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Introduction

Age-related macular degeneration (AMD) is the leading 
cause of blindness in people aged >45 years (1). Wet AMD 
is characterized by choroidal neovascularization (CNV) 
involving the proliferation of new blood vessels in the 

retina. This results in edema and bleeding, eventually 
leading to vision loss (2). CNV differs from physiological 
angiogenesis, which is immature and unstable. Compared 
with physiological angiogenesis, CNV will be more prone 
to bleeding and vascular scarring. The cells involved in 
CNV include choroidal vascular endothelial cells, retinal 
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pigment epithelium (RPE) cells, and perivascular cells (3). 
Upregulation of the regulator of G-protein signaling 1  
(RGS1) during vascular development and maturation 
regulates the reactivity of endothelial cells and pericytes 
to chemotactic signals by interfering with chemokine  
receptors (4). Additionally, RPE density decreases with 
aging (5). The disruption of homeostasis leads to a 
progressive cellular accumulation of lipocalins. Lipocalins 
are a family of secreted adipokines that play an important 
role in various biological processes, and their accumulation 
results in mitochondrial dysfunction (6). Lipoprotein 
accumulation orchestrates a pro-inflammatory environment 
around the RPE (7). It increases inflammasome activation, 
cell apoptosis, and oxidative stress responses, eventually 
leading to AMD (5).

RGS1 is a member of the RGS family and has been 
widely studied in the field of cancer (8). RGS1 expression 
is commonly upregulated in malignant tumors of organs or 
tissues, such as the blood, brain, breast, colon, esophagus, 
kidney, and skin. Inflammation is promoted by RGS1 
via inhibition of lymphocyte homing (9). Furthermore, 
RGS1 expression regulates the proliferation and migration 
of vascular endothelial and perivascular cells (10-13). 
Therefore, modulation of the RGS1 signaling pathway can 
expand therapeutic approaches in the field of AMD.

A previous study has shown that functional changes in 
human RPE cells lead to the occurrence and development 
of AMD (14). The disease can be effectively slowed down 
by interfering with the functions of human retinal pigment 
cells. For example, sulforaphane ameliorates amyloid-
β-induced injury in RPE cells (15), recombinant human 
klotho protects against hydrogen peroxide-mediated 
injury in human retinal pigment epithelial cells (16), 
and baicalin suppresses AMD in vitro and in vivo (17). In 
AMD, functional changes in the RPE play an important 
role; neovascularization is particularly important, and 
its occurrence is closely related to the proliferation and 
activity of vascular endothelial cells. At present, there are 
many studies on RPE cells in AMD, but few studies on 
HMECs. At the same time, in the clinical treatment of 
neovascularization, anti-vascular endothelial growth factor 
(VEGF) antibody therapy is the only standard treatment 
for AMD therapy in a real-life setting shows good 
outcomes, with a favorable safety profile (18). However, 
VEGF needs to be injected repeatedly, which requires 
high patient compliance. Unfortunately, relevant statistical 
studies have found that patient compliance is decreasing 
every year. Such as in one study, it was reported that the 

injection numbers were 5.2, 2.6, and 2.3 at the 1-, 2-, and 
3-year follow-ups, respectively (19), affecting treatment 
outcomes. Therefore, the development of new treatment 
directly acts on HMECs options is of particular importance. 
Understanding the cellular components involved in 
CNV can contribute to the development of novel anti-
neovascularization therapies. A previous study has shown 
that CNV can be effectively treated using antibodies against 
the regulator of RGS5 or a combination of anti-VEGF 
targeting endothelial cells and anti-platelet-derived growth 
factor receptor targeting pericyte (20). However, to the 
best of our knowledge, the mechanism and effect of RGS1 
on human microvascular endothelial cells have not yet 
been reported. Therefore, in the present study, we aimed 
to improve the impact of endothelial cells on new blood 
vessels. investigate differential gene expression in AMD and 
the biological importance of RGS1 in the pathogenesis of 
AMD. We present the following article in accordance with 
the ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-3992/rc).

Methods

Animals 

Female C57BL/6 mice, aged 6–8 weeks and weighing  
18–20 g, were provided by the Laboratory Animal Center of 
Nantong University. The anterior segment was normal, and 
a fundus examination was performed before the experiment. 
After a 12-h light/dark cycle, mice were fed food and water 
freely in a suitable environment, where the noise was 
less than 60 dB and the temperature was 20±3 ℃ (21,22). 
During the experiment, 1% pentobarbital sodium was used 
for narcotization, and the dose (approximately 0.1 mL) was 
calculated based on the weight of the mice (22). Peritoneal 
injection anesthesia is a preferred method for pain reduction 
in mice. The vitreous humor was extracted from the retina 
during the experiment. At the end of the experiment, the 
animals were anesthetized by intraperitoneal injection of 
excessive anesthetic. Finally, the mice were killed, and their 
corpses were registered at the Experimental Animal Center 
of Nantong University. We obtained licenses for animal 
experimentation in accordance with local regulations. 
The experimental conditions were monitored by the State 
Science and Technology Commission, which promulgates 
regulations on the administration of experimental animals.

