32] and diurnal inputs [33,35] and is, at least 
partially, driven by light-induced signaling from cones [36]. 
However, in the presence of noxious stimuli, photoreceptors 
upregulate EGR1 expression early during degeneration [44]. 
Despite the vast genetic and phenotypic heterogeneity of 
retinal diseases, the upregulation of EGR1 in the ONL is a 
common feature across many degenerative mouse models, 
such as the rd10 [44], the rd1 [40], and the Rsh1-/Y [37,38] 
mice. To investigate the potential of reducing or increasing 
Egr1 expression in photoreceptors as an approach to protect 
the retina, we employed the RhoP23H/+ mouse, a slowly degen-
erating RP model offering a large treatment window [6]. 
Similar to other models, EGR1 was expressed in photorecep-
tors of RhoP23H/+ mice at different stages of degeneration (8, 
12, 16 weeks of age), in contrast to age-matched wild-type 
mice that did not express EGR1 in their outer retina (Figure 
1A). Interestingly, expression of EGR1 in the inner retina 
appeared less prominent in RhoP23H/+ than in wild-type mice. 
The reason for this is unknown but may involve disturbed 

signaling from damaged photoreceptors. Since Egr1 expres-
sion in rods was shown to be only transiently induced during 
the early phase of cell death [44], only a fraction of cells is 
positive for EGR1 at any given time point, especially in a 
slowly degenerating retina. This fraction may be higher in 
models of induced, synchronized cell death, such as the light 
damage model. Indeed, damaging levels of light caused Egr1 
expression to rapidly increase in the retina 2 h after exposure. 
The transient nature of Egr1 induction is clearly demonstrated 
by the rapid decline in expression levels at 6 h after exposure, 
reaching nearly basal levels after 24 and 48 h (Figure 1B). As 
expected, not all rods and cones were positive for EGR1 in the 
RhoP23H/+ retina at 8 weeks of age due to the transient nature 
of EGR1 induction in the degenerating retina (Figure 1C, D).

Collectively, these data show that Egr1 is induced also 
in photoreceptors of the RhoP23H/+ mouse and the retina 
after exposure to damaging light intensities. This further 
strengthens the hypothesis that EGR1 expression in the ONL 
is a common characteristic of retinal degeneration, regardless 
of the underlying mutation or insult. To approach the func-
tional significance of this upregulation, we modulated Egr1 
expression in rods and cones of the RhoP23H/+ mouse in vivo.

Targeting Egr1 for knockdown and transgenic overexpres-
sion: To modulate Egr1 expression in vivo, we chose shRNA-
based RNA interference (RNAi) and transgenic overexpres-
sion methods to decrease or increase endogenous EGR1 
levels, respectively. To identify an effective sequence for 
RNAi, we generated six 661W cell lines that stably expressed 
different Egr1 shRNAs (Table 1) and determined endogenous 
Egr1 mRNA levels by real-time PCR. Five out of the six 
shRNA sequences significantly reduced Egr1 mRNA levels 
in the cell lines, with sequence 1 being the most effective 
(78% downregulation; Figure 2A). This cell line was selected 
for investigating shRNA-mediated Egr1 silencing also under 
stress conditions. For this purpose, control 661W and 661W-
shEgr1 cells were treated with 10 ng/mL PMA, a well known 
Egr1 activator via the stress-activated MAPK pathways [61], 
for 1 h and tested for endogenous Egr1 mRNA expression. 
PMA increased Egr1 levels 3.8-fold in both control and 
661W-shEgr1 cells. Importantly, Egr1 levels after PMA treat-
ment were 55% lower in 661W-shEgr1 cells than in control 
cells (Figure 2B), demonstrating that the shRNA repressed 
endogenous Egr1 also in stressed cells, which is essential for 
using this approach in degenerating photoreceptors. Transfec-
tion of 661W cells with the overexpression plasmid resulted in 
a 22.6- and 15.6-fold increase in Egr1 mRNA levels at 24 and 
48 h post-transfection, respectively (Figure 2C). The overex-
pression resulted in functional EGR1 proteins, as evidenced 
by the 13.6-fold upregulation of the EGR1 target gene Atf3 
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Figure 1. EGR1 expression in RhoP23H/+ mice and after light damage. A: Immunofluorescence staining of EGR1 (red) in retinal sections from 
8, 12, 16-week-old wild-type and RhoP23H/+ mice. DAPI (blue) was used to visualize cell nuclei. Scale bar: 50 μm. B: Real-time qPCR of 
retinal Egr1 expression in the model of light-induced degeneration. Levels are expressed relative to non-exposed dark controls (ctrl), which 
were set to 1. Shown are individual data points and means ± SD n=3. One-way ANOVA with Dunnett’s multiple comparisons test, p value 
as indicated. C, D: Immunofluorescence staining of retinal sections from 8-week-old RhoP23H/+ mice for RHO and EGR1 (C) and OPN1SW 
and EGR1 (D), showing EGR1 expression in degenerating rods and cones. White arrows point to RHO (C) or OPN1SW (D) positive cells 
expressing EGR1. Scale bar: 20 μm. ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer; LD: light damage.
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(activating transcription factor 3 [62,63]) 48 h after transfec-
tion (Figure 2D). The small induction of Atf3 expression in 
control-transfected cells may have been caused by a slight 
stress induced by the serum-reduced OptiMEM transfection 
medium [64].

