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INTRODUCTION 
 

Age-related macular degeneration (AMD), a 

multifactorial syndrome, has become the most common 

cause of failing vision after 70 years of age, contributes 

to the most prevalent single cause of blindness, and 

assumes increasing significance given the rising 

proportion of aged people in the population [1–3]. The 

overall incidence of AMD in the United States and 

Europe is estimated to exceed 30 million, and the 
number of patients has been growing at a rate of 5.25% 

per year [1]. AMD is classified as dry or wet according 

to clinical appearance. The most typical feature of 

AMD, and the preliminary focus of this work, involves 

the presence of drusen, which are yellow-brown spots 

of different sizes that deposit in the Bruch’s membrane. 

 

AMD arises from a combination of genetic and 

environmental factors. The strongest environmental risk 

factors are age and lifestyle factors, such as smoking, 

oxidative stress, obesity, and diet [4, 5]. Genetic factors 

are known to play an important role in AMD 

development. The allele of the rs2230199 variant in C3 
is a risk allele for AMD and a risk factor for the 

incidence of early AMD [6]. Complement-mediated 

activation of choroidal endothelial secretion of ICAM 
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ABSTRACT 
 

Long noncoding RNAs (lncRNAs) play important roles in the development of age-related macular degeneration 
(AMD). However, the effect of long non-coding RNA activated by DNA damage (NORAD) on AMD remains 
unknown. This study aimed to investigate the effect of NORAD on RPE cell senescence and degeneration. 
Irradiated adult retinal pigment epithelial cell line-19 (ARPE-19) and sodium iodate-treated mice were used as 
in vitro and in vivo AMD models. Results showed that irradiation-induced AMD characteristics of ARPE-19 and 
NORAD-knockdown aggravated cell cycle arrest in the G2/M phase, cell apoptosis and cell senescence along 
with the increased expression of phosphorylated P53 (p-P53) and P21. AMD factors C3, ICAM-1, APP, APOE, and 
VEGF-A were also increased by NORAD-knockdown. Moreover, NORAD-knockdown increased irradiation-
induced reduction of mitochondrial homeostasis factors, (i.e., TFAM and POLG) and mitochondrial respiratory 
chain complex genes (i.e., ND1 and ND5) along with mitochondrial reactive oxygen species (ROS). We also 
identified a strong interaction of NORAD and PGC-1α and sirtuin 1 (SIRT1) in ARPE-19; that is, NORAD 
knockdown increases the acetylation of PGC-1α. In NORAD knockout mice, NORAD-knockout accelerated the 
sodium iodate-reduced retinal thickness reduction, function impairment and loss of retinal pigment in the 
fundus. Therefore, NORAD-knockdown accelerates retinal cell senescence, apoptosis, and AMD markers via 
PGC-1α acetylation, mitochondrial ROS, and the p-P53–P21signaling pathway, in which NORAD-mediated effect 
on PGC-1α acetylation might occur through the direct interaction with PGC-1α and SIRT1. 
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and VCAM has been hypothesized to play a role in the 

pathogenesis of AMD [7]. Numerous proteins, including 

all the major proteins of the complement pathway, 

namely, TIMP3, APOJ, annexin, crystallins, APOE, 

vitronectin, and amyloid β (Aβ), have been identified in 

drusen deposits [8]. 

 

Age is the most important demographic risk factor for 

AMD, and noncoding RNAs have a direct critical impact 

on the gene expression process in aging and AMD  

[9, 10]. Long noncoding RNAs (lncRNAs) affect the 

aging process by mediating various processes, including 

telomerase stability, intracellular communication 

regulation, genomic instability, epigenetic regulation, 

stem cell differentiation, proteostasis, and cell 

proliferation [11–16]. Many reports have observed 

changes of lncRNA expression in AMD patients, but 

data focused on mechanistic studies is sparse [17]. Non-

coding RNA activated by DNA damage (NORAD) has 

recently been shown to be critical for genome stability 

by sequestering PUMILIO Proteins (PUM1 and PUM2) 

through phase separation that regulates a variety of 

targets in the cell, including some involved in cell 

growth and division [18, 19]. NORAD transcripts are 

located at both the cytoplasm and nucleus [18]. A total 

of 41 proteins, 71% in the nucleus and 5% in the 

cytoplasm, interacted with NORAD, including serine 

And Arginine Rich Splicing Factor 10 (SRSF10) and 

heterogeneous nuclear ribonucleoprotein (HNRNP), and 

they all have an RNA recognition motif found at the C-

terminal of PGC-1α [20]. Florian Kopp found that 

NORAD-deficient drove premature aging of mice and 

resulted in mitochondrial dysfunction [21, 22]. However, 

a broad understanding of how the molecular pathways 

controlled by NORAD impact aging, especially aging-

related diseases like AMD, remains unavailable. 

 

Aging is associated with structural and functional 

changes of the retina that predispose an individual to the 

development of AMD and contributes to the additive 

effects of other pathological risk factors over time [23–

25]. The role of PGC-1α in mitigating senescence has 

been explored that PGC-1α deficiency and inactivation 

of PGC-1α by acetylation induce cellular senescence 

with elevated mitochondrial ROS levels, abnormalities 

of mitochondrial structure, increased p53 levels [26, 27]. 

Downregulation of SIRT1 expression promotes PGC-1α 

acetylation and depletion of PGC-1α or SIRT1 induces 

senescence [26]. PGC-1α plays a pivotal role in 

improving mitochondrial function and ameliorating 

oxidative stress via the upregulation of genes for 

improving mitochondrial biogenesis such as the case of 

TFAM [28, 29]. PGC-1α has also been implicated in 
reactive oxygen species (ROS) detoxification and 

protection from neurodegenerative disease in the brain 

[30]. An anti-aging role of PGC-1α in a lower organism 

was also recently reported [31]. However, additional 

studies that incorporate age as a variable are needed to 

definitively explain the role of NORAD and PGC-1α in 

AMD. 

 

Currently, several major strategies have been developed 

for the AMD cell model and in vivo model. Doxorubicin, 

a tumor chemotherapy agent, led to RPE senescence that 

was demonstrated by elevated levels of SA-β-gal 

staining, P53, P21, mitochondrial ROS, apoptosis, and 

cells in the G1 phase [32]. HiPSC-derived RPE from 

AMD patients can be used to model the early 

pathogenesis of AMD [33]. Sodium iodate (NaIO3), an 

oxidizing agent, has been extensively employed to 

replicate human AMD in animal models and caused 

thinner retinas as demonstrated by optical coherence 

tomography (OCT) and decreased amplitudes of the a- 

and b-waves as confirmed by electroretinogram (ERG) 

[34, 35]. A blue light exposure-induced animal AMD 

model showed the degeneration of the retinal layer as 

determined by fundus imaging [36]. However, such 

models remain scarce and more are needed to expand the 

options of researchers. The published literature has 

established a positive relation between X-ray lethality 

and age [37]. X-irradiation could result in the aging of 

the thoracic flight muscle of the adult housefly Musca 

domestic [38]. Moreover, X-irradiation-exposed 

HLMVEC underwent senescence (80%–85%) and cell 

cycle inhibition [39]. Therefore, we developed an AMD 

cell model which accelerated the aging of ARPE-19 cell 

lines by using X-irradiation. 

 

In this study, we aimed to investigate the effects and the 

potential molecular mechanisms of NORAD on the 

AMD cell model of ARPE-19 undergoing X-ray 

irradiation and NaIO3-induced AMD in mice, thereby 

providing a new target for the treatment of AMD. 

 

RESULTS 
 

Irradiation induced AMD characteristics of retinal 

cells 

 

Radiation exposure could damage the lens epithelial cells 

of the eye to induce cataracts [40, 41]. We thus examined 

whether irradiation could injure retinal cells to give rise 

to AMD. We used ARPE-19, a human retinal pigment 

epithelial cell line, for irradiation at 20 min under 100 

cGy/min dosage rate (Figure 1A). Cell morphology 

changed obviously at 96 h after irradiation compared 

with control groups. SA-β-gal staining was also 

performed to assess cell senescence. The positively 

stained cells in the irradiated control group were 
obviously higher than those in the control group without 

irradiation (Figure 1B). Irradiation-induced apoptosis of 

ARPE-19 was detected via Annexin V–FITC/PI double 
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staining. As shown in Figure 1C, irradiation increased 

cell apoptosis. A cell cycle experiment was then 

performed to examine the effect of irradiation on the 

ARPE-19 cell cycle progression. In irradiated cells, the 

percentage of ARPE-19 in the G2/M phase was enhanced 

compared with that in the control group, whereas the 

percentage of S-phase and G0/G1 cells was decreased, 

suggesting that the irradiation could lead to cell cycle 

arrest at the G2/M phase (Figure 1D). We performed a 

reverse transcription-quantitative polymerase chain 

reaction (RT-qPCR) experiment to identify that 

complement/inflammatory and AMD/drusen transcripts 

were enhanced in the irradiated group compared with the 

control groups (Figure 1E). In examining the secretion of 

C3, VEGF-A, Aβ-40, and Aβ-42 (Figure 1F) from the 

ARPE-19 culture supernatant medium using ELISA after 

irradiation, we found higher levels in the irradiated group 

compared with the control groups. Overall, these results 

suggested that irradiation could induce senescence  

and apoptosis of ARPE-19 cells, thereby leading to 

subsequent AMD formation. 