All experimental procedures adhered to the ARVO 
Statement for the Use of Animals in Ophthalmic and Vision 
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Research. And experiments were performed under a project 
license granted by the ethics board of Laboratory Animal 
Center, Nantong University (No. S20220603-001), in 
compliance with guidelines of Animal Ethics Committee 
of Nantong University for the care and use of animals. A 
protocol was prepared before the study without registration. 

Cells

Cryopreserved second-generation human microvascular 
endothelial cells (HMECs) was purchased from Shanghai 
Yanjin Biotechnology Co., Ltd. by the Ophthalmology 
Laboratory of the Affiliated Hospital of Nantong University, 
China. The cells were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM)/F12 medium [nutrient Mixture 
F-12 (Ham’s) (1:1) with L-Glutamine and Sodium Pyruvate, 
with Hepes 15mM DMEM: F12 (1:1)] supplemented with 
10% fetal bovine serum (FBS; Gibco, Rockville, MD, USA) 
and 100 U/mL penicillin-streptomycin mixture (Gibco, 
USA) at 37 ℃ in 5% CO2 (22). The culture medium was 
changed every 2–3 days. 

RGS1 gene silencing

A total of 1×106 HMECs per well were seeded in 6-well 
plates and allowed to grow overnight. Transfection of RGS1 
siRNA (RiboBio, Guangzhou, China) was performed using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), 
following the manufacturer’s protocol. For the 6-well plates, 
4 μg DNA was briefly mixed with 10 μL Lipofectamine 2000 
at a final concentration of 2 μg DNA/mL, and dissolved in 
DMEM/F12 without serum. The resulting complex was 
incubated at room temperature for 20 min to generate a 
transfection mixture, which was then added to the cells, 
and the cells were incubated for 4–6 h. Next, the cells were 
washed with phosphate-buffered saline (PBS) and incubated 
in DMEM/F12 with 10% FBS for an additional 48 h. The 
cells were then collected for Western blot analysis and 
reverse transcription-polymerase chain reaction (RT-PCR). 

Data collection and analysis

Differential biomarker screening and clinicopathological 
analysis was performed using data from the Gene 
Expression Omnibus (GEO) database (www.ncbi.nlm.
nih.gov/geo/), which contains gene expression profiles 
of different tissues under normal and pathological  
condi t ions  (23) .  We re t r ieved  a  d i sease-re la ted 

transcriptome microarray dataset (GSE29801) from 
the GEO database, of which 151 were used as controls 
and 142 as AMD samples. The gene expression profile 
of each sample was transformed into a standard human 
gene expression matrix. The average expression of the 
same gene was calculated using the R package “limma” 
(24). In addition, we extracted clinical information files 
that included information such as ID, age, sex, typing, 
sampling location, and gene expression files, which included 
information such as ID and probe name, from 2 matrix 
files downloaded from the GEO database. We used Perl 
(strawberry-perl-5.32.1.1-64bit. msi) to batch convert probe 
names in the gene expression files to standard human gene 
names, according to the platform files. Using the “combat” 
function in the R package “SVA” (25), we corrected for the 
batch effect caused by non-biotechnological bias in these 
3 datasets. Samples lacking clinical information, such as 
sample ID, age, sex, typing, and sampling location were 
deleted from the clinical information file. The data (e.g., 
choroid, retina) was processed using R (version 4.1.1) and 
straw-Perl (version 5.32.1). We analyzed the data obtained 
from the controls and AMD patients to study the expression and 
role of RGS1 as a differential gene. In addition, we divided the 
patients into 2 groups according to age ≥65 and <65 years old. 
The relationship between RGS1 expression and clinical 
characteristics (e.g., age, sex, stage) was analyzed using the 
GEO datasets. We constructed protein-protein interaction 
(PPI) networks and subnetworks for AMD-related and 
RGS1-related differential genes using the STRING 
database and Cytoscape tools (26,27). We then performed 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analyses for differential 
genes and RGS1-related differential genes in AMD samples 
using a web-based toolkit for gene set analysis (WebGestalt) 
and path-view algorithms, respectively (28).

