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Abstract 

Background Age‑related macular degeneration (AMD), characterized by the degeneration of retinal pigment 
epithelium (RPE) and photoreceptors, is the leading cause of irreversible vision impairment among the elderly. RPE 
senescence is an important contributor to AMD and has become a potential target for AMD therapy. HTRA1 is one of 
the most significant susceptibility genes in AMD, however, the correlation between HTRA1 and RPE senescence hasn’t 
been investigated in the pathogenesis of AMD.

Methods Western blotting and immunohistochemistry were used to detect HTRA1 expression in WT and transgenic 
mice overexpressing human HTRA1 (hHTRA1‑Tg mice). RT‑qPCR was used to detect the SASP in hHTRA1‑Tg mice 
and ARPE‑19 cells infected with HTRA1. TEM, SA‑β‑gal was used to detect the mitochondria and senescence in RPE. 
Retinal degeneration of mice was investigated by fundus photography, FFA, SD‑OCT and ERG. The RNA‑Seq dataset of 
ARPE‑19 cells treated with adv‑HTRA1 versus adv‑NC were analyzed. Mitochondrial respiration and glycolytic capac‑
ity in ARPE‑19 cells were measured using OCR and ECAR. Hypoxia of ARPE‑19 cells was detected using EF5 Hypoxia 
Detection Kit. KC7F2 was used to reduce the HIF1α expression both in vitro and in vivo.

Results In our study, we found that RPE senescence was facilitated in hHTRA1‑Tg mice. And hHTRA1‑Tg mice 
became more susceptible to  NaIO3 in the development of oxidative stress‑induced retinal degeneration. Similarly, 
overexpression of HTRA1 in ARPE‑19 cells accelerated cellular senescence. Our RNA‑seq revealed an overlap between 
HTRA1‑induced differentially expressed genes associated with aging and those involved in mitochondrial function 
and hypoxia response in ARPE‑19 cells. HTRA1 overexpression in ARPE‑19 cells impaired mitochondrial function and 
augmented glycolytic capacity. Importantly, upregulation of HTRA1 remarkably activated HIF‑1 signaling, shown 
as promoting HIF1α expression which mainly located in the nucleus. HIF1α translation inhibitor KC7F2 significantly 
prevented HTRA1‑induced cellular senescence in ARPE‑19 cells, as well as improved the visual function in hHTRA1‑Tg 
mice treated with  NaIO3.
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Conclusions Our study showed elevated HTRA1 contributes to the pathogenesis of AMD by promoting cellular 
senescence in RPE through damaging mitochondrial function and activating HIF‑1 signaling. It also pointed out that 
inhibition of HIF‑1 signaling might serve as a potential therapeutic strategy for AMD.

Keywords HTRA1, Hypoxia, HIF1α, Retinal pigment epithelium, Cell senescence, Age‑related macular degeneration

Background
Age-related macular degeneration (AMD), the leading 
cause of irreversible vision impairment in the elderly, is 
characterized by the degeneration of retinal pigment epi-
thelium (RPE) and photoreceptors [1, 2]. Age, environ-
mental factors and genetic predisposition can influence 
the risk of developing AMD [1]. Genome-wide associa-
tion study (GWAS) has identified more than 34 suscepti-
bility loci for AMD and variants in ARMS2/HTRA1 are a 
major genetic risk of AMD [3]. Thus, studying the under-
lying mechanisms of the main susceptibility genes in 
AMD will contribute to finding out potential therapies.
HtrA1, locus at 10q26 with ARMS2 in high linkage dis-

equilibrium, encoding a secretory protein belonging to 
the serine protease family [4, 5]. HtrA1 has been reported 
to be elevated in RPE cells, sub-RPE deposits (drusen), 
CNV lesions and aqueous humor of AMD patients 
[6–8]. Also, overexpressing human HTRA1 in the RPE 
of mice induces AMD-like phenotype [9]. In addition, 
FHTR2163, an anti-HtrA1 antibody, has been developed 
as a potential treatment for dry AMD in a Phase I study 
[10, 11]. Growing evidence shows that elevated HTRA1 
in RPE plays a vital role in the pathogenesis of AMD, but 
the underlying mechanism is still largely undefined.

RPE senescence plays a central role in the etiology of 
AMD [12, 13]. Transgenic mice with HTRA1 overex-
pressing exhibited AMD-like phenotype when they were 
old [14]. These findings suggested that the upregulation 
of HTRA1 expression might be closely related to cell 
aging or senescence. However, the relationship between 
HTRA1 and RPE senescence in retinal degeneration 
hasn’t been investigated.

Here, we elucidated that HTRA1 contributes to AMD 
by promoting RPE senescence through damaging mito-
chondrial function and activating HIF-1 signaling. These 
findings will enhance a better understanding of AMD 
pathogenesis, as well as provide potential therapeutic 
strategy for AMD.

Methods
Mice
All the animal procedures were approved by the Animal 
Ethical Committee at Zhongshan Ophthalmic Center, 
Sun Yat-sen University (Guangzhou, China), and all the 
uses of animals were performed in accordance with the 

Association for Research in Vision and Ophthalmol-
ogy (ARVO) statement. C57BL/6J wild-type (WT) mice 
and transgenic mice with human HTRA1 knock-in 
(hHTRA1-Tg mice) were obtained from GemPharmatech 
Co., Ltd. (Jiangsu, China). To generate hHTRA1-Tg mice, 
the CAG-hHTRA1 gene fragment was inserted into the 
H11 locus of C57BL/6J mice. gRNA and a homologous 
recombination vector were designed and constructed. 
Cas9, gRNA, and donor vector were injected into the fer-
tilized eggs of C57BL/6J mice at the same time. Primers 
used for genotyping are shown in Supplementary Table 1.

NaIO3 injection
C57BL/6J and hHTRA1-Tg mice aged 6 to 10 weeks were 
intraperitoneally injected with 20 mg/kg  NaIO3, and age-
matched mice injected with a similar volume of physi-
ological saline served as controls. Eyes were enucleated at 
10 days after the injection of 20 mg/kg  NaIO3.