 

NORAD-knockdown retinal cells were more 

susceptible to radiation damage to form AMD 

 

We next explored whether NORAD knockdown in the 

ARPE-19 cell line leads to the eventual worsening  

of AMD development after irradiation at a certain 

 

 
 

Figure 1. Irradiation induced AMD markers of ARPE-19. ARPE-19 cell lines were treated with a dose of irradiation and the cells were 

then observed for AMD phenotypes at different time periods. (A) Schematic diagram of the experimental design for AMD cell model.  
(B) Morphological observation of ARPE-19 cells at 96 h after irradiation. ARPE-19 was stained in 48 h after irradiation to determine the SA-
β-gal staining. Irradiation increased the number of positive-stained cell. Results were representative of three separate experiments (100X, 
measure scar 50um) (C) Irradiation increased cell apoptosis. The apoptosis rate was detected through flow cytometry by using annexin V-
FITC/PI double staining. The apoptotic rate was analyzed in 72h after irradiation in terms of the percentage of the lower and upper right 
quadrants. n = 3, ***P < 0.001. (D) Irradiation induced cell cycle arrest at G2/M phase. Flow cytometry was used to detect the cell cycle 
distribution of irradiation-treated ARPE-19 in 72h after irradiation. n = 3, ***P < 0.001. (E) RT-qPCR analysis of ARPE-19 in 96h after 
irradiation for AMD markers. n = 3, *P < 0.05, **P < 0.01, ***P<0.001. (F) ELISA testing of culture supernatant from normal ARPE-19 and 
irradiation-treated ARPE-19 obtained 96h after irradiation. n = 3, ***P<0.001. 
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incubation time (Figure 2A). Small interfering  

RNA-targeting NORAD (siNORAD) was transfected 

into ARPE-19 to knock down the NORAD expression. 

The NORAD knockdown was verified and assessed 

through RT-qPCR. The NORAD expression in 

siNORAD cells was knocked down by 70% compared 

with the counterpart without small interfering  

RNA (siNC) cells (Figure 2B). Subsequently, we 

investigated whether NORAD knockdown increased 

the sensitivity of ARPE-19 to irradiation stress. Figure 

2C shows that the cell morphology of the irradiated 

siNORAD group was significantly changed compared 

with that of the irradiated siNC group. In irradiation 

treatment cells, the percentage of SA-β-gal-positive 

cells in the siNORAD group was obviously enhanced 

compared with that in the siNC group (Figure 2C). The 

effect of NORAD-knockdown on the irradiation-

induced apoptosis of ARPE-19 was detected via 

Annexin V–FITC/PI double staining. As shown in 

Figure 2D, NORAD knockdown intensively increased 

irradiation-induced cell apoptosis. In irradiated cells, 

the percentage of ARPE-19 in the G0/G1 and S  

phase was decreased in the siNORAD group compared 

with that in the siNC group, but the percentage of 

G2/M phase cells was enhanced significantly, 

indicating a G2/M phase arrest (Figure 2E). Then, we 

examined the mRNA level of AMD-related markers 

including complement/inflammatory and AMD/drusen 

transcripts using RT-qPCR and verified that the 

outcome for the irradiated siNORAD group was 

 

 
 

Figure 2. NORAD-knockdown aggravates irradiation-induced AMD markers of ARPE-19. ARPE-19 cell lines were transfected with 
siRNA of NORAD, after 24h, the cells were treated with irradiation, then observed for AMD phenotypes at different time periods.  
(A) Schematic diagram of experiment design to test the effect of NORAD on the irradiation-induced AMD model. (B) ARPE-19 were 
transfected with siNORAD or siNC. NORAD levels were analyzed through RT-qPCR. n = 3, ***P < 0.001. (C) ARPE-19 was observed cell 
morphology and stained to determine SA-β-gal. NORAD knockdown increased the number of positive-stained cells after they were treated 
with irradiation. Results were representative of three separate experiments. (100X, measure scar 50um) (D) NORAD-knockdown increased 
irradiation-induced cell apoptosis. The apoptosis rate was detected through flow cytometry by using annexin V-FITC/PI double staining. The 
apoptotic rate was analyzed in terms of the percentage of the lower and upper right quadrants. n = 3, ***P < 0.001. (E) NORAD silencing 
induced irradiation-treated cell cycle arrest at G2/M phase. Flow cytometry was used to detect the cell cycle distribution of irradiation-
treated ARPE-19. n = 3, *P < 0.05, ***P < 0.001. (F) NORAD-knockdown increased mRNA expression of AMD markers in irradiation-treated 
ARPE-19 through qRT-PCR. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001. (G) NORAD knockdown increased AMD markers of culture 
supernatant from irradiation-treated ARPE-19. n = 3, *P<0.05, ***P<0.001. (H) NORAD-knockdown increased the p-P53 and P21 expression 
observed through western blot. The ratio of p-P53 and P21 to GAPDH was analyzed with ImageJ. Values were shown as mean ± SD, n = 3, 
*P<0.05, ***P<0.001. 
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higher than that for the irradiated siNC group (Figure 2F). 

In analyzing the protein level of AMD-related markers 

ARPE-19 secreted, we used ELISA and found  

that NORAD-knockdown significantly accelerated the 

levels of C3, VEGF-A, Aβ-40, and Aβ-42 in culture 

supernatants (Figure 2G). Correspondingly, the levels of 

the aging-related proteins, p-P53 and P21, were 

significantly increased in irradiation-induced ARPE-19 

cell lines. Surprisingly, NORAD knockdown accelerated 

the expression of p-P53 and P21 (Figure 2H). Taken 

together, these findings indicate that the irradiated 

siNORAD group presented more severe G2/M arrest, 

senescence, and apoptosis of ARPE-19 than the 

irradiated siNC group, thereby NORAD-knockdown in 

ARPE-19 promoted the sensitivity of ARPE-19 to 

irradiation damage. 

 

The retinas of NORAD knockout mice were more 

susceptible to sodium iodate damage 

 

To prove that NORAD-knockout could accelerate the 

outside damage to the retina in vivo, we used NORAD-

knockout mice injected with NaIO3 in the tail vein. 

After 7 days of NaIO3 treatment, OCT was employed to 

observe the thickness of the entire retina (Figure 3A). 

Little difference was observed in retinal thickness 

between NORAD- knockout mice and normal wild 

mice (Figure 3C). When we injected the mice with 

NaIO3, retinal thickness decreased in both wild and 

NORAD-knockout mice (Figure 3C), but the thickness 

of the retinal damage in NORAD-knockout mice was 

greater than that in WT mice (Figure 3D). To validate 

the results, we performed a funduscopic examination to 

evaluate the retinal pigment loss (Figure 3B). Before the 

NaIO3 injection, WT and NORAD-knockout mice had 

similar retinas (Figure 3E). After the NaIO3 injection, 

the fundus images of WT mice showed yellow spots on 

the retina, representing RPE loss by NaIO3. By contrast, 

the RPE loss area of NORAD-knockout mice was 

beyond the WT mice with NaIO3 (Figure 3F). Next, we 

assessed the functional integrity of the retina using 

electroretinography (Figure 3G). The amplitudes of the 

a- and b-waves of WT and NORAD-knockout mice are 

similar before the NaIO3 injection (Figures 3H, 3J). 

Moreover, the amplitudes of the a- and b-waves 

decreased in NaIO3-injected WT mice compared with 

those of the WT group without NaIO3, thereby 

demonstrating functional damage of the photoreceptors 

and dysfunction in the bipolar cells of NaIO3-injected 

WT mice. The amplitudes of the a- and b-waves of 

NORAD-out mice also decreased more than that of the 

wild mice (Figures 3I, 3K). We then measured the 

expression of p-P53 and P21 proteins in the eyes of the 
mice. No significant change in p53 and p21 between 

WT mice and NORAD-knockout mice. Conversely, the 

increase in p-P53 and P21 in NORAD-knockout mice 

was greater than that in wild mice under sodium iodate 

injection induced AMD model. (Figure 3L). These 

findings indicate that the retinas of NORAD-knockout 

mice were more vulnerable to injury than those of WT 

mice, an outcome that was consistent with in vitro 

results. 

 

NORAD knockdown increased mitochondrial ROS 

production and complement 3 expressions in the 

eyes of mice 

 

Considering that mitochondrial ROS elevation is a 

reason for the increase of p-P53 and P21, we tested the 

mitochondrial ROS production in multiple organs of 

mice. One week after NaIO3 injection, the mito-

chondrial ROS in the eyes, heart, liver, lung, brain, and 

kidney of wild mice increased significantly, and the 

expression of mitochondrial ROS in the eyes, heart, and 

liver of NORAD-knockout mice was higher than that of 

wild mice (Figure 4A–4F). Next, we detected AMD 

markers in the eyes of mice and found that the mRNA 

levels of C3 and ICAM-1 were significantly increased 

in the eyes one week after NaIO3 injection, and the 

expression of C3 was increased in NORAD-knockout 

mice (Figure 4G). These results suggest that NORAD-

knockout exacerbates the increase of mitochondrial 

ROS and C3 in the eye. 

 

NORAD knockdown increased mitochondrial damage 

and mitochondrial ROS and PGC-1α acetylation 

 

To verify the results of increased ocular mitochondrial 

ROS in vivo, we examined mitochondrial damage  

and mitochondrial ROS production in vitro using an 

irradiation-induced AMD model. To explore the effect 

of NORAD-knockdown on mitochondrial genes under 

irradiation, we conducted an RT-qPCR experiment and 

determined that irradiation decreased the mitochondrial 

homeostasis factors TFAM and POLG and mito-

chondrial respiratory chain complex genes ND1  

and ND5 compared to a control group. However, 

NORAD-knockdown exacerbated the decrease of these 

mitochondrial genes (Figure 5A). MitoSOX staining 

revealed that irradiation increased the mitochondrial 

ROS compared with the control group. By contrast,  

the increase in mitochondrial ROS production was 

further aggravated upon NORAD-knockdown treatment  

(Figure 5B). The results were validated by fluorescence 

microscope photography (Figure 5C). As only non-

acetylated PGC-1α can activate mitochondrial oxidative 

processes and inhibit the production of mitochondrial 

ROS, we examined PGC-1α acetylation under 

conditions of pathological damage. We found that NaIO3 
and irradiation did not increase PGC-1α acetylation. 