CNV experimental model

C57BL/6 mice were divided into the CNV (n=14) 
and control (n=14) groups. Before surgery, mice were 
anesthetized with intraperitoneal injection of 1% 
pentobarbital sodium (50 mg/kg). Pyrazinamide was 
locally applied to dilate the pupils, and sodium hyaluronate 
gel was used to lubricate the eye. A 3-sided mirror was 
placed in front of the mice’s eye. A slit lamp with a 532 nm 
frequency-doubling laser (power 200 mW, spot diameter 
100 μm, exposure time 100 ms) was used. The following 
experimental condition was followed: photocoagulation 

http://www.ncbi.nlm.nih.gov/geo/
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of 4–8 points and isometric distance of 1–1.5 PD around 
the optic disc (22,29,30). After photocoagulation, the 
effective point was marked where bubbles were generated 
or on the rupture site of the Bruch’s membrane presenting 
mild bleeding (sometimes accompanied by light ringing). 
Observations of laser points on days 7 and 14 were 
selected, and fundus fluorescein angiography (FFA) was 
performed using red angiography (22). C57BL/6J mice 
were anesthetized by intraperitoneal injection of 0.25 mL 
0.5% sodium pentobarbital (if mice showed certain drug 
resistance, the dose of anesthetic could be appropriately 
increased), and the pupil was dilated with tropicamide. 
First, 10% sodium fluorescein was diluted to 2% in PBS, 
followed by intraperitoneal injection of 0.3 mL into mice 
and massage for 30 seconds. Retinal imaging microscopy 
(Zeiss CIRRUS photo 800) was used to observe the leakage 
of fundus angiography. Mice were killed by an overdose of 
the anesthetic injection, and the expression of RGS1 protein 
and mRNA in the RPE-choroid complex was then detected 
by immunofluorescence staining (n=6), Western blotting 
(n=10), and RT-PCR (n=6). The CNV area was observed by 
hematoxylin-eosin staining of the choroid slices (n=6). 

In vitro cytochemical hypoxia model

An in vitro HMEC chemical hypoxia model was established 
by adding 200 μM cobalt  chloride to the culture  
medium (14). Untreated cells were used as normal controls. 
Hypoxia was induced for 0, 12, and 24 h following 
RGS1, hypoxia-inducible factor-1α (HIF-1α), and VEGF 
expression changes. The experimental groups were then 
divided according to the different interventions as follows: 
the hypoxia group, the siRNA (50 nM) transfection 
group, and the control group. The protein and mRNA 
levels of RGS1, HIF-1α, and VEGF were detected using 
immunofluorescence staining, Western blotting, and RT-
PCR. The experiment was repeated twice, and the observed 
difference was statistically significant (P<0.05).

Cell viability

After 24 h of transfection, approximately 5,000 cells were 
suspended in 1 mL of the (DMEM)/F12 medium; 200 µL  
of (DMEM)/F12 medium was added to each well of a  
96-well plate and incubated for 24 h at 37 ℃ in a 5% CO2 
cell incubator. Cell Counting Kit-8 (CK04, Dojindo, Japan) 
was used according to the manufacturer’s instructions. The 
cell density was observed under an electron microscope at a 

magnification of 200. And the absorbance value at 450 nm 
was measured with a microplate reader. The experiment was 
repeated twice, and the observed difference was statistically 
significant (P<0.05).

Hematoxylin-eosin staining

Seven days after laser modeling, the eye globes were 
enucleated and fixed in 4% Paraformaldehyde Fix Solution 
for 2 h. After fixation, the melted paraffin was fixed, 
dehydrated, poured into dehydrated transparent tissue, 
embedded, and sectioned vertically through the cornea and 
optic nerve center. The sections were then spread, baked, 
stained, dewaxed, and stained with hematoxylin dye (31). 
After the sections became transparent, they were sealed. 
The slides were then observed and photographed under a 
microscope (ZEISS, Oberkochen, Germany).

Choroid film and immunohistochemical analyses

Choroid film and immunohistochemical analyses were 
performed as previously described (31). The primary 
antibodies used were anti-RGS1 (1:1,000, Abcam 
cat# ab117077, RRID: AB_2916361) and anti-platelet 
endothelial cell adhesion molecule-1 (1:200, R&D Systems 
cat# AF3628, RRID: AB_2161028). The secondary 
antibody included horseradish peroxidase (HRP)-conjugated 
anti-goat antibody (1:10,000, Abcam cat# ab150131, RRID: 
AB_2732857). 

Western blotting

Proteins of the RPE-choroid complex were extracted from 
mouse and lysates of HMECs (Protot; Merck, Darmstadt, 
Germany). The protein concentration was determined 
using the Pierce BCA Protein Assay Kit (Thermo Fisher 
Scientific, Massachusetts, USA). Samples were mixed with 
an appropriate volume of sodium dodecylsulfate (SDS) 
sample buffer (Thermo Fisher Scientific, Massachusetts, 
USA) at a ratio of 4:1 for a final concentration of 30 µg. 
Samples were then subjected to 10% SDS polyacrylamide 
gel electrophoresis and transferred to a polyvinylidene 
fluoride membrane (Merck, Darmstadt, Germany). 
The membrane was blocked with 5% skim milk in 
PBS containing 0.05% Tween 20 (32). After overnight 
incubation at 4 ℃ with the primary antibody, the membrane 
was then incubated with the secondary antibody for  
2 h. Primary antibodies included anti-RGS1, anti-VEGF 
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Table 1 Primer sequences for quantitative reverse transcription-polymerase chain reaction

Gene Forward primer (5'-3') Reverse primer (5'-3')

RGS1 (M) GACTTTTGGAATGGACGTGAAA GGAGTTTTTCCAGAGACTGAGA

RGS1 (H) TCTTCTCTGCTAACCCAAAGGA TGCTTTACAGGGCAAAAGATCAG

GAPDH (M) GGTTGTCTCCTGCGACTTCA TGGTCCAGGGTTTCTTACTCC

GAPDH (H) CAGGAGGCATTGCTGATGAT GAAGGCTGGGGCTCATTT

si-RGS1 (H) CTGATCTTTTGCCCTGTAA

GAPDH, glyceraldehyde phosphate dehydrogenase; RGS1, regulator of G-protein signaling 1.