To generate AAVs for the in vivo experiments, we 
cloned the sequence for knocking down Egr1 (shEgr1) and 
the control sequence (shCtrl, Table 1) into the miR-E scaf-
fold [46] and placed the cassettes in the 3′-untranslated region 
(UTR) of GFP (Figure 2E). The AAV construct for overex-
pression contained the mouse Egr1 (mEgr1) coding sequence 
connected to eGFP via a P2A site. All constructs were 
cloned downstream of the rod-specific (mOP [52]) and the 

cone-specific (OPN1MW [51]) promoter. Due to the limited 
AAV packaging capacity, the cone-specific overexpression 
construct did not contain eGFP (Figure 2E, Table 2).

Modulation of Egr1 expression in rods of wild-type mice: 
To assess the potential of our constructs to modulate Egr1 
expression in rods, we injected the AAVs carrying the shEgr1, 
the mEgr1 or the control sequence under control of the mOP 
promoter into the subretinal space of 4-week-old wt mice 
and assessed their transduction and expression profiles. At 8 
weeks post-injection (wpi, 12 weeks of age), the injection sites 
were visible as hyperreflective spots in the fundus images 
(Figure 3A-C, arrows) and minor disturbances to the retinal 
layering in OCT scans (blue lines and frames). However, OCT 