Conversely, NORAD knockdown increased PGC-1α 

acetylation under both pathological and non-pathological 
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Figure 3. Injury effects of NORAD knockout on the retina of NaIO3-treated mice. Different techniques were used to detect retinal 

damage in wild-type mice and NORAD knockout mice treated with sodium iodate. (A) Optical coherence tomography (OCT) was performed 
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seven days after NaIO3 treatment for all three study groups. (B) Funduscopic examinations were performed seven days after SI injection. 
Representative OCT and fundus fluorescence shows the RPE of the mice in each experimental group. (C) Statistical graph of retinal thickness. 
(D) Statistical graph of retinal damage between WT mouse and NORAD-KO mouse after SI injection. (E) Statistical graph of retinal pigment 
loss area. (F) Statistical graph of retinal pigment loss degree between WT mouse and NORAD-knockout mouse after SI injection.  
(G) Electroretinography was performed to investigate the function of the retina in response to light. (H) Statistical graph of b wave amplitude 
change. (I) Statistical graph of the degree of change in b wave amplitude between WT mouse and NORAD-knockout mouse in eight days after 
SI injection. (J) Statistical graph of a wave amplitude change. (K) Statistical graph of the degree of change in a wave amplitude between WT 
mouse and NORAD-knockout mouse in eight days after SI injection. n≥3, *P < 0.05, **P < 0.01, ***P < 0.001. (L) Western blot was used to 
detect the p-P53 and P21 expression levels. n = 3, *P < 0.05, **P < 0.01, ***P < 0.001. 

 

 
 

Figure 4. NORAD-knockout aggravates SI-induced mitochondrial ROS and C3 expression level in vivo. Mitochondrial ROS and 

AMD markers were detected in wild-type mice and NORAD knockout mice treated with sodium iodate. (A–F) Flow cytometry was used to 
detect the mitochondrial ROS levels in the eyes, heart, lungs, liver, brain, and kidneys of mice on day 8 after SI injection. n=3, *P < 0.05,  
**P < 0.01. (G) mRNA expression of AMD markers in eyes of the mouse through qRT-PCR. n = 3, *P < 0.05, **P < 0.01. 
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Figure 5. NORAD knockdown increased the PGC-1α acetylation and mitochondrial ROS. ARPE-19 cell lines were transfected with 

siRNA of siNORAD or siNC, after 96 hours, the cells were observed for mitochondrial damage, mitochondrial ROS, PGC-1α. (A) NORAD 
knockdown decreased the level of mRNA of mitochondrial transcription factor A (TFAM), mitochondrial DNA polymerase catalytic subunit 
(POLG), mitochondrially encoded NADH dehydrogenase 1 (ND1), and mitochondrially encoded NADH dehydrogenase 5 (ND5) in irradiation 
treated ARPE-19. (B) Flow cytometry was used to detect the mitochondrial ROS levels. Irradiation increased the mitochondrial ROS and 
NORAD knockdown aggravates irradiation-induced the rise of mitochondrial ROS. Data were from three separate experiments and described 
as mean ± SD. **P < 0.01. (C) NORAD knockdown aggravated irradiation-induced ROS production. The ROS levels were observed under an 
inverted fluorescence microscope. Images were representative of three separate experiments. n = 3, **P < 0.01. (40X, measure scar 20um)  
(D) Immunoprecipitation and western blot analysis of acetyl-PGC-1α levels in ARPE-19 transfected with siNORAD and exposed to sodium 
iodate. (E) Immunoprecipitation and western blot analysis of acetyl-PGC-1α levels in ARPE-19 transfected with siNORAD and exposed to 
irradiation. (F) Immunoprecipitation and western blot analysis of acetyl-PGC-1α levels in heart, liver, lung, kidney, brain, and eye of NORAD 
knockout mouse. 
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conditions (Figures 5D, 5E). To validate the effect of 

NORAD on PGC-1α, we detected PGC-1α acetylation in 

various organs of NORAD-knockout mice. NORAD 

knockout increased PGC-1α acetylation in the heart, 

liver, lung, and eye, but was less explicit in the kidney 

and brain (Figure 5F). These findings indicate that the 

effect of NaIO3 and irradiation on PGC-1α acetylation is 

not obvious; nevertheless, NORAD knockdown could 

promote PGC-1α acetylation. 

NORAD knockdown promoted the binding of PGC-

1α and SIRT1 

 

According to the literature, PGC-1α, SIRT1, and 

NORAD interact with one another, so we performed 

RNA binding protein immunoprecipitation assay 

experiments (RIP) to determine whether both PGC-1α 

and SIRT1 interact with NORAD (Figures 6A, 6B). On 

the premise that the degree of binding between SIRT1 

 

 
 

Figure 6. NORAD knockdown increased the binding of PGC-1α and SIRT1. ARPE-19 cell lines were transfected with siNORAD or siNC, 
after 96 hours, the interaction of NORAD with PGC-1α and SIRT1 was detected. (A) RIP assay confirmed the interaction of NORAD and PGC-1α. 
All groups of ARPE-9 were incubated with the anti-PGC-1α or anti-IgG antibody, and the precipitated complexes were analyzed with RT-qPCR 
to investigate the expression of NORAD. n = 3, ***P < 0.001. (B) RIP assay confirmed the interaction of NORAD and SIRT1. All groups of ARPE-
9 were incubated with the anti-SIRT1 or anti-IgG antibody, and the precipitated complexes were analyzed with RT-qPCR to investigate the 
expression of NORAD. n = 3, ***P < 0.001. (C) ARPE-19 was transfected with siSIRT1 or normal contrast siNC. SIRT1 levels were analyzed 
through western blot. n = 3, ***P < 0.001 vs. siNC. (D) Immunoprecipitation and western blot analysis of acetyl-PGC-1α levels in ARPE-19 
transfected with siNORAD, siSIRT1, or normal contrast siNC. (E) IP experiment confirmed the interaction of SIRT1 and PGC-1α. All groups of 
ARPE-9 were incubated with the anti-PGC-1α or anti-IgG antibody, and the precipitated complexes were analyzed with anti-SIRT1 by western 
blot. n = 3. (F) IP experiment confirmed the interaction of PGC-1α and SIRT1. All groups of ARPE-9 were incubated with the anti-SIRT1 or anti-
IgG antibody, and the precipitated complexes were analyzed with anti-PGC-1α by western blot. n = 3. 
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and PGC-1α influenced PGC-1α acetylation, we then 

detected PGC-1α acetylation after SIRT1 knockdown, 

NORAD knockdown, and combined SIRT1 and 

NORAD knockdown using an immunoprecipitation (IP) 

experiment. SIRT1 knockdown was confirmed by WB 

(Figure 6C). We verified that both SIRT1 knockdown 

and NORAD knockdown increased PGC-1α acetylation 

with similar effects (Figure 6D). The simultaneous 

knockdown of SIRT1 and NORAD had a cumulative 

effect on PGC-1α acetylation (Figure 6D). The presence 

of both SIRT1 and NORAD, therefore, exerts an  

effect on PGC-1α acetylation. We also hypothesized 

that the presence of NORAD facilitates SIRT1 and 

PGC-1α binding. Therefore, we detected SIRT 1 and 

PGC-1α binding through co-immunoprecipitation (co-

IP) experiments. When we captured SIRT1 with 

antibodies against PGC-1α, we were able to drag SIRT1 

down (Figure 6E); conversely, we were also able to 

drag down PGC-1α with antibodies against SIRT1 

(Figure 6F). Thus, SIRT1 and PGC-1α were bound to 

each other. Surprisingly, when NORAD was knocked 

down, the amount of SIRT1 dragged down by the PGC-

1α antibody and the amount of PGC-1α dragged down 

by the SIRT1 antibody both decreased (Figure 6E, 6F). 

These outcomes indicate that the presence of NORAD 

is conducive to the binding of SIRT1 and PGC-1α, thus 

promoting PGC-1α deacetylation by SIRT1. 

 

DISCUSSION 
 

A specific dose of irradiation can cause retinal cells to 

produce AMD characterization that promoted aging 

and apoptosis and increased AMD-related gene makers. 

Using an AMD cell model, we investigated the effect 

of NORAD knockdown on retinal cells. We confirmed 

that NORAD-knockdown retinal cells were more 

susceptible to radiation damage, thereby generating 

higher AMD signs, and were more likely to age into 

AMD. The mitochondria of NORAD-knockdown 

retinal cells are also more vulnerable to radiation 

damage, causing the production of more mitochondrial 

ROS and activation of more p-P53 and P21, which, in 

turn, lead to the aging and apoptosis of retinal cells.  

We induced a mouse model of AMD with NaIO3 and 

found that the retina of the NORAD knockout mouse 

suffered more serious damage, consistent with the 

results of cell experiments. More importantly, 

NORAD-knockdown upregulated PGC-1α acetylation, 

thereby suggesting that NORAD may increase  

PGC-1α and SIRT1 interaction and promote the 

deacetylation of SIRT1 to PGC-1α. Furthermore, 

NORAD could interact with SIRT1 and PGC-1α. 

Together, these findings shed light on the molecular 

mechanism whereby NORAD-knockdown retinal cells 

may increase the risk of AMD and provide a potential 

target for AMD treatment. 

AMD is a complex disease caused by a variety of 

environmental and genetic factors [42]. Many in vitro 

models of AMD have been established. As we know, 

the approaches of exposing A2E-laden ARPE-19 cells 

to blue light [36], the NaIO3-induced AMD cell model 

[35], and the dox-induced AMD cell model [32] all 

take advantage of a drug’s effect on cell damage, 

causing RPE cell death. Transmitochondrial cybrid 

cell lines that contain identical nuclei but possess 

mitochondria from AMD patients exploit the 

mitochondrial damage in the pathogenesis of AMD 

[43]. Given the aging-inducing properties of X-

radiation [39], we irradiated the ARPE-19 cell line for 

some time to accelerate its senescence and eventually 

develop AMD-related markers. We irradiated the 

ARPE-19 cell line for some time to accelerate its 

senescence and eventually develop AMD-related 

markers. Our model is simple and close to the real 

environment of eye damage. 

