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PURPOSE. The purpose of this study was to investigate the activated core kinases involved
in the DNA damage responses (DDR) during ferroptosis of retinal pigment epithelial
(RPE) cells in vitro and their regulatory effects on ferroptosis.

METHODS. Ferroptosis was induced by erastin in induced RPE (iRPE) cells derived from
human umbilical cord mesenchymal stem cells (hUCMSCs), hUCMSCs, and induced
pluripotent stem cell-derived RPE (iPSC-RPE) cells. CCK8 was employed to measure
the cell viability. Calcein/PI staining was used to detect the ferroptotic cells. The
γ -H2AX, 8-oxoG, and phosphorylated DNA-dependent protein kinase catalytic subunit
(DNA-PKcs) were determined through immunostaining. The phosphorylation of DNA-
PKcs and ERK1/2 was determined by Western blotting. Lipid peroxides were detected by
BODIPY581/591-C11 staining.

RESULTS. The iRPE cells exhibited a stronger ability to resist ferroptosis compared to
hUCMSCs. Ferroptosis induced DNA damage in cells, and DNA-PKcs was rapidly phos-
phorylated in iRPE cells on the treatment of erastin. In addition, inhibition of DNA-PKcs
phosphorylation promoted ferroptosis in iRPE cells, suggesting that DNA-PKcs prevents
ferroptosis. Meanwhile, DNA-PKcs inhibited ERK1/2 phosphorylation only at the early
stage of ferroptosis induction, whereas ERK1/2 phosphorylation played a protective role
in iRPE cells. Furthermore, erastin inducing DNA-PKcs phosphorylation and inhibition
of its phosphorylation promoting ferroptosis were also verified in iPSC-RPE cells.

CONCLUSIONS. The present study elucidates that the key DDR kinase DNA-PKcs is activated
and plays protective role during ferroptosis in RPE cells in vitro, which will provide new
research targets and strategies for inhibiting ferroptosis in RPE cells.
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I ron ions are significantly elevated in the retinal pigment
epithelial (RPE) cells of age-related macular degeneration

(AMD) patients, especially in the macular region where iron
deposition is increased,1 and a typical AMD feature of large
amounts of lipofuscin in the RPE is induced in patients with
anemia treated with iron ions.2 Vitreous cavity injection of
iron ions in mice increases the level of iron ions in the RPE

and neuroretina, resulting in damage.3 Furthermore, in the
sodium iodate–induced AMD model in mice, RPE cells show
typical ferroptosis features,4 and a variety of proteins and
signaling pathways, such as HO-1 and FABP4, have been
reported to be associated with ferroptosis in RPE cells.5–7

Ferroptosis is a process of cell death caused by the accu-
mulation of lipid peroxides. It mainly includes two path-
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ways to convert phosphatidylethanolamine into lipid perox-
ides, namely the nonenzymatic catalytic process promoted
by the Fenton reaction and the catalytic process of iron-
containing lipoxygenases.8 It has been reported that lipid
peroxides can cause DNA damage, such as base modifi-
cation forming 8-oxodG,9 and even cause strand breaks.10

Lipid peroxides can also degrade to produce aldehydes,
including malondialdehyde (MDA) and 4-hydroxynonenal
(4-HNE). MDA can form 1,4-dihydropyridine adducts with
primary amines,11 and 4-HNE is able to cause DNA strand
breaks.12 RPE cells are prone to generating lipid perox-
ides because of their physiological functions. For instance,
lipofuscin in RPE cells can induce lipid peroxidation reac-
tions and reduce the efficacy of lysosomes and antioxidant
enzyme systems.13 The process of RPE cells phagocytizing
the outer segment disc membranes (POS) requires a large
amount of oxygen consumption. The peroxidases in the
formed phagosomes can also generate a large amount of
lipid peroxides by oxidizing the fatty acids in POS.14 These
results suggest that lipid peroxides produced in RPE cells
have the potential to cause DNA damage.

DNA damage can promptly activate the DNA damage
response (DDR) that detects and senses DNA damage, and
activates the repair system to repair various forms of DNA
damage. When DNA damage is not properly repaired, DDR
will trigger the cell death program to eliminate the unre-
paired cells. In mammalian cells, the core kinases of DDR
include ataxia telangiectasia mutated protein (ATM), ATM
Rad3-related protein (ATR), and DNA-dependent protein
kinase catalytic subunit (DNA-PKcs).15 These DDR kinases
regulate the phosphorylation levels and activities of vari-
ous effector proteins, including the genome integrity–related
protein P53 that can regulate the process of ferroptosis.16 In
MDA-MB-231 breast cancer cells, inhibiting ATM is able to
promote the nuclear translocation of MTF1 and the expres-
sion of FTH1, FT, and FPN1, regulate iron metabolism, and
inhibit ferroptosis in MDA-MB-231 cells.17 ATM regulates P53
to inhibit the expression of SLC7A11 and promotes ferropto-
sis in H1299 tumor cells.18 In addition, P53 can also promote
FDXR, ALOX15, and inhibit the expression of ACSL4 to
promote ferroptosis.19 Thus it is clear that DDR kinases
and their downstream regulatory factors are involved in
regulating ferroptosis. However, it is unclear whether DDR
kinases are involved in and regulate ferroptosis in RPE
cells.