KC7F2 injection
hHTRA1-Tg mice aged 6 to 10 weeks were intraperito-
neally injected with 10  mg/kg KC7F2 for 3 days before 
intraperitoneally injected with 20  mg/kg  NaIO3. After 
treated with 20  mg/kg  NaIO3, mice were intraperito-
neally injected with 10 mg/kg KC7F2 for 3 days.

Anesthesia for electroretinogram (ERG), fundus 
photography, fundus fluorescein angiography (FFA) 
and spectral‑domain optical coherence tomography 
(SD‑OCT)
For all in-vivo experiments, mice were anesthetized by 
intraperitoneal injection of 1% pentobarbital sodium at 
70 mg/kg body weight. Each animal was placed on a heat-
ing pad to recover.

Electroretinogram (ERG)
Retinal function was assessed using the Celeris sys-
tem (Diagnosys, Inc.) paired with the Espion software 
(Diagnosys, Inc.). Flash ERGs were performed at 4 
days after 20  mg/kg  NaIO3 injection and the proce-
dures were as previously described [15]. Animals were 
dark-adapted overnight, anesthetized under red light 
(660  nm), and placed on a heated (37  °C) platform to 
maintain body temperature. Eyes were dilated with 1% 
tropicamide, locally anesthetized with 0.5% proparacaine 
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hydrochloride (Alcaine), and hydrated with physiological 
saline. Ag/AgCl corneal stimulators were placed on either 
eye. Animals were subjected to a flash stimulus via the 
corneal stimulators. A total of 100 traces were recorded 
for each eye. The flash stimulus was presented at a fre-
quency of 1  Hz and an intensity of 0.05  cd·s/m2. Data 
acquisition was conducted at a frequency of 2000 Hz for 
a sweep duration of 10 ms pre stimulus to 300ms post 
stimulus. For the acquisition of c-waves, the eyes were 
flashed with light intensities of 150 cd·s/m2 for 100 ms.

Fundus photography, FFA and SD‑OCT
For all in-vivo imaging, mice were anesthetized as 
described above. Pupils have dilated with 1% tropi-
camide. Fundus examinations and FFA have been per-
formed with MICRON IV small animal retinal imaging 
microscope (Phoenix Research Laboratories). Mice were 
injected intraperitoneally with 2% fluorescein sodium 
0.12 mL/20  g immediately before imaging. FFA images 
were captured from 1 to 10 min every 30 s. SD-OCT was 
taken with an HRA-OCT device, Spectralis from Hei-
delberg Engineering (Heidelberg). FFA and OCT images 
were captured with a 30° angle of view.

Immunofluorescence
For frozen sections, enucleated eyeballs were fixed in 4% 
paraformaldehyde at 4  °C overnight and transferred to 
30% sucrose at 4  °C overnight, then embedded in trays 
filled with OCT and stored at − 80  °C until sectioning. 
Eyeballs were sectioned at 10 μm along the sagittal plane. 
Cryosections were permeabilized in 0.5% Triton X-100/
PBS for 10 min, blocked in 5% BSA in PBS for 1 h at room 
temperature, then incubated with rabbit polyclonal anti-
HTRA1 antibody (1:100, Proteintech, 55011-1-AP) over-
night at 4  °C. After rinsing, the sections were incubated 
with secondary antibodies donkey anti-Rabbit IgG Alexa 
Fluor 555 (1:500, Invitrogen, A31572) for 2  h at room 
temperature and counterstained with DAPI (1:3000, 
Sigma, D8417). Images were captured by a laser scanning 
confocal microscope (Carl Zeiss, LSM980).

Transmission electron microscopy (TEM)
Enucleated eyes were immediately fixed in 2.5% glutaral-
dehyde in 0.1 M sodium cacodylate buffer (pH 7.4) (Ser-
vicebio, G1102-100ML) and dissected into small pieces. 
TEM was performed as previously described [16].

Hematoxylin and eosin staining
For histology, mouse eyes were immersion-fixed over-
night in FAS fixative (Wuhan Servicebio technology CO., 
LTD, China) at room temperature and then dehydrated 
in an ethanol series. Samples were embedded in paraffin 
and sectioned at 5 μm for hematoxylin and eosin (H&E) 

staining and immunofluorescence. Paraffin sections were 
deparaffinized by dipping 5  min in xylene followed by 
rehydration in dipping 2 min in each of 100%, 95%, and 
80% ethanol. Slides were incubated in hematoxylin solu-
tion for 1 min, rinsed in water for 10 min, and then incu-
bated in eosin solution for 10  s. Slides were rinsed in 
water and dehydrated by dipping 2 min in 80%, 95%, and 
100% ethanol and 1 min in xylene for 2 times. Coverslips 
were placed on slides using neutral balsam. Slides were 
analyzed under a light microscope (Tissue FAXS Q+, Tis-
sue Gnostics, Austria).

Cell culture and adenovirus infection
ARPE-19 cells (GDC0323) were purchased from the 
China center for type culture collection (CCTCC). Myco-
plasma contamination test was performed before experi-
ments to ensure the cells were negative. ARPE-19 cells 
were cultured as previously described [17]. For adenovi-
rus infection, cells were infected with adenovirus carry-
ing human HTRA1 gene with C terminal fused Flag/His 
tag (adv-HTRA1) at a multiplicity of infection (m.o.i.) of 
20, null-control adenovirus (adv-NC) was used as a nega-
tive control. The incubation time varies from 24 to 48 h 
according to the needs of the experiments.

Isolation and culture of primary mouse RPE cells
The method of isolation and culture of primary mouse 
RPE cells was as previously described [18].