Figure 2. In vitro validation of shEgr1 and mEgr1 sequences and design of AAV vectors. A: Real time PCR for Egr1 in 661W cell lines 
stably expressing shEgr1. Each cell line (plotted on the x-axis) expresses a different shEgr1 sequence (1–6, Table 1). Sequence (1) showed 
the strongest downregulation (78%, dotted line) and was chosen for further tests. Shown are individual data points and means ± SD n=6. 
One-way ANOVA with Dunnett’s multiple comparisons test, p values as indicated. B: PMA stress test in 661W wt and 661W-shEgr1 (1) 
cells. Shown are individual data points and means ± SD n=7. Two-way ANOVA with Dunnett’s multiple comparisons test, p values as 
indicated. C: In vitro test of the Egr1 overexpression plasmid AAV2::CMV-mEgr1-P2A-eGFP-pA-WPRE (CMV-mEgr1) in 661W cells. 
Egr1 mRNA levels were determined at 24 h and 48 h after transfection of the overexpressing plasmid (pink) and compared to cells that 
were not transfected (blue) and cells that received the pcDNA3-CMV-eGFP control plasmid (purple). Shown are individual data points and 
means ± SD n=3. One-way ANOVA with Tukey’s multiple comparisons test, p values as indicated. D: Expression levels of the EGR1 target 
gene Atf3 in untransfected (blue), ctrl-transfected (purple) and CMV-mEgr1-transfected (pink) cells at 48 h after transfection. Shown are 
individual data points and means ± SD n=3. One-way ANOVA with Tukey’s multiple comparisons test, p values as indicated. E: Schematic 
representations of the Egr1 downregulation (AAV2-shEgr1, top), Egr1 overexpression (AAV2-mEgr1, middle), and control (AAV2-ctrl, 
bottom) AAV vectors. ITR2: inverted terminal repeats of serotype 2; mOP: mouse opsin promoter (rod-specific); OPN1MW: human opsin 
medium wavelength promoter (cone-specific); (e)GFP: (enhanced) green fluorescent protein; pA: poly-A tail; WPRE: woodchuck hepatitis 
virus posttranscriptional regulatory element; miR-E: microRNA-E backbone for shRNAs; P2A: 2A self-cleaving peptide.
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scans through the optic nerve head (red lines and frames) 
demonstrated that the retinal layers were overall preserved, 
excluding toxicity of the vectors or the transgenic sequences 
in normal retinas. Fluorescent funduscopy indicated that 
approximately 20%–30% of the retinal area was transduced. 
Immunostaining of retinal sections for rhodopsin (RHO) 
and imaging of (e)GFP fluorescence (surrogate marker for 
AAVs) showed that transgene expression was restricted to 
photoreceptors (Figure 3A-C, lower panels). Since EGR1 is 
activated upon damage or stress [40,44], it is important to 
note that injections did not cause widespread EGR1 expres-
sion per se, as only few rods transduced with AAV::mOP-ctrl 
(Figure 3A) co-expressed endogenous EGR1 and GFP. Simi-
larly, only very few EGR1-positive photoreceptor nuclei were 
detected after injection of AAV::mOP-shEgr1 (Figure 3B). 
Whether this was due to an efficient downregulation of Egr1 
expression by the shRNA or to the absence of stress after 
the injection, as suggested by the control virus, could not 
be determined. In contrast, injection of AAV::mOP-mEgr1 
resulted in a large number of EGR1-positive cells in the ONL, 
indicating a strong transgenic expression of Egr1 in rods 
(Figure 3C). To assess the strength of the overexpression, we 
used real-time PCR to amplify Egr1 from total retinal RNA 
isolated from dark-adapted mice two weeks after injection. 
Even though we used total retinal RNA that was isolated not 
only from the 20%–30% transduced rods but also from all 
non-transduced cells in the outer and inner retina, we detected 
a significant increase in Egr1 expression in retinas injected 
with AAV::mOP-mEgr1 (Figure 3D). Due to the presence of 
RNA from untransduced cells in the analysis, the measured 
twofold increase underestimates the strength of upregulation 
in transduced cells. Since Egr1 is not, or only very weakly, 
expressed in healthy rods, we could not evaluate the in vivo 
efficacy of our shEgr1 sequence in wild-type mice. Therefore, 
we assessed retinal Egr1 levels in RhoP23H/+ mice at 12 wpi 
(16 weeks of age). To increase the specificity of our analysis, 
we separated the untransduced and transduced halves of the 

retina using the GFP signal as guidance, then isolated total 
RNA from each half separately. While Egr1 mRNA levels in 
the retinas of control-injected mice did not differ between the 
untransduced and transduced areas, Egr1 was significantly 
downregulated after injection of AAV::mOP-shEgr1 (Figure 
3E). Lastly, we measured the ONL thickness in wild-type 
mice at 8 wpi to directly address potential retinal toxicity of 
our AAVs (Figure 3F). The similar ONL thickness between 
treatments indicated that modulation of Egr1 expression in 
healthy rods did not cause cellular toxicity. Although signifi-
cant, the slight increase in ONL thickness (approximately 
3 µm) in AAV::mOP-mEgr1 injected mice suggests a minor 
swelling of the ONL for unknown reasons.