(1:1,000, Abcam cat# ab52917, RRID: AB_883427), 
and anti-HIF-1α (1:1,000, Abcam cat# ab51608, RRID: 
AB_880418). Secondary antibodies included HRP-
conjugated anti-goat antibody (1:10,000, Abcam cat# 
ab150131, RRID: AB_2732857) and HRP-conjugated 
anti-rabbit antibody (1:10,000, Abcam cat# ab150079, 
RRID: AB_2722623). Protein bands were visualized 
using enhanced chemiluminescence (Merck, Darmstadt, 
Germany) and quantified using ImageJ software (National 
Institutes of Health, Bethesda, USA). The average relative 
protein level in the control group was normalized to 1. The 
experiment was repeated twice, and the observed difference 
was statistically significant (P<0.05).

Quantitative RT-PCR

Total RNA was extracted from HMECs and mouse RPE-
choroid complexes using TRIzol reagent (Thermo Fisher 
Scientific, Massachusetts, USA). After RNA quantification 
u s ing  a  GeneQuant  Pro  RNA/DNA Ca lcu l a tor 
spectrophotometer (Amersham Biosciences, Bethesda, 
USA), 100 ng of RNA per sample was retrotranscribed 
using the PrimeScript RT reagent kit (Takara, Osaka, 
Japan) .  Transcr ipts  of  glyceraldehyde phosphate 
dehydrogenase were used as controls. Relative real-time 
fluorescence quantitative PCR analysis was performed 
using SYBR Premix Ex Taq II (Takara, Japan) in ABI Prism 
7900 (Applied Biosystems, Massachusetts, USA) to obtain 
equal amounts of cDNA products (9). The experiment 
was repeated twice, and the difference was statistically 
significant (P<0.05). Primers were purchased from Shanghai 
Sangong Biotechnology (Shanghai, China), and the primer 
sequences are shown in Table 1.

Statistical analysis

We used the SPSS version 12.0 (SPSS, Chicago, USA) to 

perform all statistical analyses. Student’s t-test was used 
to analyze differentially expressed genes (DEGs) and 
RGS1 expression between the disease and control groups. 
Analysis of variance (ANOVA) and Kruskal-Wallis test 
were used to determine the differences in RGS1 expression 
and clinicopathological features between the AMD and 
control groups. Pearson’s correlation coefficient was used to 
evaluate the correlation between genes. Data were subjected 
to unidirectional ANOVA and χ2-test. Statistical significance 
was set at P<0.05.

Results

The incidence of AMD has been increasing recently and has 
become one of the major causes of blindness in people aged 
>45 years. Neovascularization plays an important role in the 
pathogenesis of AMD. In the present study, we reported 
a significant effect of RGS1 on neovascularization and 
inflammation. However, the mechanism of action of RGS1 in 
HMECs cells has not yet been reported. Therefore, we aimed 
to investigate the expression of RGS1 in the AMD population 
and the role of RGS1 in the pathogenesis of AMD.

Transcriptome analysis of the RPE-choroid complex in the 
AMD human eye

The GSE29801 dataset was obtained from the GEO 
database. We identified 19,608 DEGs (P<0.05) (Table S1),  
of  which 9,763 were upregulated and 9,845 were 
downregulated. GO analysis revealed that these DEGs 
were closely related to T-cell activation, nutrient levels, 
and positive regulation of kinase activity (Figure 1 A). 
These DEGs were associated with neuroactive ligand-
receptor interaction and the PI3K-Akt signaling pathways, 
as revealed by the KEGG (Figure 1B). When compared 
with the control samples, the RPE-choroid complex 
of AMD patients displayed 17,519 DEGs (P<0.05)  

https://cdn.amegroups.cn/static/public/ATM-22-3992-supplementary.pdf
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Figure 1 Expression and role of DEGs and differential expression of RGS1 in AMD. (A,B) Kyoto Encyclopedia of Genes and Genomes 
analysis and Gene Ontology analysis of DEGs of GSE28301 in AMD pathological tissues and normal tissues in the GEO dataset. (C,D) 
Volcano map and heatmap expression of DEGs in macular lesions and normal tissues of GSE28301 in the GEO dataset. (E) PPI mapping 
of DEGs in AMD. (F) Differential expression of RGS1 in GES29801 between choroidal neovascularization patients and normal controls 
(*, P<0.05). (G) PPI network of RGS1. DEGs, differentially expressed genes; RGS1, regulator of G-protein signaling 1; AMD, age-related 
macular degeneration; GEO, Gene Expression Omnibus; PPI, protein-protein interaction.