Western blot
Western blot was performed as previously described 
[19]. The following antibodies were used for west-
ern blotting: rabbit polyclonal anti-6×His tag antibody 
(1:1000, Abcam, ab9108), rabbit monoclonal RPE65 
antibody (1:1000, Abcam, ab231782), rabbit polyclonal 
anti-HTRA1 antibody (1:1000, Proteintech, 55011-1-
AP), rabbit monoclonal anti-HIF1α antibody (1:1000, 
CST, #36,169), rabbit polyclonal anti-GAPDH antibody 
(1:1000, Abclonal, AC001), mouse polyclonal β-actin 
antibody (1:1000, Abclonal, AC004), Histone-H3 anti-
body (1:1000, Proteintech, 17168-1-AP) and secondary 
antibodies: horseradish peroxidase linked anti-rabbit/
mouse IgG (1:5000, CST, #7074/7076). Blots were vis-
ualized using secondary antibodies conjugated with 
horseradish peroxidase by Chemiluminescence Imaging 
System (UVITEC).

RNA‑seq analysis
RNA sequencing and analysis were performed by Berry 
Genomics Corporation. RNA was extracted from ARPE-
19 cells treated with adv-NC or adv-HTRA1 for 24  h. 
Triplicate samples in each group were prepared and 
sequenced as previously described [19]. Raw data were 



Page 4 of 17Xu et al. Cell Communication and Signaling          (2023) 21:134 

processed and the clean data were aligned to the human 
reference genome using TopHat v2.0.12. The reads num-
bers mapped to each gene were counted using HTSeq 
v0.6.1. DESeq R package (1.18.0) was used to analyze dif-
ferentially expressed genes and genes with an adjusted 
p-value < 0.05 found by DESeq were assigned as differen-
tially expressed. Gene Ontology (GO) enrichment analy-
sis of differentially expressed genes was implemented 
by the GOseq R package and GO terms with corrected 
p-value less than 0.05 were considered significantly 
enriched by differential expressed genes. The statisti-
cal enrichment of differential expression genes in KEGG 
pathways was tested using KOBAS software.

Bioenergetics analysis with seahorse
Seahorse Bioscience XFe24 analyzer (Agilent) was used 
for the measurement of oxygen consumption rate (OCR) 
and extracellular acidification rate (ECAR). ARPE-19 
cells (20,000 cells/well) were seeded in XF24 culture 
microplates for 18 h and then treated with 0µM or 10µM 
KC7F2 for 72 h, the last 24 h were treated with adv-NC 
or adv-HTRA1 together. OCR was measured with Cell 
Mito Stress Test kit under basal conditions followed 
by the sequential addition of 2.5 µM oligomycin, 2 µM 
FCCP and 0.9 µM rotenone & antimycin A. ECAR was 
measured with the Glycolysis Stress Test kit under basal 
conditions followed by the sequential addition of 10 mM 
glucose, 2 µM oligomycin, and 50 mM 2-DG. The OCR 
and ECAR were calculated by the Seahorse XFe24 Wave 
software.

Hypoxia detection assay
EF5 Hypoxia Detection Kit, Cyanine 3 (Sigma-Aldrich, 
#EF5-30C3) was used to detect ARPE-19 cells’ hypoxia. 
After treated with adv-NC/adv-HTRA1 or 1%  O2 for 
24  h, 150  µl of 10mM EF5 was added to each well and 
placed into the incubator for 15 to 30  min. Cells were 
fixed with 4%PFA for 15  min at room temperature and 
washed 3 times with ttPBS. 200 µl blocking solution was 
added to each well and blocked at 37 ° C for 1  h. After 
washing 3 times with ttPBS, cells were incubated with 
150 µl 75 µg/mL EF5 antibody (ELK3-51 Cyanine 3 con-
jugate) for 4–6 h at 4 ° C and protected from light. DAPI 
(1:3000, Invitrogen) was used for nuclear counterstain-
ing. Images were captured by a laser scanning confocal 
microscope (Carl Zeiss, LSM980).

Immunofluorescence microscopy
Cells seeded on glass coverslips (Thermo Fisher) were 
fixed with 4% paraformaldehyde for 30 min at room tem-
perature, washed with PBS three times, permeabilized 
with 0.25% Triton-100 for 10  min, blocked in 5% BSA 
for one hour at 37  °C and then incubated with primary 

antibodies diluted in 3% BSA at 4  °C overnight. After 
being rinsed with PBS three times, the cells were incu-
bated with secondary antibodies diluted in 3% BSA for 
one hour at room temperature. The following antibod-
ies were used for immunofluorescence: rabbit monoclo-
nal anti-HIF1α antibody (1:300, CST, #36,169), rabbit 
phospho-histone H2A.X (Ser139) antibody (1:300, CST, 
#2577) and the secondary antibody goat anti-rabbit 
Alexa555 IgG (1:500, Invitrogen), DAPI (Invitrogen) was 
used for nuclear counterstaining. Images were captured 
by a laser scanning confocal microscope (Carl Zeiss, 
LSM980).

Intracellular reactive oxygen species (ROS) generation 
measurement
ARPE-19 cells were treated with adv-NC or adv-HTRA1 
for 24–48  h, DCFH-DA detection kit (Beyotime) was 
used to determine ROS generation. Experiments were 
done according to the manufacturer’s instruction, the 
DCFH-DA fluorescence data were measured using flow 
cytometry.

Quantitative real‑time RT‑PCR (RT‑qPCR)
TRIzol Reagent (Thermo Fisher) was used to extract the 
total RNA and ReverTra Ace qPCR RT kit (TOYOBO, 
FSQ-301) was applied to the reverse transcription. RT-
qPCR was performed with the LightCycler® 96 Real-
Time PCR System (Roche) and the primers used are 
shown in Supplementary Table 2.

Cytoplasmic and nuclear protein extraction
Nuclear and Cytoplasmic Protein Extraction Kit (Beyo-
time, P0027) was used for cytoplasmic and nuclear 
protein extraction. ARPE-19 cells were seeded 6-well 
plates and treated with adv-NC or adv-HTRA1 for 24 h. 
Experiments were done according to the manufacturer’s 
instructions.