These results demonstrated an effective and specific 
transduction of rod photoreceptors by the mOP-driven 
transgenes after AAV-mediated delivery, as shown before 
[65]. The constructs were able to successfully modify Egr1 
expression, with no adverse effects in wt mice.

Egr1 downregulation delays rod degeneration in RhoP23H/+ 
mice: To analyze if the rod-specific modulation of Egr1 
expression affects photoreceptor degeneration we injected 
the three viruses into the retina of 4-week-old RhoP23H/+ 
mice. Immunofluorescence of retinal cross sections at 12 
wpi showed that the degenerating retina expressed the 
transgenes specifically in the ONL (Figure 4A), similarly 
to the observation made in wt retinas (Figure 3A-C). Since 
GFP-positive cells only rarely co-localized with EGR1 in 
AAV::mOP-shEgr1 injected mice, downregulation of EGR1 
in transduced rods of RhoP23H/+ mice may have been effec-
tive. In AAV::mOP-mEgr1 injected retinas, however, GFP and 
EGR1 showed strong co-localization indicating upregulation 
of EGR1 (Figure 4A). While fundus imaging and OCT scans 
did not show obvious differences between the treatments 
(Figure 4B), we measured the ONL thickness on retinal 
cross sections at 4, 8 and 12 wpi (Figure 4C). At 4 wpi, the 
ONL in mice injected with AAV::mOP-mEgr1 was slightly 

Table 2. AAV constructs.

Name Cell targeted Capsid Construct
mOP-mEgr1 Rods AAV2(QuadYF+TV; 7m8)/2 mOP-mEgr1-P2A-eGFP-WPRE
mOP-shEgr1 Rods AAV2(QuadYF+TV; 7m8)/2 mOP-GFP-shEgr1-WPRE
mOP-ctrl Rods AAV2(QuadYF+TV; 7m8)/2 mOP-GFP-shCtrl-WPRE
OPN1MW-mEgr1 Cones AAV2/7m8 OPN1MW -mEgr1-WPRE
OPN1MW-shEgr1 Cones AAV2/7m8 OPN1MW -GFP-shEgr1-WPRE
OPN1MW-ctrl Cones AAV2/7m8 OPN1MW -GFP-shCtrl-WPRE

All AAVs have type 2 ITRs, one wild-type and one mutated. mOP: mouse opsin promoter; OPN1MW: opsin medium wavelength pro-
moter; (e)GFP: (enhanced) green fluorescent protein; P2A: 2A self-cleaving peptide; WPRE: woodchuck hepatitis virus posttranscrip-
tional regulatory element.
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thicker, reflecting the observation already made in wt mice 
(Figure 3F), while AAV::mOP-shEgr1 was without effect on 
the ONL thickness. By 8 wpi, the ONL thickness decreased 
as degeneration progressed in controls and AAV::mOP-mEgr1 
but not in AAV::mOP-shEgr1 injected mice. In these latter 
mice, the ONL thickness was comparable to the thickness 
at 4 wpi suggesting a protective effect and attenuation of the 
degeneration by the downregulation of Egr1 in RhoP23H/+ rods 
by RNAi. Interestingly, the overexpression of EGR1 did not 
accelerate the degenerative process. At 12 wpi, the preserva-
tion of rods by the interference with Egr1 expression was 

still evident, as the ONL of AAV::mOP-shEgr1 injected mice 
was still significantly thicker than the ONL in the controls. 
The attenuation of degeneration by the AAV::mOP-shEgr1 
injections was also evident by the longitudinal ONL analysis 
of the different treatments. In contrast to the control and 
AAV::mOP-mEgr1 injected mice, thinning of the ONL was 
not significant in AAV::mOP-shEgr1 treated mice (Figure 
4D). Altogether, these results suggest that Egr1 moderately 
contributes to rod degeneration in RhoP23H/+ mice and that 
reducing Egr1 expression delays but does not prevent photo-
receptor loss.