 

In the initial studies, NORAD was associated with 

genomic instability, and most subsequent research 

linked NORAD dysregulation to many cancers  

[18, 44]. Downregulation of NORAD promotes the 

production of apoptosis-related proteins by increasing 

PARP, caspase-3, and Bax and inhibits the proliferation 

and invasion of gastric cancer cells [45]. NORAD 

knockdown suppressed the proliferation and invasion 

of osteosarcoma cells because NORAD acted as a 

sponge for miR-199a-3p [46]. Next, removing NORAD 

drives premature aging in mice [22]. Our laboratory 

determined immediately that NORAD knockdown 

induces cell cycle arrest and aggravates ox-LDL-

induced cell senescence of HUVECs, which promotes 

Ox-LDL-induced vascular endothelial cell injury and 

atherosclerosis [47]. Recently, the increased m6A 

modification level of NORAD reduced the sealing 

effect of PUMILIO protein, inhibited the expression of 

E2F3, and led to the aging of nucleus pulposus cells 

and intervertebral disc degeneration. These results all 

proved the significance of NORAD in aging. Similarly, 

we determined that NORAD knockdown accelerates 

the senescence of irradiation-induced ARPE-19 and 

exacerbates the AMD phenotype, thereby further 

proving the close relationship between NORAD and 

aging degenerative diseases. Therefore, NORAD may 

be a good target for the treatment of degenerative 

diseases. 

 

Aging, sun exposure, low antioxidant intake, and other 

factors can cause mitochondrial damage that affects 

genes encoding the mitochondrial electron transport 

chain resulting in ROS overproduction [48]. Such 
changes will eventually lead to senescence and 

damage of RPE cells, resulting in retinal degeneration 

and AMD [48]. We confirmed that NORAD-
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knockdown damages the genes on the respiratory chain 

NADH1 and NADH5 and the mitochondria replication 

and transcription genes TFAM and POLG, which 

induce higher mitochondrial ROS production and a 

higher level of senescence-related factors p-P53 and 

P21. TFAM decreases ROS production by controlling 

the expression of mitochondrial ROS-generating 

enzymes, such as nicotinamide adenine dinucleotide 

phosphate oxidases [49]. In addition, considering that 

loss of PGC-1α or repression of the pathway of PGC-

1α could induce impairment of RPE such as increasing 

mitochondrial ROS [50], promotion of retinal 

degeneration [51], metabolic dysfunction [52–54], and 

AMD-like phenotypes in mice [55, 56]. We further 

examined the PGC-1α level and PGC-1α acetylation 

activation. Interestingly, only the acetylated PGC-1α 

increased in NORAD-knockdown RPE while the total 

level of PGC-1α is unchangeable. As Rodgers  

had demonstrated that PGC-1α deacetylation is 

accomplished by an increased transcription level of 

SIRT1 [57], and, then we detected the level of SIRT1 

after the NORAD knockdown, while the expression 

level of SIRT 1 is still unchangeable. Note that 

NORAD can inhibit PUM by the formation of phase-

separated PUM condensates, thereby revealing a 

mechanism by which RNA-driven phase separation 

can regulate RNA-binding-protein activity and which 

may be a widely used mechanism of lncRNA-mediated 

regulation [19]. One prior work reported that 

LINC00842 binds to and prevents acetylated PGC-1α 

from deacetylation by deacetylase SIRT1 to form 

PGC-1α and consequently enhance the malignant 

phenotypes of PDAC cells [58]. Thus, we examined 

whether the absence of NORAD affected the binding 

of SIRT1 and PGC-1α using RIP and IP experiments. 

Surprisingly, we observed decreased binding between 

SIRT1 and PGC-1α after the NORAD knockdown. In 

contrast to LINC00842, NORAD promotes the 

deacetylation of PGC-1α by SIRT1 to activate PGC-1α. 

Our findings identify one mechanism by which 

lncRNA regulates the activity between proteins 

through binding proteins. Given the important role of 

PGC-1α in aging, NORAD and PGC-1α may also play 

an important role in other age-related degenerative 

diseases. 

 

We acknowledge some limitations and confusion in 

our current study. Although we focused simply on the 

effect of NORAD knockdown in retinal cells on the 

formation and development of AMD with exposure to 

irradiation, the effect of NORAD overexpression on 

AMD is worth investigating. We tried to examine that 

effect but were unable to find a way to overexpress 
NORAD in retinal cells without impairing the state of 

the cell itself. In addition, better irradiation conditions 

and conditions for AMD formation need to be further 

explored. Irradiation mouse models of AMD are also 

unavailable, so we used NaIO3-induced AMD on mice. 

Finally, we found that after NORAD knockout, the 

PGC-1α acetylation level was increased in the eyes, 

heart, liver, and lungs, but ROS was decreased in the 

lung. No increased acetylation was observed in the 

kidney and brain. These results suggest that the role of 

NORAD in different organs may vary, along with 

different mechanisms involved. 

 

In summary, these results shed light on the important 

role of lncRNA NORAD in AMD development and 

progression (Figure 7) and provide a foundation for 

developing more targeted AMD therapies and 

predicting whether low NORAD expression is likely 

linked to the development of AMD or other diseases of 

aging. 

 

 
 

Figure 7. Diagram of mechanism. Environmental damage 
factors such as light exposure and irradiation could damage the 
retina and retinal pigment epithelial (RPE). NORAD-knockdown 
accelerates retinal cell senescence, apoptosis via PGC-1α 
acetylation, mitochondrial ROS, and the p-P53–P21signaling 
pathway, which resulting in worsening AMD. NORAD-mediated 
effect on PGC-1α acetylation might occur through the direct 
interaction with PGC-1α and SIRT1. 
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MATERIALS AND METHODS 
 

Cell culture 

 

Adult retinal pigment epithelial cell line-19 (ARPE-19) 

(obtained from the ATCC) were routinely cultured in 

DME/F12 (HyClone, USA) containing 10% fetal bovine 

serum (BI) and 100 U penicillin/0.1 mg ml-

1streptomycin at 37° C in an incubator with 5% CO2. 

 

Irradiation for AMD cell model 

 

The cells were plated in six-well plates and irradiated. 

Before irradiation, the cell medium was changed into a 

serum-free medium. The total irradiation dose was 25 

Gy and the dose rate was 100 cGy/min (X-ray 320, 

North Branford, Connecticut, Precision X-Ray). After 

irradiation, the cells were placed in an incubator with 

5% CO2 for 6 h and replaced with 2 ml of complete 

medium. After 24 h of culture, SA-β-gal staining was 

carried out, and related markers of AMD were detected 

after 96 h. 

 

RNA extraction and RT-qPCR analysis 

 

Total RNA was extracted from cultivated cells using 

Trizol reagent (Takara, Shiga, Japan). Approximately  

1 mL of Trizol was directly added to each sample. Then, 

200 ul of chloroform was added to each sample after 30 

min of ice cracking, eddy shock of 15–30s, and 

suspension for 15 min on ice. The sample was 

subsequently centrifuged at 1200 rpm/min at 4° C for  

15 min, 400 ul of the topmost phase was absorbed, 500 

ul of isopropyl alcohol was added and mixed gently, and 

the solution was allowed to stand on ice for 10 min. 

After centrifugation at 1000 rpm/min at 4° C for 10 min, 

RNA precipitation was observed. The cDNAs were 

synthesized using the PrimeScript™ RT reagent Kit with 

gDNA Eraser (Takara, Shiga, Japan). Quantitative RT-

qPCR was performed with the StepOnePlus Real-Time 

PCR System (Thermo Fisher Scientific, USA). The CT 

value was obtained as follows: ∆Ct = CT (target gene) – 

CT (reference gene), ∆∆Ct = ∆Ct (treatment group) − 

∆Ct (control group). The relative expression of the target 

genes was calculated using 2−∆∆Ct. 

 

Enzyme-linked immunosorbent assay (ELISA) in 

culture supernatants 

 

Total supernatant was collected from irradiated-ARPE-

19 groups or siRNA transfected groups cultured in six-

well plates after 96 h at the last medium change (2 ml 

for every well). ELISA kits (see Supplementary  

Table 2) were used to measure the secretion of VEGF-A 

(dilution of supernatant 1:20), complement component 

3 (dilution of supernatant 1:20), Aβ-40, Aβ-42 (dilution 

of supernatant 1:15) in the culture supernatants. Note 

that dilutions were performed to ensure that the protein 

of interest was within the concentration range for 

detection and quantification. All samples were tested in 

duplicates following the manufacturer’s instructions. 

Immediately after adding the stop solution, optical 

densities/absorbance readings were obtained at 450 nm 

using a plate reader (INFINITE M NANO, TECAN). 

The average of the duplicate readings was used to 

estimate the concentration using the standard curve. 

 

Cell apoptosis assay 

 

ARPE-19 was seeded on six-well plates at a cell density 

of 1.5 × 105 cells/well. After siRNA transfection for 24 

h, the cells were irradiated. After 72 h, cells of all 

groups were collected and suspended with 100μL of 1x 

binding buffer. Then, 5uL of PI and 5uL of Annexin V-

FITC solutions (MAO220, Meilun, China) were added 

to the cells. After incubation for 15 min, 400 µL of 

binding buffer was supplemented into the cells. The 

apoptosis rate of cells was assessed using a flow 

cytometer (BD Accuri® C6 Plus, USA). 

 

Cell cycle assay 

 

The ARPE-19 were seeded on six-well plates and 

cultured for 24 h. After siRNA transfection for 24 h, the 

cells were irradiated. A cell cycle detection kit 

(MAO334, Milunbio, China) was used to measure cell 

cycle distribution after 72 h. Briefly, the cells were 

fixed with 70% ethanol overnight at 4° C, washed once 

by PBS, diluted with the pre-configured propidium 

iodide/RNase staining solution, and incubated for 30 

min at room temperature protected from light. Cell 

cycle distribution was detected and analyzed with a 

flow cytometer (BD Accuri® C6 Plus, USA). 

 

Determination of ROS 

 

Mitochondrial superoxide was detected using the 

fluorescent MitoSOX probe (Invitrogen, USA). A 5μM 

MitoSOX™ reagent working solution was prepared. Six 

hours after irradiation, all cell samples were collected 

into 1.5 ml EP tubes. Then, 1.0 ml reagent working 

solution was added to the resuspended cells in EP tubes. 

The cells were incubated for 10 min at 37 ˚C while 

protected from light. The cells were gently washed 

thrice with PBS. Finally, the cells were assessed using a 

flow cytometer (BD Accuri® C6 Plus, USA). 