Senescence‑associated‑β‑galactosidase (SA‑β‑gal)
For ARPE-19 cells treated without KC7F2, ARPE-19 cells 
were seeded 24-well plates and treated with adv-NC or 
adv-HTRA1 for 24–48 h. For ARPE-19 cells treated with 
KC7F2, ARPE-19 cells were seeded 12-well plates and 
treated with KC7F2 0µM or 10µM for 72 h and the last 
24 h were treated with adv-HTRA1 or adv-NC together. 
A senescence β-Galactosidase staining kit (CST) was 
used to detect β-galactosidase activity. Experiments 
were done according to the manufacturer’s instructions. 
Check the cells under a microscope for the development 
of blue color and 5–10 fields were selected for positive 
staining cell counting for each group. For frozen sections, 
experiments were done according to the manufacturer’s 
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instructions. Images were captured by Tissue FAXS (Tis-
sueGnostics, Austria).

Statistical analysis
Data were expressed as mean ± SEM. Student’s t-test 
and one-way ANOVA were used to evaluate differences 
between groups. The Chi-square test was used to evalu-
ate the proportion of retinal degeneration in hHTRA1-
Tg and WT mice induced by 20  mg/kg  NaIO3. A value 
of P < 0.05 was considered to be statistically significant. 
ns, no significance; *, P < 0.05; **, P < 0.01; ***, P < 0.001; 
****, P < 0.0001. Statistical analysis was performed using 
GraphPad Prism 6 (GraphPad Software). ImageJ software 
was used to quantify the expression of the protein.

Results
HTRA1 overexpression accelerated the senescence 
of retinal pigment epithelium in mice
To explore whether elevated HTRA1 affects RPE senes-
cence, we generated a transgenic mouse with human 
HTRA1 knock-in (hHTRA1-Tg) (Fig. 1A, S1). The immu-
nofluorescence results showed HTRA1 was expressed in 
the RPE of WT and hHTRA1-Tg mice (Fig. 1B-C). Com-
pared with age-matched wild-type mice, human HTRA1 
with C-terminal his tag was found overexpressed in ret-
ina and RPE-choroid of hHTRA1-Tg mice, as detected 
by the anti-6×his tag antibody and anti-HTRA1 anti-
body (Fig.  1D-E, S2). We tested the mRNA expression 
of p16 and Il-1b in RPE-choroid of 6 to 8-week-old WT 
and hHTRA1-Tg mice and found the expression were 
increased (Fig.  1F). And in 12-month-old mice, normal 
mitochondria (Fig.  1G, arrowheads) were found in the 
RPE of WT mice, while vacuolated changes in mitochon-
dria (Fig. 1G, asterisks, Fig. 1H) were detected in the RPE 
of hHTRA1-Tg mice, as well as enhanced senescence-
associated-β-galactosidase (SA-β-gal), a known charac-
teristic of senescent cells (Fig. 1I). These results showed 
that the overexpression of HTRA1 could induce RPE 
senescence in mice.

The hHTRA1‑Tg mice became more susceptible to  NaIO3in 
the development of retinal degeneration
There was little obvious retinal degeneration observed 
by ERG, fundus photography, FFA and SD-OCT in 
both wild-type and hHTRA1-Tg mice at 6–10 weeks 
(Fig. S3). Hematoxylin and eosin staining (H&E stain-
ing) of 8-week and 12-month-old hHTRA1-Tg mice 
didn’t show any structure changes compared with age-
matched WT mice (Fig. S4). Sodium iodate  (NaIO3, SI) 
is an oxidative toxic agent that has been widely used 
to build a reproducible model of dry AMD [20, 21]. 
We firstly treated the mice with 10  mg/kg  NaIO3, a 
low dose that has been reported not cause any mor-
phological or functional changes in mouse retina. 
Compared with control mice intraperitoneal injected 
with physiological saline, little obvious changes were 
found in the fundus images, FFA and OCT results of 
WT and hHTRA1-Tg mice in 1 month (Fig. S5, A). 
We then treated the mice with 35  mg/kg  NaIO3, a 
high dose that has been reported causing severe reti-
nal degeneration in a week. We observed severe retinal 
abnormalities in all WT and hHTRA1-Tg mice after 
intraperitoneal injection of 35 mg/kg  NaIO3 on day 7, 
including significant pigmentary changes of the RPE 
layer found in fundus image and enhanced background 
fluorescence in FFA. OCT showed RPE atrophy asso-
ciated with subretinal deposition and retinal thinning 
mainly caused by loss of outer nuclear layer (ONL) 
and photoreceptors, while control mice showed no 
effect on the retina (Fig. S5, B). We tested the expres-
sion of HTRA1 in retina and RPE-choroid of WT mice 
treated with 10 mg/kg or 35 mg/kg SI and found that 
HTRA1 in retina did not response to the stress (Fig. 
S6 A-B), but RPE-choroid did (Fig. S6 C-D). HTRA1 
was upregulated in the 10  mg/kg SI treatment group 
and decreased in the 35 mg/kg SI management group 
in RPE-choroid (Fig. S6 C-D). Then we treated mice 
with 20  mg/kg SI. 10 days after intraperitoneal injec-
tion of 20  mg/kg  NaIO3, some WT and hHTRA1-Tg 
mice were detected with retinal degeneration through 
fundus photography, FFA and OCT while some did 
not (Fig.  2A). Interestingly, the proportion of retinal 
degeneration in hHTRA1-Tg mice induced by 20  mg/

Fig. 1 HTRA1 overexpression aggravated RPE senescence in mice. A The strategy for creating transgenic mice with human HTRA1 knock‑in 
(hHTRA1‑Tg). B Immunofluorescent analysis of retinal HTRA1 expression in 6‑ to 8‑week‑old WT and hHTRA1‑Tg mice (the scale bar is 20 μm) (n = 3). 
ONL, outer nuclear layer; IS, photoreceptor inner segment; OS, photoreceptor outer segment; RPE, retinal pigment epithelium. C Statistical analysis 
of relative fluorescence intensity in B. D Western blot analysis of HTRA1 and RPE65 expression in RPE‑choroid of 6‑ to 8‑week‑old WT and hHTRA1‑Tg 
mice. E Statistical analysis of the relative expression of HTRA1 and RPE65 in each group of D. F RT‑qPCR analysis of p16 and Il‑1β expression in 
RPE‑choroid of 6‑ to 8‑week‑old WT and hHTRA1‑Tg mice. G TEM images of mitochondria in RPE (the scale bar is 500 nm, n = 3). Arrowheads 
indicated normal mitochondria and asterisks indicated vacuolated changes in mitochondria. H Statistical analysis of mitochondrial vacuolization 
in RPE. I Retinal SA‑β‑gal staining in 12‑month‑old WT and hHTRA1‑Tg mice (the scale bar is 50 μm, n = 3). RGC, retinal ganglion cell; IPL, inner 
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, photoreceptor inner segment; OS, photoreceptor 
outer segment; RPE, retinal pigment epithelium