Axonogenesis

Embryonic organ 
development

Axon development

Response to metal ion
Positive regulation of 

cell adhesion

Reproductive system 
development

T cell activation

Reproductive structure 
development

Signal release

Urogenital system 
development
Regulation of 

membrane potential
Mononuclear cell 

differentiation
Response to 

nutrient levels
Positive regulation 

of secretion
Epithelial tube 

morphogenesis
Response to 

xenobiotic stimulus
Response to 

peptide hormone
positive regulation 

of kinase activity
Regulation of body 

fluid levels
Synapse organization

Peptidyl-tyrosine 
modification

Peptidyl-tyrosine 
phosphorylation

Positive regulation of 
cytokine production

Embryonic organ 
morphogenesis

Cell junction assembly

Lymphocyte differentiation
Renal system 
development

Positive regulation of 
DNA-binding transcription 

factor activity
Regulation of binding

0       100     200     300     400

Count

qvalue
3.173663e–27 

3.805691e–18 

7.611383e–18 

1.141707e–17 

1.522277e–17

T cell activation

Axon development

Response to 
nutrient levels

Signal release

Positive regulation 
of kinase activity

Positive regulation of 
cytokine production

Response to 
xenobiotic stimulus

Gland development

Positive regulation 
of cell adhesion

Embryonic organ 
development
Regulation of 

membrane potential 
Reproductive system 

development
Axonogenesis

Reproductive structure 
development

Mononuclear cell 
differentiation

Synapse organization

Cell junction assembly

Response to 
peptide hormone

Response to metal ion
Regulation of 

body fuid levels
Peptidy-tyrosine 

modification
Peptidyl-tyrosine 
phosphorylation

Lymphocyte dfferentiation

Regulation of binding

Urogenital system 
development

Epithelial tube 
morphogenesis

Positive regulation 
of secretion

Renal system 
development

Embryonic organ 
morphogenesis

Positive regulation of 
DNA-binding transcription 

factor activity

0.020     0.024     0.028     0.032

Gene ratio

qvalue
1.522277e–17 

1.141707e–17 

7.611383e–18  

3.805691e–18 

3.173663e–27

Count
250

300

350

400

450

Neuroactive ligand-
receptor interaction

Calcium signaling pathway

Human T-cell leukemia 
virus 1 infection
MAPK signaling 

pathway

Rap1 signaling pathway

Human pillomavirus 
infection

cAMP signaling 
pathway

PI3K-Akt signaling 
pathway

Dopaminergic synapse

Adrenergic signaling in 
cardiomyocytes

Breast cancer

Hepatocellular carcinoma

Gastric cancer

Relaxin signaling pathway

Ras signaling pathway

Cushing syndrome
Parathyroid 

hormone synthesis 
secretion and action

Thyroid hormone 
signaling pathway

Melanogenesis

Neurotrophin signaling pathway
Growth hormone synthesis, 

secretion and action
Retrograde endocannabinoid  

signaling

Lysosome

Cholinergic synapse

Aldosterone synthesis 
and secretion

Proteoglycans in cancer

Axon guidance

Small cell lung cancer

Th1 and Th2 cell 
differentiation

Th17 cell differentiation

0         100       200       300

Count

qvalue

2e–07 

4e–07 

6e–07

Neuroactive ligand-
receptor interaction

PI3K-Akt signaling 
pathway

Human papillomavirus infection

MAPK signaling pathway

Calcium signaling pathway

Ras signaling pathway

Human T-cell leukemia 
virus 1 infection

cAMP signaling pathway

Rap1 signaling pathway

Proteoglycans in cancer

Axon guidance

Hepatocellular carcinoma

Cushing syndrome
Drenergic signaling 
in cardiomyocytes

Gastric cancer

Breast cancer
Retrograde 

endocannabinoid signaling

Dopaminergic synapse

Lysosome

Relaxin signaling pathway

Thyroid hormone 
signaling pathway

Neurotrophin 
signaling pathway

Growth hormone synthesis, 
secretion and action

Cholinergic synapse

Th17 cell differentiation

Parathyroid hormone 
synthesis, secretion and action

Melanogenesis

Aldosterone synthesis 
and secretion

Th1 and Th2 cell 
differentiation

Small cell lung cancer

0.02      0.03      0.04      0.05

Gene ratio

qvalue

6e–07

4e–07

2e–07

Count

100
150
200
250
300

Group
3

2

1

0

−1

−2

Group
G1
G2

10.0

7.5

5.0

2.5

0.0

−
Lo

g 1
0 

P
-v

al
ue

Down- regulation 
None 
Upregulation

−0.584962500721156 0 0.584962500721156

Log2 (fold change)