 

Co-immunoprecipitation and PGC-1α acetylation 

level detection 

 

Using two tubes of ARPE-19 protein supernatant  

(1.8 mL/tube), 10μL of anti-PGC-1α antibody was 
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added to one tube and IgG to the other tube as the 

negative control. The mixture was kept at 4° C for 2 h, 

then 50 μ L of protein A/G (Millipore, USA) was added 

to both tubes. The tubes continued cooling overnight at  

4° C. The precipitates were collected by centrifugation 

for 1 min, washed with washing buffer I (see 

Supplementary Table 3) 4 times (1 mL/time), and then 

washed with 1 mL of washing buffer II (see 

Supplementary Table 3) once. The obtained precipitates 

were immunoprecipitated complexes. An appropriate 

amount of protein loading buffer was added to the 

precipitate complex and the precipitates were kept at 

95° C for 5 min. After centrifugation, the supernatant 

was taken for the BCA experiment (BCA Protein Assay 

Kit, Beyotime, China) and for Western blot. SIRT1 

antibody (Protintech, China) was used to detect the 

bond between SIRT1 and PGC-1α. Acetylated-lysine 

antibody was employed to test the level of PGC-1α 

acetylation. Experimental groups will vary according to 

different experimental designs. 

 

RNA-binding protein immunoprecipitation (RIP) 

assay 

 

A RIP kit (GENESEED, China) was used to perform the 

RIP assay. In brief, the cell lysates were respectively 

added to a magnetic bead conjugated with a human anti-

PGC-1α, anti-SIRT1 antibody, and control IgG in RIP 

buffer. The immunoprecipitation was digested with pro-

teinase K to purify the immunoprecipitated RNA. qRT-

PCR was performed to verify the presence of NORAD. 

 

Western blot 

 

The ARPE-19 in each group of animal organ tissue was 

lysed using RIPA lysis buffer (Solarbio Biotechnology, 

Beijing, China). Equal amounts of proteins were separated 

with SDS-polyacrylamide gels and then transblotted onto 

a PVDF membrane. The membranes were incubated with 

5% dried nonfat milk buffer for 2 h to prevent nonspecific 

binding. They were then incubated with the relevant 

primary antibodies and with a secondary antibody.  

The protein bands in the membranes were detected  

by enhanced chemiluminescence detection reagents 

(Biosharp, Anhui, China) and analyzed with Image J. 

 

RNA interference 

 

The siNORAD, siSIRT1, and negative siNC were from 

GenePharma Co., Ltd. (Shanghai, China). The siNORAD 

sequence consisted of the sense strand GCUGUCGG 

AAGAGAGAAAUTT and the antisense strand AUUU 

CUCUCUUCCGACAGCTT. The sequence of siNC 
consisted of the sense strand UUCUCCGAACGUGU 

CACGUTT and the antisense strand ACGUGACACG 

UUCGGAGAATT. The ARPE-19 were transfected with 

siRNAs by using HiPerFect (Qiagen, China). For 

irradiation treatment, the cells were exposed to a dose of 

irradiation after transfection for 24 h. SIRT1 mRNA was 

knocked down in the same way described above. The 

SIRT1 siRNA of the sense strand is CGGGAAUC 

CAAAGGAUAAUT and the antisense strand is 

AUUAUCCUUUGGAUUCCCGTT. 

 

OCT, funduscopic examination, and 

electroretinography 

 

Six-week-old male NORAD−/− mice were purchased 

from BIOCYTOGEN (Beijing, China) and six-week-old 

male C57BL/6 J mice were purchased from Pengyue 

(Jinan, China).  Three NORAD knockout mice and three 

wild-type mice were randomly selected to receive tail 

vein injections of NaIO3 (Sigma-Aldrich, China) 

(30mg/kg). Testing began seven days after the injection 

of NaIO3. OCT and funduscopic examination 

(REMEGEN, Yantai, China) were performed on day 7. 

Electroretinography was performed on day 8. 

 

Mouse organ mitochondrial ROS experiments and 

mouse eye AMD marker detection 

 

At the later stage, three 12-month-old male NORAD−/− 

mice and six 12-month-old male wild-type mice were 

randomly selected. Three NORAD−/− mice and three 

wild-type mice received tail vein injections of NaIO3 

(Sigma-Aldrich, China) (30mg/kg). Eight days later, the 

heart, liver, lungs, kidneys, brains, and eyes (one eye is 

used for RT-qPCR experiments later) were dissected 

from mice. All organs were filtered into a single-cell 

solution by a cell strainer (Biosharp, China), then washed 

five times with PBS for the determination of the ROS 

experiment. The remaining eyes were employed for the 

detection of AMD markers such as C3, ICAM-1, APP, 

APOE, and CRYAA (for the primer sequence see 

Supplementary Table 1). 

 

Mouse organ PGC-1α acetylation level detection 

 

Three 12-month-old female NORAD−/− mice and three 

wild-type mice were randomly selected to obtain a 

single-cell solution of heart, liver, lungs, kidneys, 

brains, and eyes; then, all samples were used to detect 

the level of PGC-1α acetylation (using the same 

operations described above). 

 

Statistical analysis 

 

Results were processed using SPSS. The statistical 

charts were made by GraphPad prism 8. Data were 
shown as mean values ± standard deviation (SD). T-test 

was used to analyze the data differences, and P < 0.05 

indicated statistically significant differences. 
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Abbreviations 
 

NORAD: non-coding RNA activated by DNA damage; 

NORAD-KO or -/-: NORAD-knockout; SA-β-gal: 

senescence associated-beta-galactosidase; ROS: 

reactive oxygen species; siNORAD: small interfering 

RNA-targeting NORAD; siSIRT1: small interfering 

RNA-targeting SIRT1; siNC: small interfering RNA-

targeting negative control; PGC-1α: peroxisome 

proliferator-activated receptor gamma coactivator 1-

alpha; SIRT1: sirtuin 1; C3: complement C3; ICAM-1: 

intercellular adhesion molecule 1; VEGFA: Vascular 

Endothelial Growth Factor A; APOE: apolipoprotein E; 

APP: amyloid beta precursor protein; Aβ-40: amyloid 

β-40; Aβ-42: amyloid β-42; CRYAA: crystallin  

alpha A. 

 

AUTHOR CONTRIBUTIONS 
 

Jing Jiang designed and directed experiments. Jinfeng 

Zhang performed most experiments, orchestrated data 

analysis, and write the draft manuscript. Shenjun Li, 

and Lifu Hu contributed to the establishment of the 

AMD animal model and performed OCT, funduscopic 

examination, and electroretinography experiments. 

Hongyu Zhou and Weihua Bian performed parts of 

the RT-qPCR experiments, provided data, and 

performed preliminary analysis. Daolai Zhang, Cong 

Xu, and Yeying Sun supported administrative, 

technical, and material or supervised some of  

the experiments. Jing Jiang orchestrated data 

interpretation and analysis and graphic presentation 

and finalized the manuscript. All authors have 

approved the final paper. 

 

ACKNOWLEDGMENTS 
 

We thank Jianhui Pang, and Mengyi Ma for help  

with establishing the AMD animal model setup and 

Enping Yu for assisting in the experiment. We thank  

the non-clinical research department, RemeGen Co., 

Ltd. for providing OCT, funduscopic examination, and 

electroretinography instruments. This project was 

supported by the Binzhou Medical University. 

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of 

interest. 

 

ETHICAL STATEMENT  
 

This study was approved by the Ethics Committee of 

Binzhou Medical University.  

 

FUNDING 
 

This work funding was supported by the Shandong 

Provincial Natural Foundation (NO. ZR2021MH220); 

Yantai Science and Technology Plan (NO. 

2021XDHZ083). 

 

REFERENCES 
 
1. Wong WL, Su X, Li X, Cheung CMG, Klein R, Cheng CY, 

Wong TY. Global prevalence of age-related macular 
degeneration and disease burden projection for 2020 
and 2040: a systematic review and meta-analysis. 
Lancet Glob Health. 2014; 2:e106–16. 

 https://doi.org/10.1016/S2214-109X(13)70145-1 
PMID:25104651 

2. Sarks SH. Ageing and degeneration in the macular 
region: a clinico-pathological study. Br J Ophthalmol. 
1976; 60:324–41. 

 https://doi.org/10.1136/bjo.60.5.324 PMID:952802 

3. Kornzweig AL. Modern concepts of senile macular 
degeneration. J Am Geriatr Soc. 1974; 22:246–53. 

 https://doi.org/10.1111/j.1532-5415.1974.tb02173.x 
PMID:4599018 

4. Heesterbeek TJ, Lorés-Motta L, Hoyng CB, Lechanteur 
YTE, den Hollander AI. Risk factors for progression of 
age-related macular degeneration. Ophthalmic Physiol 
Opt. 2020; 40:140–70. 

 https://doi.org/10.1111/opo.12675 PMID:32100327 

5. Ozawa Y. Oxidative stress in the light-exposed retina 
and its implication in age-related macular 
degeneration. Redox Biol. 2020; 37:101779. 

 https://doi.org/10.1016/j.redox.2020.101779 
PMID:33172789 

6. Yu Y, Reynolds R, Rosner B, Daly MJ, Seddon JM. 
Prospective assessment of genetic effects on 
progression to different stages of age-related macular 
degeneration using multistate Markov models. Invest 
Ophthalmol Vis Sci. 2012; 53:1548–56. 

 https://doi.org/10.1167/iovs.11-8657 PMID:22247473 

7. Klein R, Myers CE, Cruickshanks KJ, Gangnon REK, 
Danforth LG, Sivakumaran TA, Iyengar SK, Tsai MY, 
Klein BE. Markers of inflammation, oxidative stress, 
and endothelial dysfunction and the 20-year 
cumulative incidence of early age-related macular 
degeneration: the Beaver Dam Eye Study. JAMA 
Ophthalmol. 2014; 132:446–55. 