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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Fig. 2 hHTRA1‑Tg mice became more susceptible to  NaIO3in the development of retinal degeneration. A Representative fundus image, FFA and 
OCT of WT and hHTRA1‑Tg mice with an intraperitoneal injection of 20 mg/kg  NaIO3 or similar volume of physiological saline. The left set showed 
the mice without obvious retinal degeneration and the right showed the mice with retinal degeneration. B The histogram showed the number 
of WT and hHTRA1‑Tg mice with or without retinal degeneration after being treated with 20 mg/kg  NaIO3 (82 WT mice was detected, 27 out of 
31 female mice and 21 out of 51 male mice showed retinal degeneration. 61 Tg mice was detected, 25 out of 30 female mice and 25 out of 31 
male mice showed retinal degeneration). C Statistical analysis of the whole retinal thickness. D Representative a‑wave and b‑wave ERG traces of 
6‑ to 10‑week‑old hHTRA1‑Tg (n = 10) and WT mice (n = 22) on the fourth day after intraperitoneal injection of 20 mg/kg  NaIO3. Flash intensity was 
0.05 cd·s/m2. E Statistical analysis of a‑wave amplitudes for WT and hHTRA1‑Tg mice (P = 0.038). F Statistical analysis of b‑wave amplitudes for WT 
and hHTRA1‑Tg mice (P = 0.001). G Representative c‑wave ERG traces of 6‑ to 10‑week‑old hHTRA1‑Tg (n = 9) and WT mice (n = 8) on the fourth 
day after intraperitoneal injection of 20 mg/kg  NaIO3. H Statistical analysis of c‑wave amplitudes for WT and hHTRA1‑Tg mice (P = 0.003). I Western 
blot analysis of RPE65 expression in RPE‑choroid of WT and hHTRA1‑Tg mice. J Western blot analysis of RPE65 expression in RPE‑choroid of WT and 
hHTRA1‑Tg mice treated with 20 mg/kg  NaIO3. K. Statistical analysis of the relative expression of RPE65 in each group of I, J
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kg  NaIO3 was higher than that of WT mice (Fig.  2B). 
The whole retinal thickness was reduced in hHTRA1-
Tg mice compared to WT mice (Fig. 2C). And 4 days 
after intraperitoneal injection of 20 mg/kg  NaIO3, the 
a-wave and b-wave of scotopic flash ERG were reduced 
in hHTRA1-Tg mice compared to WT mice (Fig. 2D-
F), which indicated the impairment of photorecep-
tors and bipolar cells were more severe in hHTRA1-Tg 
mice. The c-wave of ERG was also decreased (Fig. 2G, 
H), which indicate the RPE damage was more severe in 
hHTRA1-Tg mice. To further explore the RPE degen-
eration induced by 20  mg/kg  NaIO3, we detected the 
expression of RPE65 in RPE-choroid, a key enzyme in 
the vertebrate visual cycle primarily expressed in RPE. 
There was no significant difference between WT and 
hHTRA1-Tg mice without  NaIO3 treatment (Fig.  2I, 
K). However, when treated with 20  mg/kg  NaIO3, the 

expression of PRE65 in RPE-choroid was significantly 
decreased in hHTRA1-Tg mice (Fig.  2J, K). These 
results indicated that HTRA1 overexpression aggra-
vated  NaIO3-induced retinal degeneration.

HTRA1 overexpression aggravated the cellular senescence 
of ARPE‑19 cells
Then we examined the effect of elevated HTRA1 on the 
cellular senescence of ARPE-19 cells. We overexpressed 
HTRA1 with C-terminal his tag in ARPE-19 cells by adv-
HTRA1. Detected by the anti-6×his tag antibody and 
HTRA1 antibody, HTRA1 was found overexpressed in 
ARPE-19 cells after being treated with adv-HTRA1 for 
24 h (Fig. 3A). Upregulation of IL-6, IL-1β and p21, which 
involved in senescence-associated secretory phenotype 
(SASP), were found in ARPE-19 cells overexpressing 
HTRA1 (Fig. 3B). And a substantial increase in γH2A.X 

Fig. 3 HTRA1 overexpression aggravated cellular senescence of ARPE‑19 cells. A Western blot analysis of HTRA1 overexpression in ARPE‑19 cells 
treated with adv‑NC or adv‑HTRA1 for 24 h. B RT‑qPCR analysis of IL‑1β, IL‑6 and p21 expression in ARPE‑19 cells treated with adv‑NC or adv‑HTRA1 
for 24 h. C Immunofluorescent analysis of DNA damage by detecting the expression of γH2A.X in ARPE‑19 cells treated with adv‑NC or adv‑HTRA1 
for 24 h (the scale bar is 20 μm, n = 3). D Flow cytometry detection of ROS in ARPE‑19 cells treated with adv‑NC or adv‑HTRA1 for 24 or 48 h. 
E SA‑β‑gal staining of ARPE‑19 cells treated with adv‑NC or adv‑HTRA1 for 24 or 48 h (the scale bar is 50 μm). F Statistical analysis of the positive 
staining cells in each group in E
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foci formation (biomarker for DNA double-strand break) 
in the nucleus was observed in ARPE-19 cells treated 
with adv-HTRA1 (Fig.  3C). We isolated and cultured 
the primary mouse RPE cells from WT mice and treated 
with adv-HTRA1 for 48  h. We found that γH2A.X foci 
were also increased in primary mouse RPE cells (Fig. S7). 
In addition, intracellular reactive oxygen species (ROS) 
level increased after 24 or 48 h treatment of adv-HTRA1 
(Fig.  3D). We’ve also detected the mitochondrial ROS 
production using MitoSOX but it did not increase signifi-
cantly (Fig. S8). Finally, we detected the accumulation of 
SA-β-gal in ARPE-19 cells treated with adv-NC or adv-
HTRA1. Compared with the control group treated with 
adv-NC, the percentage of positive staining cells in the 
adv-HTRA1 treated group was significantly increased 
after 24 and 48 h, respectively (Fig. 3E-F). These results 
above demonstrated that overexpressed HTRA1 acceler-
ated the senescence of retinal pigment epithelium.