RGS1 expression

10

8

6

Va
lu

e

A

CNV Normal

B

C D F

E G

Gland development



Annals of Translational Medicine, Vol 10, No 18 September 2022 Page 7 of 17

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2022;10(18):982 | https://dx.doi.org/10.21037/atm-22-3992

(Figure 1C,1D). We then used the STRING database to 
create a PPI network for all DEGs (Figure 1E). Based on 
these results, we further investigated the role of RGS1 
in AMD, and found an elevated expression of RGS1 in 
AMD samples (Figure 1F) (P<0.05). We then performed 
PPI network analysis for RGS1 (Figure 1G). The findings 
indicated that RGS1 was correlated with lymphocyte-
specific protein tyrosine kinase gene expression, which plays 
a key role in the inflammatory pathways.

Clinical significance and related functions of RGS1

To better understand the clinical significance of the 
differential expression of RGS1, we divided the patients into 
the following 2 groups according to age: ≥65 and <65 years. 
We found that RGS1 was highly expressed in patients aged 
>65 years (P=0.0018) (Figure 2A). In addition, patients were 
divided based on sex (male and female), but no significant 
differences were found in RGS1 expression (Figure 2B). We 
then obtained the 3D structure of RGS1 from the Protein 
Data Bank in Europe. The structure of RGS1 consists 
of A and B chains of 145 amino acids, and the human 
RGS1 heterodimer complex interacts with Gi Alpha 1  
(Figure 2C). Furthermore, patients were divided into high- 
or low-expression groups based on RGS1 level. The DEG 
analysis revealed a differential expression of 4,373 genes 
between the groups. Using the first 60 DEGs, we plotted 
a heatmap and volcano graph (Figure 2D,2E). When we 
performed correlation analysis (Figure 2F), we found 
100% interactions between DEGs; however, these results 
need to be corroborated after increasing the sample size. 
Additionally, GO and KEGG analyses were performed 
for all the DEGs. As shown in Figure 2G,2H, DEGs were 
related to T-cell activation, positive regulation of cell 
adhesion, leukocyte-mediated immunity, and the PI3K-
Akt signaling pathway. These results are in line with the 
differential gene set enrichment analysis of patients with 
AMD. Taken together, our data suggest that RGS1 and its 
related differential genes are associated with inflammation 
and neovascularization, which is consistent with the 
pathological changes observed in AMD.

Interaction between RGS1 and its related differential 
proteins

To further study the relationship between RGS1 and 
related differential proteins, a PPI network diagram was 
constructed using the STRING database with data from the 

high and low RGS1 expression groups, with –0.9< Log fold 
change <0.9 and P<0.02 (Figure 3A). These proteins were 
grouped using K-means clustering analysis and divided 
into 3 groups according to their main biological functions 
(Figure 3B). Furthermore, KEGG analysis showed that the 
red group was correlated with complement and coagulation 
cascades, transforming growth factor-β signaling pathway, 
and leukocyte transendothelial migration. The blue group 
was associated with phototransduction, retinol metabolism, 
and the PI3K-Akt signaling pathway. The green group 
was associated with phenylalanine metabolism, oxytocin 
signaling pathway, and tyrosine metabolism. It was observed 
that RGS1 belonged to the red group, which is closely 
related to inflammation, cell proliferation, and migration, 
and is closely related to the onset of AMD.

AMD in vivo model

We used a well-established laser irradiation model to induce 
AMD. Seven days after surgery, the animals underwent 
fundus photography and FFA examination to corroborate 
AMD development (Figure 4A). Hematoxylin-eosin and 
platelet endothelial cell adhesion molecule-1 staining 
further confirmed AMD, demonstrating the occurrence of 
neovascularization at the laser point (Figure 4B,4C).

Upregulated expression of RGS1 in the AMD animal 
model

To further investigate the role of RGS1 in AMD, we 
analyzed its expression in the RPE-choroid complex using 
Western blotting. Figure 5A,5B show a significant increase 
in the RGS1 protein level in the CNV group compared with 
that in normal control mice (P<0.05, n=2). Consistently, 
RGS1 gene expression was significantly upregulated in the 
CNV group compared with that in the control (Figure 5C). 
Figure 5D shows that angiogenesis co-localized with RGS1 
increased expression at the laser injection site (P<0.05, n=2). 
These findings indicate that RGS1 is upregulated in CNV 
animal models and is associated with neovascularization.

RGS1 expression increase in the in vitro cytochemical 
hypoxia model

The expression of  RGS1  in HMECs was evaluated 
using immunofluorescence (Figure 6A). When HMECs 
underwent hypoxia to emulate the CNV environment, we 
observed a time-dependent increase in HIF-1α, RGS1, and 
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Figure 2 Correlation between RGS1 and clinical features and RGS1-related DEG functional pathways. (A,B) Relationship between RGS1 
expression and patient age and sex. (C) Triad structure of RGS1. (D,E) DEGs obtained by the 2 groups were compared according to the high 
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analyses of RGS1-related differential genes. RGS1, regulator of G-protein signaling 1; DEG, differentially expressed gene.
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Figure 3 RGS1-related differentially expressed gene PPIs. (A) PPI networks with an interaction score >0.95 were built. RGS1 is shown in 
red, genes with increased copy number are shown in yellow, and genes with decreased copy number are in blue. (B) RGS1-related DEGs 
were divided into 3 groups according to K-means score, and a PPI map of DEGs was developed. RGS1, regulator of G-protein signaling 1; 
PPI, protein-protein interaction.