Figure 3. Expression and safety of shEgr1 and mEgr1 transgenic elements in wt rods. A-C: Fundus images and OCT scans (top rows) and 
immunofluorescence images (bottom rows) of wt retinas subretinally injected with (A) AAV::mOP-ctrl, (B) AAV::mOP-shEgr1 and (C) 
AAV::mOP-mEgr1 at 8 wpi. White arrows point to injection sites. OCT scans are color-coded in red when across the optic nerve, or blue 
when across the injection site. Immunofluorescence panels show the transduction pattern of the virus (GFP), individual EGR1 and rhodopsin 
(RHO) signals as gray-scale images and the colored merge. Scale bars: 20 μm. D: Egr1 mRNA levels in retinas of wt mice injected with 
mOP-ctrl (green) or mOP-mEgr1 (purple) at 2 wpi. Shown are individual data points and means ± SD n=6. Unpaired one-tailed t test, p 
value as indicated. E: Egr1 mRNA levels in transduced (red) and untransduced (blue) retinal areas of RhoP23H/+ mice injected with mOP-ctrl 
or mOP-shEgr1 at 12 wpi. Corresponding retinal areas of the same eye are connected by lines. n=3–4. Paired one-tailed t test, p value for 
mOP-ctrl: 0.4567, p value for mOP-shEgr1 as indicated. F: Left: spidergrams showing the mean and range of the ONL thickness of wt mice 
injected with mOP-ctrl, mOP-shEgr1 or mOP-mEgr1 at 8 wpi. Measurements were taken every 200 µm from the optic nerve head (0 µm). 
Right: quantification of the ONL thickness of the nasal (transduced) retina after AAV injections. Each dot represents the average thickness 
at a particular distance (every 200 µm from 400 µm to 2200 µm) from the optic nerve head. Shown are means ± SD. One-way ANOVA with 
Tukey’s multiple comparisons test, p values as indicated. n=5–7. ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer.
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Figure 4. Phenotypic evaluation of mOP-driven AAVs in RhoP23H/+ mice. A: Immunofluorescence images of RhoP23H/+ retinas injected with 
AAV::mOP-ctrl (Ctrl), AAV::mOP-shEgr1 (shEgr1), and AAV::mOP-mEgr1 (mEgr1) at 12 wpi. Individual panels show the transduction 
pattern of the virus (GFP) as well as EGR1 and rhodopsin (RHO) positive cells as grayscale images and the colored merge. Scale bars: 20 
μm. (B) Fundus images and OCT scans of RhoP23H/+ retinas injected with AAV::mOP-ctrl (Ctrl), AAV::mOP-shEgr1 (shEgr1), and AAV::mOP-
mEgr1 (mEgr1) at 12 wpi. White arrows point to injection sites; OCT scans are color-coded in red when across the optic nerve or blue when 
across the injection site. (C) Left panels: spidergrams of the ONL thickness of RhoP23H/+ mice injected with mOP-ctrl (red), mOP-shEgr1 
(blue), or mOP-mEgr1 (green) at 4, 8 and 12 wpi. Measurements were taken every 200 µm from the optic nerve head (0 µm). Shown are 
means and range of n=4–9. Right panels: quantification of the ONL thickness of the nasal (transduced) retina after AAV injections. Data 
points show the average ONL thickness of all retinas at ten positions (400 µm to 2200 µm; 200 µm intervals) in the nasal retina. Shown 
are means ± SD. One-way ANOVA with Tukey’s multiple comparisons test, p values as indicated. D) Same samples as in (C) but analyzed 
differently to reflect the progression of degeneration for each type of AAV throughout time. The data points represent the averages of all 
measurements taken in the nasal ONL for each individual sample; thus, each point on the bar graph corresponds to one retina analyzed. 
Two-way ANOVA with Tukey’s multiple comparisons test, p values as indicated. n=4–9. ONL: outer nuclear layer; INL: inner nuclear layer; 
GCL: ganglion cell layer.
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Targeted modulation of Egr1 in cones of wild-type mice: To 
investigate the transduction and expression profile of the 
cone-specific AAVs driven by the human OPN1MW gene 
promoter, the vectors were injected into the subretinal space 
of 4-week-old wt mice. In vivo analysis was performed via 
funduscopy and OCT imaging at 8 wpi. As observed with the 
rod-specific vectors, minor disturbances to retinal layers at 
the injection sites were visible by OCT (Figure 5A-C, arrows 
and blue lines and squares), but the overall structure of the 
retina was preserved, as indicated by OCT scans across 
the optic nerve (red lines and squares). Widespread viral 
transduction was detected via fluorescent funduscopy. GFP 
fluorescence in retinal sections confirmed expression in cells 
almost exclusively at the outer rim of the ONL, suggesting 
specificity for cones, which was verified by co-staining 
with PNA. Only sparse EGR1 staining was detected in 