Elevated HTRA1 in ARPE‑19 cells profoundly affected 
mitochondrial function and hypoxia‑related signaling 
pathways
To explore the candidate signaling pathways involved in 
cellular senescence aggravated by elevated HTRA1 in RPE 
cells, we performed RNA-seq analysis on ARPE-19 cells 
infected with adv-HTRA1 or adv-NC for 24 h. Compared 
with control groups, 2810 differentially expressed genes 
(log2 |fold change|> 1, log10 adjusted p-values < 0.05) 
were identified in ARPE-19 cells overexpressing HTRA1. 
1053 genes were significantly up-regulated and the other 
1757 genes were significantly down-regulated (Fig.  4A). 
We performed the KEGG pathways analysis of up-regu-
lated genes and ranked the enriched pathways according 
to gene ratio. We noticed that the HIF-1 signaling path-
way, which is critical in the cellular response to hypoxia, 
was involved in the enriched pathways. Besides, the 
MAPK signaling pathway and PI3K-Akt signaling path-
way, which play important roles in the regulation of 
HIF1α, were included in the KEGG pathways (Fig.  4B). 
We next performed GO enrichment analysis of up-reg-
ulated genes involved in biological process and cellular 
component (Fig.  4C-D). Cellular response to hypoxia 
was among the main biological process terms. Response 
to ischemia and response to starvation, which are closely 

associated with hypoxia, were also in the main biologi-
cal process terms (Fig. 4C). Mitochondrial nucleoid rank 
fourth in the cellular component terms. Mitochondrial 
matrix, mitochondrial part and mitochondrion were 
involved in the main cellular component terms (Fig. 4D). 
We checked 2810 significantly differentially expressed 
genes annotated by GO terms and found 53 aging-related 
genes, 116 genes involved in mitochondrial function and 
72 genes in response to hypoxia (Fig.  4E-G). There was 
an overlap between the three groups of altered genes 
(Fig. 4H). Finally, we randomly tested some differentially 
expressed genes (IL-1β, SOD2, MMP2 and SESN2) from 
RNA-seq results through RT-qPCR and confirmed that 
the results were verifiable (Fig.  4I). These results sug-
gested that HTRA1 may regulate cellular senescence by 
affecting mitochondrial function and hypoxia signaling 
pathways in ARPE-19 cells.

Elevated HTRA1 impaired mitochondrial respiration 
and promoted glycolysis in ARPE‑19 cells
Mitochondrial dysfunction is a hallmark of cellular senes-
cence which contributes to the senescence growth arrest, 
SASP development and resistance to cell death [22, 23]. 
The RNA-seq data showed that elevated HTRA1 affected 
mitochondrial function, we then measured the oxygen 
consumption rate (OCR) and extracellular acidification 
rate (ECAR) in APRE-19 cells. Both OCR and ECAR 
measurements were taken in real-time in ARPE-19 cells 
treated with adv-NC or adv-HTRA1 for 24 h (Fig. 5A-B). 
For OCR measurements, ARPE-19 cells treated with adv-
HTRA1 showed significantly reduced maximal respira-
tion (Fig. 5D) and spare respiratory capacity (Fig. 5F), but 
basal respiration (Fig. 5C) and ATP production (Fig. 5E) 
did not change. These results revealed that elevated 
HTRA1 impairs the mitochondrial respiration of ARPE-
19 cells. For ECAR measurements, ARPE-19 cells treated 
with adv-HTRA1 showed significant increased glycolysis 
(Fig. 5H) and glycolytic capacity (Fig. 5I), but non-glyco-
lytic acidification (Fig. 5G) did not change and glycolytic 
reserve (Fig. 5J) was reduced. These results indicated that 
elevated HTRA1 promote the process of converting glu-
cose to pyruvate when sufficient glucose was provided 
and promoted the capability to use glycolysis to respond 

(See figure on next page.)
Fig. 4 HTRA1 overexpression profoundly affected mitochondrial function and hypoxia‑related signaling pathways in ARPE‑19 cells. A Volcano 
plot representation of differentially expressed genes (DEGs) (log2 |fold change|> 1, log10 adjusted p‑values < 0.05) in ARPE‑19 cells treated 
with adv‑HTRA1 versus adv‑NC. B Bubble chart of KEGG pathway enrichment for up‑regulated genes. C‑D Bubble chart of GO enrichment for 
up‑regulated genes, the distributions are summarized in two categories: biological process C and cellular component D. The color of the bubble 
means the significance of the corresponding pathway and the size of the bubble means the number of DEGs in this pathway. E‑G Heatmap of 53 
altered aging‑related genes, 116 altered genes involved in mitochondrial function and 72 altered genes in response to hypoxia. H Venn diagram 
of the differentially expressed genes (DEGs) involved in aging (red), mitochondrial function (green) and response to hypoxia (blue), respectively. I 
RT‑qPCR analysis of 4 differentially expressed genes (SOD2, MMP2, IL‑1β and SESN2) from RNA‑seq data
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Fig. 4 (See legend on previous page.)
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to an energetic demand when oxidative phosphorylation 
is impeded in ARPE-19 cells.