 https://doi.org/10.1001/jamaophthalmol.2013.7671 
PMID:24481424 

8. Ohno-Matsui K. Parallel findings in age-related macular 
degeneration and Alzheimer’s disease. Prog Retin Eye 
Res. 2011; 30:217–38. 

https://doi.org/10.1016/S2214-109X(13)70145-1
https://pubmed.ncbi.nlm.nih.gov/25104651
https://doi.org/10.1136/bjo.60.5.324
https://pubmed.ncbi.nlm.nih.gov/952802
https://doi.org/10.1111/j.1532-5415.1974.tb02173.x
https://pubmed.ncbi.nlm.nih.gov/4599018
https://doi.org/10.1111/opo.12675
https://pubmed.ncbi.nlm.nih.gov/32100327
https://doi.org/10.1016/j.redox.2020.101779
https://pubmed.ncbi.nlm.nih.gov/33172789
https://doi.org/10.1167/iovs.11-8657
https://pubmed.ncbi.nlm.nih.gov/22247473
https://doi.org/10.1001/jamaophthalmol.2013.7671
https://pubmed.ncbi.nlm.nih.gov/24481424


www.aging-us.com 7527 AGING 

 
 https://doi.org/10.1016/j.preteyeres.2011.02.004 

PMID:21440663 

9. Ni YQ, Xu H, Liu YS. Roles of Long Non-coding RNAs in 
the Development of Aging-Related Neurodegenerative 
Diseases. Front Mol Neurosci. 2022; 15:844193. 

 https://doi.org/10.3389/fnmol.2022.844193 
PMID:35359573 

10. Li P, Jia Y, Tang W, Cui Q, Liu M, Jiang J. Roles of Non-
coding RNAs in Central Nervous System Axon 
Regeneration. Front Neurosci. 2021; 15:630633. 

 https://doi.org/10.3389/fnins.2021.630633 
PMID:33597844 

11. Ghafouri-Fard S, Taheri M. UCA1 long non-coding RNA: 
An update on its roles in malignant behavior of 
cancers. Biomed Pharmacother. 2019; 120:109459. 

 https://doi.org/10.1016/j.biopha.2019.109459 
PMID:31585301 

12. Zhou Y, Huang T, Siu HL, Wong CC, Dong Y, Wu F, 
Zhang B, Wu WKK, Cheng ASL, Yu J, To KF, Kang W. 
IGF2BP3 functions as a potential oncogene and is a 
crucial target of miR-34a in gastric carcinogenesis. Mol 
Cancer. 2017; 16:77. 

 https://doi.org/10.1186/s12943-017-0647-2 
PMID:28399871 

13. Cavalcante GC, Magalhães L, Ribeiro-Dos-Santos Â, 
Vidal AF. Mitochondrial Epigenetics: Non-Coding RNAs 
as a Novel Layer of Complexity. Int J Mol Sci. 2020; 
21:1838. 

 https://doi.org/10.3390/ijms21051838 
PMID:32155913 

14. Gala K, Khattar E. Long non-coding RNAs at work on 
telomeres: Functions and implications in cancer 
therapy. Cancer Lett. 2021; 502:120–32. 

 https://doi.org/10.1016/j.canlet.2020.12.036 
PMID:33450357 

15. Liu Y, Li JSS, Rodiger J, Comjean A, Attrill H, Antonazzo 
G, Brown NH, Hu Y, Perrimon N. FlyPhoneDB: an 
integrated web-based resource for cell-cell 
communication prediction in Drosophila. Genetics. 
2022; 220:iyab235. 

 https://doi.org/10.1093/genetics/iyab235 
PMID:35100387 

16. Rossi M, Gorospe M. Noncoding RNAs Controlling 
Telomere Homeostasis in Senescence and Aging. 
Trends Mol Med. 2020; 26:422–33. 

 https://doi.org/10.1016/j.molmed.2020.01.010 
PMID:32277935 

17. Blasiak J, Hyttinen JMT, Szczepanska J, Pawlowska E, 
Kaarniranta K. Potential of Long Non-Coding RNAs in 
Age-Related Macular Degeneration. Int J Mol Sci. 2021; 
22:9178. 

 https://doi.org/10.3390/ijms22179178 
PMID:34502084 

18. Munschauer M, Nguyen CT, Sirokman K, Hartigan CR, 
Hogstrom L, Engreitz JM, Ulirsch JC, Fulco CP, 
Subramanian V, Chen J, Schenone M, Guttman M, Carr 
SA, Lander ES. The NORAD lncRNA assembles a 
topoisomerase complex critical for genome stability. 
Nature. 2018; 561:132–6. 

 https://doi.org/10.1038/s41586-018-0453-z 
PMID:30150775 

19. Elguindy MM, Mendell JT. NORAD-induced Pumilio 
phase separation is required for genome stability. 
Nature. 2021; 595:303–8. 

 https://doi.org/10.1038/s41586-021-03633-w 
PMID:34108682 

20. Shamoo Y, Abdul-Manan N, Williams KR. Multiple RNA 
binding domains (RBDs) just don’t add up. Nucleic 
Acids Res. 1995; 23:725–8. 

 https://doi.org/10.1093/nar/23.5.725 PMID:7535921 

21. Kopp F, Elguindy MM, Yalvac ME, Zhang H, Chen B, 
Gillett FA, Lee S, Sivakumar S, Yu H, Xie Y, Mishra P, 
Sahenk Z, Mendell JT. PUMILIO hyperactivity drives 
premature aging of Norad-deficient mice. Elife. 2019; 
8:e42650. 

 https://doi.org/10.7554/eLife.42650 PMID:30735131 

22. Marques FC, Ulitsky I. Aging well with Norad. Elife. 
2019; 8:e45974. 

 https://doi.org/10.7554/eLife.45974 PMID:30848246 

23. Klein R, Lee KE, Tsai MY, Cruickshanks KJ, Gangnon RE, 
Klein BE. Oxidized Low-density Lipoprotein and the 
Incidence of Age-related Macular Degeneration. 
Ophthalmology. 2019; 126:752–8. 

 https://doi.org/10.1016/j.ophtha.2018.12.026 
PMID:30572074 

24. Farinha CVL, Cachulo ML, Alves D, Pires I, Marques JP, 
Barreto P, Nunes S, Costa J, Martins A, Sobral I, Laíns I, 
Figueira J, Ribeiro L, et al. Incidence of Age-Related 
Macular Degeneration in the Central Region of 
Portugal: The Coimbra Eye Study - Report 5. 
Ophthalmic Res. 2019; 61:226–35. 

 https://doi.org/10.1159/000496393  
PMID:30820012 

25. Hallak JA, de Sisternes L, Osborne A, Yaspan B, Rubin 
DL, Leng T. Imaging, Genetic, and Demographic Factors 
Associated With Conversion to Neovascular Age-
Related Macular Degeneration: Secondary Analysis of a 
Randomized Clinical Trial. JAMA Ophthalmol. 2019; 
137:738–44. 

 https://doi.org/10.1001/jamaophthalmol.2019.0868 
PMID:31021381 

26. Xiong S, Salazar G, Patrushev N, Ma M, Forouzandeh F, 

https://doi.org/10.1016/j.preteyeres.2011.02.004
https://pubmed.ncbi.nlm.nih.gov/21440663
https://doi.org/10.3389/fnmol.2022.844193
https://pubmed.ncbi.nlm.nih.gov/35359573
https://doi.org/10.3389/fnins.2021.630633
https://pubmed.ncbi.nlm.nih.gov/33597844
https://doi.org/10.1016/j.biopha.2019.109459
https://pubmed.ncbi.nlm.nih.gov/31585301
https://doi.org/10.1186/s12943-017-0647-2
https://pubmed.ncbi.nlm.nih.gov/28399871
https://doi.org/10.3390/ijms21051838
https://pubmed.ncbi.nlm.nih.gov/32155913
https://doi.org/10.1016/j.canlet.2020.12.036
https://pubmed.ncbi.nlm.nih.gov/33450357
https://doi.org/10.1093/genetics/iyab235
https://pubmed.ncbi.nlm.nih.gov/35100387
https://doi.org/10.1016/j.molmed.2020.01.010
https://pubmed.ncbi.nlm.nih.gov/32277935
https://doi.org/10.3390/ijms22179178
https://pubmed.ncbi.nlm.nih.gov/34502084
https://doi.org/10.1038/s41586-018-0453-z
https://pubmed.ncbi.nlm.nih.gov/30150775
https://doi.org/10.1038/s41586-021-03633-w
https://pubmed.ncbi.nlm.nih.gov/34108682
https://doi.org/10.1093/nar/23.5.725
https://pubmed.ncbi.nlm.nih.gov/7535921
https://doi.org/10.7554/eLife.42650
https://pubmed.ncbi.nlm.nih.gov/30735131
https://doi.org/10.7554/eLife.45974
https://pubmed.ncbi.nlm.nih.gov/30848246
https://doi.org/10.1016/j.ophtha.2018.12.026
https://pubmed.ncbi.nlm.nih.gov/30572074
https://doi.org/10.1159/000496393
https://pubmed.ncbi.nlm.nih.gov/30820012
https://doi.org/10.1001/jamaophthalmol.2019.0868
https://pubmed.ncbi.nlm.nih.gov/31021381


www.aging-us.com 7528 AGING 

Hilenski L, Alexander RW. Peroxisome proliferator-
activated receptor γ coactivator-1α is a central 
negative regulator of vascular senescence. Arterioscler 
Thromb Vasc Biol. 2013; 33:988–98. 

 https://doi.org/10.1161/ATVBAHA.112.301019 
PMID:23430617 

27. Fan F, Li S, Wen Z, Ye Q, Chen X, Ye Q. Regulation of 
PGC-1α mediated by acetylation and phosphorylation 
in MPP+ induced cell model of Parkinson’s disease. 
Aging (Albany NY). 2020; 12:9461–74. 

 https://doi.org/10.18632/aging.103219 
PMID:32452827 

28. Matthews C, Gorenne I, Scott S, Figg N, Kirkpatrick P, 
Ritchie A, Goddard M, Bennett M. Vascular smooth 
muscle cells undergo telomere-based senescence in 
human atherosclerosis: effects of telomerase and 
oxidative stress. Circ Res. 2006; 99:156–64. 