AAV::OPN1MW-shEgr1 injected retinas (Figure 5B, bottom 
row), while increased EGR1 signals were evident in PNA-
positive cells at the outer rim of the ONL in AAV::OPN1MW-
mEgr1 injected mice (Figure 5C, bottom row). Since a poten-
tial toxic effect on cone photoreceptors cannot be detected 
by measuring the thickness of the ONL, we compared the 
number of cones across treatments and between transduced 
and untransduced retinal areas by counting ARR3-positive 
cells (Figure 5D, left). Results showed that neither up- nor 
downregulation of Egr1 in cones of wt mice affected the 
number of cones at 8 wpi (Figure 5D, right).

Cones of RhoP23H/+ mice are not affected by the modulation 
of Egr1 expression: Although cones are not directly affected 
in RP models, they degenerate secondarily for reasons still 
not well understood. To investigate a potential role of EGR1 

Figure 5. Expression and safety of shEgr1 and mEgr1 transgenes in wt cones. (A-C) Fundus images and OCT scans (top rows) and immu-
nofluorescence images (bottom rows) of wt retinas subretinally injected with (A) AAV::OPN1MW-ctrl, (B) AAV::OPN1MW-shEgr1 and (C) 
AAV::OPN1MW-mEgr1 at 8 wpi. White arrows point to injection sites. OCT scans are color-coded in red when across the optic nerve or blue 
when across the injection site. Immunofluorescence panels show the transduction pattern of the virus (GFP, except AAV::OPN1MW-mEgr1) 
as well as EGR1 and PNA-positive cells as grayscale images and the colored merge. Scale bars: 20 μm. D) Left panel: example image of a 
cone arrestin (ARR3) staining in wt mice. Right panel: bar graph reporting the number of ARR3-positive cells in a 600 μm-long region of 
the transduced and untransduced retinal areas of wt mice at 8 wpi of AAV::mOP-ctrl (red), AAV::mOP-shEgr1 (blue), and AAV::mOP-mEgr1 
(green). Shown are individual values and the mean ± SD. Two-way ANOVA with Šídák's multiple comparisons test. n=3. ONL: outer nuclear 
layer; INL: inner nuclear layer; GCL: ganglion cell layer.
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in cone survival in the context of primary rod degeneration, 
we injected the cone-specific vectors in 4-week-old RhoP23H/+ 
mice. Fundus and OCT images at 8 wpi did not reveal notable 
differences across treatments (Figure 6A-C, top rows). Immu-
nofluorescence showed targeted expression of the vectors 
in RhoP23H/+ cones and apparently reduced EGR1 signals in 
AAV-OPN1MW-shEgr1 retinas (Figure 6B, bottom row). 
Transduction with AAV::OPN1MW-mEgr1 did not notably 
increase EGR1 expression over control, as most (if not all) 
cones in the RhoP23H/+ retina already expressed the transcrip-
tion factor (Figure 6A,C; bottom rows). To directly assess the 
effects of EGR1 on cones in the degenerative model, we quan-
tified surviving ARR3-positive cones (Figure 6D, left) and 
compared their number across treatments and in transduced 
versus untransduced areas. Data showed that modulation of 

Egr1 expression in cones of the RhoP23H/+ mouse did not influ-
ence their survival (Figure 6D, right).