The RNA-seq data showed HIF-1 signaling pathway 
was enriched. To explore whether inhibiting HIF1α 
could reverse the HTRA1-induced mitochondrial res-
piration impairment and reduce glycolysis, we used 
KC7F2, a HIF1α translation inhibitor, to treat ARPE-
19 cells for 72  h and measured the OCR and ECAR 
(Fig.  5A-B). We found that KC7F2 could improve the 

maximal respiration (Fig.  5D) and spare respiratory 
capacity (Fig.  5F), and also reduce glycolysis (Fig.  5H) 
and glycolytic capacity (Fig. 5I) in ARPE-19 cells treated 
with adv-HTRA1. Taken together, these results showed 
that elevated HTRA1 impaired mitochondrial respira-
tion and promoted glycolytic in ARPE-19 cells through 
HIF-1 signaling. And inhibiting HIF1α could reverse the 
HTRA1-induced mitochondrial respiration impairment 
and reduce glycolysis.

Fig. 5 HTRA1 overexpression triggered the transition of cellular energy metabolism from oxidative phosphorylation to glycolysis in ARPE‑19 cells. 
A Measurement of oxygen consumption rate (OCR) in ARPE‑19 cells infected with adv‑NC, adv‑HTRA1, adv‑NC + 10 µM KC7F2 or adv‑HTRA1 + 10 
µM KC7F2 respectively. Dotted lines indicated the time points of adding oligomycin, carbonyl cyanite‑4 (trifluoromethoxy) phenylhydrazone 
(FCCP), and Rotenone/Antimycin A. C‑F Statistical analysis of basal respiration (C), maximal respiration (D), ATP production (E) and spare respiratory 
capacity (F). B Measurement of extracellular acidification rate (ECAR) in ARPE‑19 cells infected with adv‑NC, adv‑HTRA1, adv‑NC + 10 µM KC7F2 or 
adv‑HTRA1 + 10 µM KC7F2 respectively. Dotted lines indicated the time points of adding glucose, oligomycin and 2‑DG. G‑J Statistical analysis of 
non‑glycolytic acidification (G), glycolysis (H), glycolytic capacity (I) and glycolytic reserve (J)
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HTRA1 overexpression induced cellular hypoxia 
and activated the HIF‑1 signaling pathway in ARPE‑19 cells
Hypoxia is a potent stressor to cause mitochondrial 
dysfunction with insufficient energy production and 
increased ROS [24]. And RNA-seq results showed 
that elevated HTRA1 activated hypoxia-related signal-
ing pathways. We then detected the hypoxia in ARPE-
19 cells with HTRA1 overexpression through EF5, a 
2-nitroimidazole-based probe that selectively binds 
hypoxic cells. The immunofluorescent results showed 
that overexpression of HTRA1 induced hypoxia in 
ARPE-19 cells as 1%  O2 did (Fig.  6A). And the HIF1α 
expression was upregulated in the nucleus in ARPE-19 
cells with HTRA1 overexpressing (Fig. 6B). We’ve also 
detected the HIF1α expression in primary mouse RPE 
cells and found the same trend as in ARPE-19 cells (Fig. 
S9). We further compared the expression of HIF1α by 
western blot, and found HIF1α at nearly 130  kDa was 
significantly increased when HTRA1 was overexpressed 
(Fig. 6C-E). And after extracting the nuclear protein for 
ARPE-19 cells, we found that HIF1α mainly expressed 
in the nucleus (Fig.  6F-I). These findings showed that 
HTRA1 overexpression induced cellular hypoxia and 
activated the HIF-1 signaling pathway in ARPE-19 cells.

Cellular senescence induced by HTRA1 overexpression 
could be halted by the HIF‑1α translation inhibitor KC7F2
The RNA-seq revealed an overlap between HTRA1-
induced differentially expressed genes associated with 
aging and those involved in mitochondrial function and 
hypoxia response in ARPE-19 cells. To clarify the rela-
tionship between HTRA1-induced cellular senescence 
and cellular hypoxia, we treated the ARPE-19 cells with 
KC7F2, a HIF1α translation inhibitor, in the presence 
of HTRA1 overexpression. The upregulation of HIF1α 
induced by overexpressed HTRA1 can be repressed by 
KC7F2 (Fig.  7A-B), as well as the cellular senescence 
(Fig. 7C-D).

HIF1α translation inhibitor KC7F2 could improve the retinal 
degeneration induced by  NaIO3in hHTRA1‑Tg mice
According to the results in ARPE-19 cells that KC7F2 could 
reduce the HIF1α expression induced by HTRA1 and halt 
the cellular senescence, we explored whether KC7F2 could 
improve retinal degeneration induced by  NaIO3in-vivo. 
After treated with KC7F2 and 4 days after intraperito-
neal injection of 20 mg/kg  NaIO3, the a-wave, b-wave and 
c-wave of scotopic flash ERG were improved in hHTRA1-
Tg mice compared to hHTRA1-Tg mice only treated with 
 NaIO3 (Fig.  8A-E), which indicated that KC7F2 could 
improve the visual function and alleviate RPE damage in 

hHTRA1-Tg mice treated with 20  mg/kg  NaIO3. We’ve 
also detected retinal senescence in this condition and found 
KC7F2 could partially inhibit the RPE senescence induced 
by  NaIO3 (Fig. 8F).

Discussion
As a complex disease, AMD is a result of the interplay of 
aging, environmental factors and genetic factors [25, 26]. 
HTRA1 is one of the most significant susceptibility genes 
in AMD [3]. Oxidative stress, which is increasing with age, 
is one of the major environmental risk factors for developing 
AMD [27–29]. In our study, oxidative stress-induced degen-
eration in mice retina and RPE using sodium iodate  (NaIO3) 
was applied to resemble dry AMD [20, 21]. Compared to 
WT mice, more severe retinal degeneration was observed 
in hHTRA1-Tg transgenic mice with treatment of  NaIO3, 
which showed that the hHTRA1-Tg mice were more suscep-
tible to  NaIO3 in the development of retinal degeneration.