 https://doi.org/10.1161/01.RES.0000233315.38086.bc 
PMID:16794190 

29. Fernandez-Marcos PJ, Auwerx J. Regulation of PGC-1α, 
a nodal regulator of mitochondrial biogenesis. Am J 
Clin Nutr. 2011; 93:884S–90. 

 https://doi.org/10.3945/ajcn.110.001917 
PMID:21289221 

30. St-Pierre J, Drori S, Uldry M, Silvaggi JM, Rhee J, Jäger 
S, Handschin C, Zheng K, Lin J, Yang W, Simon DK, 
Bachoo R, Spiegelman BM. Suppression of reactive 
oxygen species and neurodegeneration by the PGC-1 
transcriptional coactivators. Cell. 2006; 127:397–408. 

 https://doi.org/10.1016/j.cell.2006.09.024 
PMID:17055439 

31. Rera M, Bahadorani S, Cho J, Koehler CL, Ulgherait M, 
Hur JH, Ansari WS, Lo T Jr, Jones DL, Walker DW. 
Modulation of longevity and tissue homeostasis by 
the Drosophila PGC-1 homolog. Cell Metab. 2011; 
14:623–34. 

 https://doi.org/10.1016/j.cmet.2011.09.013 
PMID:22055505 

32. Chae JB, Jang H, Son C, Park CW, Choi H, Jin S,  
Lee HY, Lee H, Ryu JH, Kim N, Kim C, Chung H. 
Targeting senescent retinal pigment epithelial cells 
facilitates retinal regeneration in mouse models of 
age-related macular degeneration. Geroscience. 
2021; 43:2809–33. 

 https://doi.org/10.1007/s11357-021-00457-4 
PMID:34601706 

33. Saini JS, Corneo B, Miller JD, Kiehl TR, Wang Q, Boles 
NC, Blenkinsop TA, Stern JH, Temple S. Nicotinamide 
Ameliorates Disease Phenotypes in a Human iPSC 
Model of Age-Related Macular Degeneration. Cell 
Stem Cell. 2017; 20:635–47.e7. 

 https://doi.org/10.1016/j.stem.2016.12.015 

PMID:28132833 

34. Ho J, Jang KH, Koo TS, Park C, Kim YH, Lee J, Kim E. 
Protective effects of PARP1-inhibitory compound in dry 
age-related macular degeneration. Biomed 
Pharmacother. 2021; 133:111041. 

 https://doi.org/10.1016/j.biopha.2020.111041 
PMID:33378949 

35. Chang YY, Lee YJ, Hsu MY, Wang M, Tsou SC, Chen CC, 
Lin JA, Hsiao YP, Lin HW. Protective Effect of Quercetin 
on Sodium Iodate-Induced Retinal Apoptosis through 
the Reactive Oxygen Species-Mediated Mitochondrion-
Dependent Pathway. Int J Mol Sci. 2021; 22:4056. 

 https://doi.org/10.3390/ijms22084056 
PMID:33919990 

36. Pham TNM, Shin CY, Park SH, Lee TH, Ryu HY, Kim SB, 
Auh K, Jeong KW. Solanum melongena L. Extract 
Protects Retinal Pigment Epithelial Cells from Blue 
Light-Induced Phototoxicity in In Vitro and In Vivo 
Models. Nutrients. 2021; 13:359. 

 https://doi.org/10.3390/nu13020359 PMID:33503991 

37. Hursh JB, Casarett GW. The lethal effect of acute x-
irradiation on rats as a function of age. Br J Radiol. 
1956; 29:169–71. 

 https://doi.org/10.1259/0007-1285-29-339-169 
PMID:13304291 

38. Rockstein M, Baker GT. Effects of x-irradiation of pupae 
on aging of the thoracic flight muscle of the adult 
house fly Musca domestica L. Mech Ageing Dev. 1974; 
3:271–8. 

 https://doi.org/10.1016/0047-6374(74)90023-2 
PMID:4376826 

39. Bouten RM, Dalgard CL, Soltis AR, Slaven JE, Day RM. 
Transcriptomic profiling and pathway analysis of 
cultured human lung microvascular endothelial cells 
following ionizing radiation exposure. Sci Rep. 2021; 
11:24214. 

 https://doi.org/10.1038/s41598-021-03636-7 
PMID:34930946 

40. Chauhan V, Vuong NQ, Bahia S, Nazemof N, 
Kumarathasan P. In vitro exposure of human lens 
epithelial cells to X-rays at varied dose-rates leads to 
protein-level changes relevant to cataractogenesis. Int 
J Radiat Biol. 2021; 97:824–32. 

 https://doi.org/10.1080/09553002.2020.1846819 
PMID:33164603 

41. Belmans N, Gilles L, Welkenhuysen J, Vermeesen R, 
Baselet B, Salmon B, Baatout S, Jacobs R, Lucas S, 
Lambrichts I, Moreels M. In vitro Assessment of the 
DNA Damage Response in Dental Mesenchymal 
Stromal Cells Following Low Dose X-ray Exposure. 
Front Public Health. 2021; 9:584484. 

 https://doi.org/10.3389/fpubh.2021.584484 

https://doi.org/10.1161/ATVBAHA.112.301019
https://pubmed.ncbi.nlm.nih.gov/23430617
https://doi.org/10.18632/aging.103219
https://pubmed.ncbi.nlm.nih.gov/32452827
https://doi.org/10.1161/01.RES.0000233315.38086.bc
https://pubmed.ncbi.nlm.nih.gov/16794190
https://doi.org/10.3945/ajcn.110.001917
https://pubmed.ncbi.nlm.nih.gov/21289221
https://doi.org/10.1016/j.cell.2006.09.024
https://pubmed.ncbi.nlm.nih.gov/17055439
https://doi.org/10.1016/j.cmet.2011.09.013
https://pubmed.ncbi.nlm.nih.gov/22055505
https://doi.org/10.1007/s11357-021-00457-4
https://pubmed.ncbi.nlm.nih.gov/34601706
https://doi.org/10.1016/j.stem.2016.12.015
https://pubmed.ncbi.nlm.nih.gov/28132833
https://doi.org/10.1016/j.biopha.2020.111041
https://pubmed.ncbi.nlm.nih.gov/33378949
https://doi.org/10.3390/ijms22084056
https://pubmed.ncbi.nlm.nih.gov/33919990
https://doi.org/10.3390/nu13020359
https://pubmed.ncbi.nlm.nih.gov/33503991
https://doi.org/10.1259/0007-1285-29-339-169
https://pubmed.ncbi.nlm.nih.gov/13304291
https://doi.org/10.1016/0047-6374(74)90023-2
https://pubmed.ncbi.nlm.nih.gov/4376826
https://doi.org/10.1038/s41598-021-03636-7
https://pubmed.ncbi.nlm.nih.gov/34930946
https://doi.org/10.1080/09553002.2020.1846819
https://pubmed.ncbi.nlm.nih.gov/33164603
https://doi.org/10.3389/fpubh.2021.584484


www.aging-us.com 7529 AGING 

PMID:33692980 

42. The La. Age-related macular degeneration: treatment 
at what cost? Lancet. 2018; 392:1090. 

 https://doi.org/10.1016/S0140-6736(18)32291-8 
PMID:30303068 

43. Nashine S, Cohen P, Chwa M, Lu S, Nesburn AB, 
Kuppermann BD, Kenney MC. Humanin G (HNG) 
protects age-related macular degeneration (AMD) 
transmitochondrial ARPE-19 cybrids from mito-
chondrial and cellular damage. Cell Death Dis. 2017; 
8:e2951. 

 https://doi.org/10.1038/cddis.2017.348 
PMID:28726777 

44. Soghli N, Yousefi T, Abolghasemi M, Qujeq D. NORAD, 
a critical long non-coding RNA in human cancers. Life 
Sci. 2021; 264:118665. 

 https://doi.org/10.1016/j.lfs.2020.118665 
PMID:33127516 

45. Yu SY, Peng H, Zhu Q, Wu YX, Wu F, Han CR, Yan B, Li 
Q, Xiang HG. Silencing the long noncoding RNA NORAD 
inhibits gastric cancer cell proliferation and invasion by 
the RhoA/ROCK1 pathway. Eur Rev Med Pharmacol Sci. 
2019; 23:3760–70. 

 https://doi.org/10.26355/eurrev_201905_17802 
PMID:31115002 

46. Wang X, Zou J, Chen H, Zhang P, Lu Z, You Z, Sun J. 
Long noncoding RNA NORAD regulates cancer cell 
proliferation and migration in human osteosarcoma by 
endogenously competing with miR-199a-3p. IUBMB 
Life. 2019; 71:1482–91. 

 https://doi.org/10.1002/iub.2064 
  PMID:31169973 

47. Bian W, Jing X, Yang Z, Shi Z, Chen R, Xu A, Wang N, 
Jiang J, Yang C, Zhang D, Li L, Wang H, Wang J, et al. 
Downregulation of LncRNA NORAD promotes Ox-LDL-
induced vascular endothelial cell injury and 
atherosclerosis. Aging (Albany NY). 2020; 12:6385–400. 

 https://doi.org/10.18632/aging.103034 
PMID:32267831 

48. Kaarniranta K, Uusitalo H, Blasiak J, Felszeghy S, 
Kannan R, Kauppinen A, Salminen A, Sinha D, 
Ferrington D. Mechanisms of mitochondrial 
dysfunction and their impact on age-related macular 
degeneration. Prog Retin Eye Res. 2020; 79:100858. 

 https://doi.org/10.1016/j.preteyeres.2020.100858 
PMID:32298788 

49. LeBleu VS, O’Connell JT, Gonzalez Herrera KN, Wikman 
H, Pantel K, Haigis MC, de Carvalho FM, Damascena A, 
Domingos Chinen LT, Rocha RM, Asara JM, Kalluri R. 
PGC-1α mediates mitochondrial biogenesis and 
oxidative phosphorylation in cancer cells to promote 
metastasis. Nat Cell Biol. 2014; 16:992–1003. 