DISCUSSION

A hallmark of a cell’s response to different environmental 
and physiologic stimuli is the rapid modulation of gene 
expression, often mediated by immediate early genes (IEGs) 
such as EGR1, which is frequently upregulated in photore-
ceptors during the early phase of retinal degeneration. The 
available evidence points to EGR1 as a possible unifying 
feature in dying photoreceptors, although its functional 
role in the degenerative process remains to be elucidated. 
In this research we used AAV-based RNAi and transgenic 
overexpression to modulate Egr1 levels in dying photorecep-
tors of RhoP23H/+ mice. The RhoP23H/+ mouse model is one of 

Figure 6. Phenotypic evaluation of OPN1MW-driven AAVs in RhoP23H/+ mice. A-C: Fundus images, OCT scans (top rows), and immunofluo-
rescence images (bottom rows) of RhoP23H/+ retinas subretinally injected with (A) AAV::OPN1MW-ctrl, (B) AAV::OPN1MW-shEgr1 and (C) 
AAV::OPN1MW-mEgr1 at 8 wpi. White arrows point to injection sites. OCT scans are color-coded in red when across the optic nerve or blue 
when across the injection site. Immunofluorescence panels show the transduction pattern of the virus (GFP, except AAV-OPN1MW-mEgr1 
as well as EGR1 and PNA-positive cells as grayscale images and the colored merge. Scale bars: 20 μm. (D) Left panel: example image of 
a cone arrestin (ARR3) staining in RhoP23H/+ mice. Right panel: bar graph reporting the number of ARR3-positive cells in a 600 μm-long 
section of the transduced and untransduced retinal areas of RhoP23H/+ mice at 8 wpi of AAV::mOP-ctrl (red), AAV::mOP-shEgr1 (blue), and 
AAV::mOP-mEgr1 (green). Shown are individual values and means ± SD. Two-way ANOVA with Šídák's multiple comparisons test. n=3–4. 
ONL: outer nuclear layer; INL: inner nuclear layer; GCL: ganglion cell layer.
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the most widely used and well characterized genetic models 
for studying retinal degeneration. The main advantage is 
its clinical relevance, as the mutation is frequently found in 
RP patients, and it mimics the slow progressive loss of rod 
photoreceptors, followed by secondary cone death. The slow 
degenerative process also offers a wider time window that 
is required for treatment approaches using AAV-mediated 
genetic manipulations.

Our study contributes to a complex research land-
scape on the function of EGR1 in the retina, since previous 
reports have yielded conflicting findings about its role in 
retinal degeneration. In the retinoschisis mouse, Egr1 was 
not necessary to trigger cell death processes, despite its 
massive upregulation during early stages of degeneration 
[37,38]. Sharma and colleagues suggested that Egr1 might 
actually serve a protective function in the rds model [39]. 
Quite the opposite was reported by Dong and colleagues ten 
years later, pointing to a positive correlation between Egr1 
expression and degenerative processes [40]. In an attempt to 
resolve the functions of EGR1, we manipulated its levels in 
rods and cones of wt and RhoP23H/+ mice. Our data indicate 
that increased endogenous expression of Egr1 in rods may 
contribute to disease progression as its downregulation 
slowed the loss of rod photoreceptors in RhoP23H/+ mice. Since 
the protective effect was only moderate and did not fully 
rescue the phenotype, our data suggest that Egr1 may func-
tion as a signaling molecule rather than a causative factor for 
rod degeneration. One potential explanation for the modest 
effect of the Egr1 knockdown is a certain redundancy within 
the EGR transcription factor family. Although not directly 
tested in our model, it is possible that Egr2, Egr3, and/or 
Egr4 provided compensatory activity when Egr1 was reduced 
[66,67]. Surprisingly, Egr1 overexpression did not produce 
the opposite effect to the Egr1 knockdown. We hypothesize 
that the lack of effect after EGR1 overexpression may be due 
to a “ceiling effect”: the degenerating retina already exhibits 
high EGR1 activation, and thus additional overexpression 
may not further increase its activity as the system may be 
saturated.