RPE senescence plays a key role in pathogenesis of AMD 
[12, 13]. Both cellular senescence and mitochondrial dys-
function are classical hallmarks of the aging process [30]. It 
has been reported that oxidative stress promoted HTRA1 
expression and accelerated ARPE-19 cell senescence [31]. 
Also, decreased cell senescence has been observed in the 
HTRA1-deficient cells [32, 33]. In our study, we proved that 
HTRA1 overexpression caused mitochondrial dysfunction 
and aggravated cellular senescence of RPE both in  vitro 
and in vivo. Increased p16 and Il-1β in the RPE-choroid of 
hHTRA1-Tg mice ages 6 to 10 weeks, vacuolated changes 
in mitochondria as well as enhanced SA-β-gal staining of 
RPE in hHTRA1-Tg mice ages 12 months were observed. 
Impaired mitochondrial respiration and promoted glyco-
lysis, increased ROS level and DNA damage, upregulated 
genes involved in SASP (p21, IL-6 and IL-1β), and SA-β-gal 
accumulation were detected in ARPE-19 cells with HTRA1 
overexpressing. Thus, our study showed that elevated 
HTRA1 could significantly facilitate RPE senescence.

Growing evidence shows that hypoxia has been impli-
cated in the development and progression of AMD [34–36]. 
Hypoxia could modulate senescence in a variety of ways, 
including impairing mitochondrial function, upregulating oxi-
dative stress, causing DNA damage, inducing cell cycle arrest, 
and triggering inflammatory response [37]. Our study dem-
onstrated that elevated HTRA1 could induce hypoxia in RPE 
cells. We identified HIF-1 signaling pathway was activated by 
upregulated HTRA1 in ARPE-19 cells by RNA-seq. We also 
found that HTRA1 overexpression promoted ARPE-19 cells’ 
hypoxia, triggered HIF1α expression which mainly located 
in the nucleus. Thus, HTRA1 was identified as a regulator in 
promoting cellular hypoxia and HIF-1 signaling.

The elimination of senescent cells is a potential 
novel therapeutic approach for the treatment of AMD 
[38–40]. We found cell senescence and impaired 
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Fig. 6 HTRA1 induced hypoxia in ARPE‑19 cells. A Immunofluorescent analysis of EF5 expression in ARPE‑19 cells treated with adv‑NC or 
adv‑HTRA1 for 24 h. Cells treated with 1%  O2 for 24 h were used as a positive control (n = 3). B Immunofluorescent analysis of HIF1α expression in 
ARPE‑19 cells treated with adv‑NC or adv‑HTRA1 for 24 h. Cells treated with 1%  O2 for 24 h were used as a positive control (n = 3). C Western blot 
analysis of HTRA1 and HIF1α expression in ARPE‑19 cells treated with adv‑NC or adv‑HTRA1 for 24 h. Cells treated with 1%  O2 for 24 h were used as 
a positive control. D Statistical analysis of the relative expression of HTRA1. E Statistical analysis of the relative expression of HIF1α. F Western blot 
analysis of HIF1α expression of cytoplasmic protein extracted from ARPE‑19 cells treated with adv‑NC or adv‑HTRA1 for 24 h. G Statistical analysis of 
the relative expression of HIF1α in cytoplasm. H Western blot analysis of HIF1α expression of nuclear protein extracted from ARPE‑19 cells treated 
with adv‑NC or adv‑HTRA1 for 24 h. I Statistical analysis of the relative expression of HIF1α in nucleus
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mitochondrial respiration induced by elevated HTRA1 
can be halted by HIF1α inhibitor KC7F2, suggesting 
that HTRA1 regulated cell senescence through HIF1α 
mediated signaling pathway. Importantly, KC7F2 could 
improve the visual function in hHTRA1-Tg mice treated 
with  NaIO3. Therefore, these results indicated that 
inhibiting HIF-1 signaling might be a potential treat-
ment for AMD.

There are some limitations in our study. Both hHTRA1 
and mHTRA1 were expressed in retina and RPE in 
hHTRA1-Tg mice. As RPE and photoreceptor are affected 
cells in mice treated with  NaIO3, it would be more appro-
priated to use RPE-specific or rod-specific HTRA1-Tg 
mouse to detect the primary site affected in our future 
study. Also, HTRA1 induced RPE senescence under oxi-
dative stress. Age is one of the most important factors in 

AMD, though oxidative stress was increased with aging, 
more studies were required to explore the direct correla-
tion between HTRA1 and age-related senescence in elderly 
mice model.

Taken together, our findings pointed out that 
HTRA1 plays an essential role in RPE senescence. 
Upregulation of HTRA1 could significantly enhance 
hypoxia, then impair mitochondrial respiration and 
promote ROS production, and subsequently activate 
HIF-1 signaling, which lead to accelerated RPE senes-
cence. Elevated HTRA1 has been found not only in 
AMD, but also in age-related frailty and Alzheimer’s 
disease, two age-related diseases [41, 42]. Our find-
ings will provide new insights for developing potential 
therapeutic strategies for AMD and other age-related 
diseases.

Fig. 7 HIF1α translation inhibitor KC7F2 could halt HTRA1‑enhanced cellular senescence. A Western blot analysis of HIF1α expression in ARPE‑19 
cells treated with adv‑NC or adv‑HTRA1 in the presence of HIF1α inhibitor KC7F2. B Statistical analysis of the relative expression of HIF1α. C SA‑β‑gal 
staining of ARPE‑19 cells treated with adv‑NC or adv‑HTRA1 in the presence of HIF1α inhibitor KC7F2 (the scale bar is 50 μm, n = 3). D Statistical 
analysis of the positive staining cells in each group of C
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Conclusions
Our study demonstrated that HTRA1 could activate 
HIF-1 signaling and promote RPE senescence in retinal 
degeneration. Inhibition of HIF-1 signaling could par-
tially prevent RPE senescence and restore visual function 
in hHTRA1-Tg mice treated with  NaIO3. Our study will 
lead to a better understanding of AMD pathogenesis and 
provide potential treatment for AMD.
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