A

B

VEGF protein levels (Figure 6B-6E) (P<0.05, n=2). 
Interestingly, RGS1 knocked down by RGS1 siRNA 

transfection (**, P<0.01, *, P<0.05) decreased the expression 
of VEGF (Figure 7A-7D), as compared to non-transfected 
cells (****, P<0.0001) (Figure 7E,7F). These findings indicate 
that RGS1 modulates VEGF expression in HMECs.

RGS1 promotes cell proliferation

We investigated the effect of changes in RGS1 expression 
on cell proliferation. As shown in Figure 8, HMEC 
proliferation increased under hypoxia, but was significantly 
inhibited when RGS1 was knocked down (*, P<0.05), 
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Figure 4 Laser modeling of B6 mice. (A) Fundus photography and FFA examination were performed on day 7 after laser modeling. (B) 
Hematoxylin-eosin staining of fundus section of mice on day 7 after laser modeling. The arrow points to the site of neovascularization. (C) 
Immunohistochemical platelet endothelial cell adhesion molecule-1 staining of mouse eyeballs on day 7 after laser modeling. Choroidal 
neovascularization is shown in the yellow box. FFA, fundus fluorescein angiography.
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Figure 5 Expression level of RGS1 in CNV mice. (A) Western blot results showed the expression of RGS1 in CNV mice. (B) Histogram 
shows the mean value analysis of gray contrast RGS1 and GAPDH. Compared with normal mice, n=2. (C) Polymerase chain reaction 
showed the horizontal expression of the RGS1 gene in CNV mice compared with normal mice (n=2). (D) Immunohistochemical RGS1 
staining was performed on CNV mouse eyeballs to reveal the expression level and location of RGS1 in CNV mice. Yellow box shows 
choroidal neovascularization, and the black arrow indicates the site of RGS1 staining. *, P<0.05 indicates statistical significance compared 
with respective controls. RGS1, regulator of G-protein signaling 1; CNV, choroidal neovascularization; GAPDH, glyceraldehyde phosphate 
dehydrogenase.
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indicating that RGS1 promotes cell proliferation. 

Discussion

With the development of research, AMD has become one 
of the major factors affecting vision in the elderly (5). With 
the progression of the disease, new blood vessels grow and 
stretch the retina, eventually causing retinal detachment 
and vision loss. Currently, the gold standard treatment is 
intraocular injection of anti-VEGF antibody, which has a 
significant inhibitory effect on neovascularization; however, 
it requires repeated injections, and many side-effects have 
been found in recent years. Recent studies have reported 
that faricimab can effectively inhibit the progression of 
AMD disease by targeting VEGF-A and the angiopoietin-
Tie pathways and prolongs the treatment interval (33,34). 
Characterization of novel targets for AMD arrest is needed. 
Therefore, we performed differential gene expression 
analysis on the AMD retina and RPE-choroid complex and 
obtained the key differential gene RGS1. The role of RGS1 

in T-cell activation has been previously reported (35). In 
our study, KEGG and GO analyses of RGS1-related DEGs 
showed that they were mainly involved in the PI3K-Akt 
pathway and closely related to T-cell activity.

RGS1 is a pro-inflammatory regulator associated with 
poor differentiation and prognosis of several tumors (36,37). 
Previous study suggested that RGS1 upregulation is related 
to cell proliferation and migration (38). For example, RGS1 
promotes melanoma progression by phosphorylation of 
protein kinase B and extracellular signal-regulated protein 
kinase (8). Dysregulation of the complement system can 
be induced after anti-VEGF therapy, and induce the C3a, 
C4a increase in AMD (39). The increased secretion of 
complement promotes the activation of inflammatory cells. 
It has been shown that RGS1 promotes the secretion of 
CC3 and other complements in Jurkat cells (40), which may 
be closely related to the inflammatory response of AMD. In 
addition, inflammation and neovascularization contribute 
to the development of the disease. Pro-inflammatory 
factors drive angiogenesis, such as interleukins can polarize 
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Figure 6 Chemical hypoxia-induced expression of RGS1, HIF-1α, and VEGF in HMECs in vitro. (A) Cell fluorescence showed the 
expression of RGS1 in HMECs. (B) Western blotting showed the expression of RGS1, HIF-1α, and VEGF. (C-E) Histogram shows an 
average analysis of white and white-contrast RGS1, HIF-1α, and VEGF, and GAPDH. Compared with the 0 h control group, n=2. *, 
P<0.05 indicates statistical significance compared with their respective controls. RGS1, regulator of G-protein signaling 1; HIF-1α, hypoxia-
inducible factor-1α; VEGF, vascular endothelial grow factor; HMECs, human microvascular endothelial cells; GAPDH, glyceraldehyde 
phosphate dehydrogenase.
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macrophages to a pro-angiogenic and reparative phenotype, 
which indirectly influences angiogenesis (41). RGS1 is 
a proinflammatory factors, promote inflammation and 
promote the formation of neovascularization. In our study, 
we found that RGS1 plays a role in inflammation and 