 https://doi.org/10.1038/ncb3039  
PMID:25241037 

50. Baldelli S, Aquilano K, Ciriolo MR. PGC-1α buffers ROS-
mediated removal of mitochondria during myogenesis. 
Cell Death Dis. 2014; 5:e1515. 

 https://doi.org/10.1038/cddis.2014.458 
PMID:25375380 

51. Rosales MAB, Shu DY, Iacovelli J, Saint-Geniez M. Loss 
of PGC-1α in RPE induces mesenchymal transition and 
promotes retinal degeneration. Life Sci Alliance. 2019; 
2:e201800212. 

 https://doi.org/10.26508/lsa.201800212 
PMID:31101737 

52. Iacovelli J, Rowe GC, Khadka A, Diaz-Aguilar D, Spencer 
C, Arany Z, Saint-Geniez M. PGC-1α Induces Human 
RPE Oxidative Metabolism and Antioxidant Capacity. 
Invest Ophthalmol Vis Sci. 2016; 57:1038–51. 

 https://doi.org/10.1167/iovs.15-17758 
PMID:26962700 

53. Shu DY, Butcher ER, Saint-Geniez M. Suppression of 
PGC-1α Drives Metabolic Dysfunction in TGFβ2-
Induced EMT of Retinal Pigment Epithelial Cells. Int J 
Mol Sci. 2021; 22:4701. 

 https://doi.org/10.3390/ijms22094701 
PMID:33946753 

54. Zhang M, Jiang N, Chu Y, Postnikova O, Varghese R, 
Horvath A, Cheema AK, Golestaneh N. Dysregulated 
metabolic pathways in age-related macular 
degeneration. Sci Rep. 2020; 10:2464. 

 https://doi.org/10.1038/s41598-020-59244-4 
PMID:32051464 

55. Zhang M, Chu Y, Mowery J, Konkel B, Galli S, Theos AC, 
Golestaneh N. Pgc-1α repression and high-fat diet 
induce age-related macular degeneration-like 
phenotypes in mice. Dis Model Mech. 2018; 
11:dmm032698. 

 https://doi.org/10.1242/dmm.032698  
PMID:29925537 

56. Golestaneh N, Chu Y, Cheng SK, Cao H, Poliakov E, 
Berinstein DM. Repressed SIRT1/PGC-1α pathway and 
mitochondrial disintegration in iPSC-derived RPE 
disease model of age-related macular degeneration. J 
Transl Med. 2016; 14:344. 

 https://doi.org/10.1186/s12967-016-1101-8 
PMID:27998274 

57. Rodgers JT, Lerin C, Haas W, Gygi SP, Spiegelman BM, 
Puigserver P. Nutrient control of glucose homeostasis 
through a complex of PGC-1alpha and SIRT1. Nature. 
2005; 434:113–8. 

 https://doi.org/10.1038/nature03354  
PMID:15744310 

https://pubmed.ncbi.nlm.nih.gov/33692980
https://doi.org/10.1016/S0140-6736(18)32291-8
https://pubmed.ncbi.nlm.nih.gov/30303068
https://doi.org/10.1038/cddis.2017.348
https://pubmed.ncbi.nlm.nih.gov/28726777
https://doi.org/10.1016/j.lfs.2020.118665
https://pubmed.ncbi.nlm.nih.gov/33127516
https://doi.org/10.26355/eurrev_201905_17802
https://pubmed.ncbi.nlm.nih.gov/31115002
https://doi.org/10.1002/iub.2064
https://pubmed.ncbi.nlm.nih.gov/31169973
https://doi.org/10.18632/aging.103034
https://pubmed.ncbi.nlm.nih.gov/32267831
https://doi.org/10.1016/j.preteyeres.2020.100858
https://pubmed.ncbi.nlm.nih.gov/32298788
https://doi.org/10.1038/ncb3039
https://pubmed.ncbi.nlm.nih.gov/25241037
https://doi.org/10.1038/cddis.2014.458
https://pubmed.ncbi.nlm.nih.gov/25375380
https://doi.org/10.26508/lsa.201800212
https://pubmed.ncbi.nlm.nih.gov/31101737
https://doi.org/10.1167/iovs.15-17758
https://pubmed.ncbi.nlm.nih.gov/26962700
https://doi.org/10.3390/ijms22094701
https://pubmed.ncbi.nlm.nih.gov/33946753
https://doi.org/10.1038/s41598-020-59244-4
https://pubmed.ncbi.nlm.nih.gov/32051464
https://doi.org/10.1242/dmm.032698
https://pubmed.ncbi.nlm.nih.gov/29925537
https://doi.org/10.1186/s12967-016-1101-8
https://pubmed.ncbi.nlm.nih.gov/27998274
https://doi.org/10.1038/nature03354
https://pubmed.ncbi.nlm.nih.gov/15744310


www.aging-us.com 7530 AGING 

58. Huang X, Pan L, Zuo Z, Li M, Zeng L, Li R, Ye Y, Zhang J, 
Wu G, Bai R, Zhuang L, Wei L, Zheng Y, et al. LINC00842 
inactivates transcription co-regulator PGC-1α to 
promote pancreatic cancer malignancy through 
metabolic remodelling. Nat Commun. 2021; 12:3830. 

 https://doi.org/10.1038/s41467-021-23904-4 
PMID:34158490 

  

https://doi.org/10.1038/s41467-021-23904-4
https://pubmed.ncbi.nlm.nih.gov/34158490


www.aging-us.com 7531 AGING 

SUPPLEMENTARY MATERIALS 

 

Supplementary Tables 

 

 

 

Supplementary Table 1. qRT-PCR primer sequence. 

Name Forward primer (5’-3’) Reverse primer (5’-3’) 

VEGF-A(Human)  TCTTCAAGCCATCCTGTGTG ATCCGCATAATCTGCATGGT 

APP(Human)  CCGCTGCTTAGTTGGTGAGTTTGT ACGGTGTGCCAGTGAAGATGAGTT 

APOE(Human)  AACTGGCACTGGGTCGCTTT GCCTTCAACTCCTTCATGGTCTCGT 

C3(Human) GGGGAGTCCCATGTACTCTATC GGAAGTCGTGGACAGTAACAG 

ICAM- 1(Human) ATGCCCAGACATCTGTGTCC GGGGTCTCTATGCCCAACAA 

NORAD (Human)  TGATAGGATACATCTTGGACATGGA AACCTAATGAACAAGTCCTGACATACA 

GAPDH (Human)  GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG 

TFAM (Human)  ATGGCGTTTCTCCGAAGCAT TCCGCCCTATAAGCATCTTGA 

PLOG (Human)  GCTGCACGAGCAAATCTTCG GTCCAGGTTGTCCCCGTAGA 

ND1(Human)  TTCTAATCGCAATGGCATTCCT AAGGGTTGTAGTAGCCCGTAG 

ND5 (Human)  TTCATCCCTGTAGCATTGTTCG GTTGGAATAGGTTGTTAGCGGTA 

APP (Mouse) TCCGAGAGGTGTGCTCTGAA CCACATCCGCCGTAAAAGAATG 

APOE (Mouse)  CTGACAGGATGCCTAGCCG CGCAGGTAATCCCAGAAGC 

CRYAA (Mouse)  ACGGCAAACACAACGAGAGG CATGCCATCAGCAGACAGG 

C3(Mouse) CCAGCTCCCCATTAGCTCTG GCACTTGCCTCTTTAGGAAGTC 

ICAM- 1 (Mouse) GTGATGCTCAGGTATCCATCCA CACAGTTCTCAAAGCACAGCG 

GAPDH (Mouse)  AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA 

NORAD (Mouse)  CGCTGTCGCCGTAGAAGTCC GACGAGTGTCGCTCCTGGGT 

 

Supplementary Table 2. The origin of reagent and resource. 

Regent Manufacturers Identifier 

Aβ-40 ELISA Thermo Fisher KHB3481 

Aβ-42 ELISA Thermo Fisher KHB3441 

VEGF-A ELISA Invitrogen KHGO111 

Complement component 3 (C3) ELISA Abacam ab108823 

MitoSOXTM Red mitochondrial superoxide indicator Invitrogen M36008 

RNA Immunoprecipitation Kit GENESEED P0101 

Protein G Plus/Protein A Agarose Suspension  Millipore  IP05-1.5ml 

ECL Chemiluminescence substrate (ultra-sensitive) Biosharp BL520A 

HiPerFect Transfection Reagent QIANGEN 301705 

Sodium iodate Sigma S4007 

Cell Cycle and Apoptosis Analysis Kit Milunbio MAO334 

Annexin V-FITC/PI Apoptosis detection Kit Milunbio MAO220 

p21 Rabbit Polyclonal Antibodies Proteintech 10355-1-AP 

Phospho-P53 (Ser15) Rabbit Recombinant Proteintech 80195-1-RR 

SIRT1 Rabbit Polyclonal antibody Proteintech 13161-1-AP 

PGC-1α Mouse Monoclonal antibody Proteintech 66369-1-lg 

Acetylated-lysine Antibody Cell Signaling 9441 

GAPDH Rabbit mAb Cell Signaling D16H11 

Goat anti-Mouse IgG (H+L) Secondary Antibody ZSGB-BIO ZB-2305 

Goat anti-Rabbit IgG (H+L) Secondary Antibody ZSGB-BIO ZB-2301 
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Supplementary Table 3. IP experiment wash buffer preparation. 

Wash buffer I Final concentration Total volume 100ml 

HEPEs 10mmol/L 1ml 

NaCl 100nmol/L 10ml 

EDTA 5nmol/L 1ml 

Tween20 0.10% 0.5ml 

Benzamidine 10mmol/L 0.016g 

BSA 3% 3g 

ddH2O  to 100 ml 

Wash buffer II Final concentration Total volume 100ml 

HEPEs 10mmol/L 1ml 

NaCl 100nmol/L 10ml 

EDTA 5nmol/L 1ml 

Tween20 0.10% 0.5ml 

Benzamidine 10mmol/L 0.016g 

ddH2O  to 100 ml 

 

 