Modulation of Egr1 expression in rods or cones of the 
healthy retina had no significant effect, which excludes EGR1 
as a causative death factor. Possibly, EGR1 exerts its func-
tion only in connection to a noxious stimulus that triggers 
the degeneration. Indeed, it has been reported that genes (or 
genetic variations [68]) that do not cause cell stress or are 
even beneficial in a normal situation become harmful when 
combined with an environmental trigger, a concept known 
as gene-environment interaction [69]. One example is the 
soluble peptide sAPPα (amyloid precursor protein alpha). 

On one hand, the peptide can promote physiologic brain 
functions and neuroprotection [70]; on the other hand, the 
protein overabundance caused by a toxic stimulus (i.e., brain 
ischemia or inflammation) can lead to tumorigenesis [71]. 
Another prominent example is p53, whose regulation is, at 
least partially, controlled by EGR1 [26]. Under conditions 
of moderate stress, p53 elicits protective responses, such as 
temporary cell-cycle arrest, DNA repair, and antioxidant 
protein production, to maintain genomic homeostasis in cells 
that sustain reparable damage [72]. However, in cells exposed 
to potent stress signals, p53 drives irreversible programs of 
apoptosis to reduce the number of malignant cells [73].

To fully unravel the function of EGR1 in the degener-
ating retina, it is important to identify the mechanisms that 
regulate Egr1 expression in situations of cellular stress. A 
hallmark of retinal degeneration is the early disintegration 
of the photoreceptor outer segments, creating a mechanical 
stress on the cell. Since mechanical stress has been impli-
cated in the activation of EGR1 in cultured epithelial cells 
via MAPK signaling acting on the serum response elements 
(SREs) on the Egr1 promoter [15,74-76], it is possible that 
Egr1 expression is activated by early structural alterations in 
the delicate cytoskeletal structure of the photoreceptor cell. 
The moderate protection conferred by silencing Egr1 in rods 
may indicate that the activation of the transcription factor in 
a degenerative state might modulate the injured cell’s tran-
scriptional response, preparing it for degeneration. Such a 
process may be beneficial for the complex retinal tissue as it 
removes nonfunctional cells that may interfere with the func-
tion of the tissue. Interestingly, and maybe in support of this, 
we identified several genes encoding tubulin cytoskeleton-
associated proteins as putative targets for EGR1 through 
single-cell RNA sequencing [44] of the degenerating rd10 
retina. These gene products may facilitate the morphological 
alterations in the cytoskeleton that are needed for a controlled 
cell death and the removal of cellular debris by microglia 
or other phagocytosing cells. Clearly, investigations into 
DNA–protein interactions using ChiP-seq and/or CUT&RUN 
[77,78] assays will be helpful to shed more light on EGR1 
targets, hopefully allowing a more detailed description of its 
function during degenerative processes in the future.

CONCLUSIONS: The aim of this work was to define the func-
tion of Egr1 in the context of retinal degeneration, addressing 
the current scarcity of in vivo data despite its implication in 
various retinal disorders. Our data indicate that Egr1 moder-
ately promotes the development and/or progression of rod 
degeneration but may not be the primary driver of the disease. 
However, the precise function of EGR1 in photoreceptor 
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degeneration remains unclear until the activating signal(s) 
and downstream targets are identified.
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