neovascularization, thereby promoting the development 
of AMD. We hypothesized that the inhibition of RGS1 
expression could consequently inhibit neovascularization, 
and therefore prevent retinal traction and detachment 
in the later stages of AMD. It has been found that the 
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Figure 7 Effect of RGS1 siRNA on RGS1 expression in hypoxia-induced HMECs. (A) Western blotting was used to detect the expression of 
RGS1 in normal HMECs after RGS1 siRNA transfection. (B) Bar chart showing gray-white contrast analysis of average level of RGS1. Cells 
were transfected with NC siRNA as the negative control (n=2, **, P<0.01). (C) PCR showed the expression of RGS1 in normal HMECs 
after RGS1 siRNA transfection (n=2, **, P<0.01, *, P<0.05). (D) PCR showed the expression of RGS1 in HMECs transfected with RGS1 
siRNA under chemical hypoxia condition, with normal cells as the negative control (n=2, *, P<0.05). (E,F) Western blotting was used to 
detect the expression of RGS1 and VEGF in HMECs after transfection under hypoxia condition, and non-transfected cells were used as the 
negative control. ****, P<0.0001 indicates statistical significance compared with respective controls. RGS1, regulator of G-protein signaling 1; 
HMECs, human microvascular endothelial cells; PCR, polymerase chain reaction; VEGF, vascular endothelial growth factor.
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intervention of RPE cells can play an important role in the 
occurrence and development of AMD; however, studies 
on intervention measures directly targeting HMECs cells 
are lacking. Therefore, in the present study, we used a 
recognized experimental model of laser-induced CNV (39). 
We found that the upregulation of RGS1 expression was 

associated with neovascularization in CNV mice, which 
supports our data analysis. We established an in vitro model 
related to vascular endothelial cells: the cytochemical 
hypoxia model. This model simulates changes in the 
microenvironment of vascular endothelial cells, thereby 
affecting cell behavior under AMD conditions (32). We 
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Figure 8 Effect of RGS1 on HMEC proliferation. (A) Colony formation of HMECs and Cell Counting Kit-8 staining. The magnification 
is 200. (B) Changes in proliferation capacity of HMECs transfected with siRNA were determined by ELISA. (C) Change in the inhibition 
rate of HMECs transfected with siRNA was measured by ELISA, and normal cells were used as the negative control. *, P<0.05 indicated 
statistical significance compared with respective controls. Values represent mean ± standard deviation. RGS1, regulator of G-protein 
signaling 1; HMEC, human microvascular endothelial cell; ELISA, enzyme-linked immunosorbent assay.

Figure 9 Graphical Abstract. Representing the mechanism 
of action of RGS1 in HMECs. RGS1, regulator of G-protein 
signaling 1; HMEC, human microvascular endothelial cell. HIF-
1α, hypoxia-inducible factor-1α; GPCR, G Protein-Coupled 
Receptor; VEGF, vascular endothelial grow factor.

found that RGS1 is expressed in HMECs cells and increases 
in a time-dependent manner during hypoxia, leading to 
the conclusion that RGS1 affects the cellular function of 
vascular endothelial cells. We knocked out RGS1 and found 
that RGS1 could inhibit VEGF expression and impair 
vascular endothelial cell proliferation. Finally, we produced 
Graphical Abstract describing the relevant mechanistic 
pathways of RGS1 in HMECs (Figure 9).

Our results support the role of RGS1 as a promoter of 
AMD. A series of reactions are produced upstream of VEGF, 
which inhibits the generation of new blood vessels and plays 
a good preventive and therapeutic role in retinal detachment 
and even blindness caused in the later stages of the disease.

Conclusions

In the present study, we identified a new therapeutic 
target for AMD. RGS1  i s  c losely associated with 
neovascularization. Moreover, RGS1-induced VEGF 
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expression mediated these effects. We intend to further our 
research and collect clinical samples, expand the sample 
size, and stage different AMD patients to study the role of 
RGS1 in different stages of AMD disease development. We 
will also further study the signaling pathways of RGS1, such 
as PI3K/Akt. In our study, we found that RGS1 is related 
to immunoregulatory genes, indicating its relation to the 
inflammatory response in the pathogenesis of AMD. We 
will continue to study the relationship between RGS1 and 
related immune pathways and explore whether RGS1 can 
play a role in preventing the development of AMD. 
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