We previously successfully transdifferentiated human
umbilical cord mesenchymal stem cells (hUCMSCs) into
induced RPE (iRPE) cells using key transcription factors.20

Compared with the ARPE19 cell line, iRPE cells and induced
pluripotent stem cell–derived RPE (iPSC-RPE) had more
similar characteristics.20 In this article, using iRPE cells as
the in vitro RPE cell model, we will detect the activated DDR
core kinases in iRPE cells undergoing ferroptosis and elabo-
rate the relationship between DDR kinases and ferroptosis.
In addition, the kinase function will be further verified in
iPSC-RPE cells in vitro.

MATERIAL AND METHODS

Cell Culture

We differentiated iPSC into iPSC-RPE cells previously,21

iPSC-RPE cells were cultured in DMEM/F12, 10% knock-
out serum replacement, 1% nonessential amino acids, 2 mM
glutamine, 50 U/mL penicillin, and 50 mg/mL streptomycin

(all from Invitrogen, Carlsbad, CA, USA), and 10 mM nicoti-
namide (Sigma, St. Louis, MO, USA) in dishes precoated
with Matrigel (Corning, Charlotte, NC, USA). The iPSC-RPE
cells at passage 8 were used in this study. The hUCMSCs
at passage 2 were obtained from the Eastern Union Stem
Cell and Gene Engineering Co., Ltd. (Tianjin, China) and
cultured in DMEM/F12 containing 10% FBS at 37°C and 5%
CO2. The iRPE cells were cultured in DMEM/F12 contain-
ing 10% FBS at 37°C and 5% CO2. The hUCMSCs and iRPE
cells at passages 6–8 were used to compare their capacity to
resistance to ferroptosis.

Cell Viability

Cell viability assay was performed following the protocol of
the CCK-8 assay kit (Beyotime, Shanghai, China). In brief,
cells were seeded in 96-well culture plates at a density
of 1500 cells/well in DMEM/F12 containing 10% knockout
serum replacement (for iPSC-RPE cells) or 10% FBS (for
hUCMSCs and iRPE cells) and different dosages of erastin
(0 to 50 μM; MedChemExpress, Shanghai, China), RSL3
(0 to 10 μM, MedChemExpress), ferric ammonium citrate
(FAC, 0 to 10 mM, MedChemExpress), or ERK1/2 inhibitor
U0126 (MedChemExpress), DNA-PKcs inhibitor KU-57788
(MedChemExpress). Twenty-four hours later, CCK-8 reagent
was added to each well and incubated for two hours at
37°C. Using a microplate reader, the optical absorbance was
measured at 450 nm.

Calcein AM/PI Staining

Cells were cultured in 96-well culture plate. For calcein
AM/PI staining, cells were cultured in 100 μL of calcein
AM/PI working solution (Beyotime) at 37°C for one hour.
The samples were then examined by a fluorescence micro-
scope (Olympus IX73; Olympus, Tokyo, Japan).

Immunostaining

For immunofluorescence analysis, cells and cryosections
were permeabilized with 0.1% Triton X-100 (Sigma) for
10 minutes, washed with PBS, and then blocked with 3%
BSA (Sigma) in PBS. The samples were incubated with
the primary antibodies against 4-HNE, 8-oxoG (Abcam,
Cambridge, UK), γ -H2AX (Proteintech, Rosemont, IL, USA),
or p-DNA-PKcs (Abcam) overnight at 4°C. They were
then washed three times with PBS, followed by incuba-
tion with the fluorescent secondary antibodies (Invitro-
gen) overnight at 4°C. A 4,6-diamidino-2-phenylindole dihy-
drochloride (Sigma) was used to indicate the nucleus. The
samples were then examined by a fluorescence microscope
(Olympus IX73; Olympus).

Western Blotting

The cells were lysed by RIPA buffer containing protease
and phosphatase inhibitor (Sigma). The protein extracts
(20 μg per sample) were separated by 10% SDS-PAGE gels
and transferred onto polyvinylidene difluoride membranes
(Millipore, Bedford, MA, USA). After being blocked with 5%
BSA in TBST for one hour, membranes were incubated with
primary antibodies against p-DNA-PKcs, DNA-PKcs, p-ATM,
ATM, p-ATR, ATR (Abcam), p-ERK1/2, ERK1/2, and β-actin
(Proteintech) for 12 hours at 4°C, followed by incubation
with corresponding secondary antibodies for one hour at
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room temperature. The blots were visualized with a chemi-
luminescence imaging system (Tanon 5200; Tanon Shanghai,
China) and quantified with Image J software (Version 1.48v).
To confirm that ATM and ATR could be phosphorylated,
hUCMSCs were treated with 200 μM tert-Butyl hydroperox-
ide (TBHP; MK, Shanghai, China) for 24 hours, samples were
subjected to Western blot.

Lipid Peroxide Analysis

Lipid Peroxide Analysis was performed according to previ-
ous report with modifications.22 Cells were cultured in 96-
well culture plate and treated with erastin or KU57788 for
12 hours, culture medium was changed with DMDM/F12
containing 5 μM BODIPY581/591-C11 (Invitrogen), and
cells were further cultured for one hour. The samples
were then examined by a fluorescence microscope (Olym-
pus IX73). The production of lipid peroxides was quan-
tified as the ratio of the cells with fluorescence of 510
wave length over the cells with fluorescence of 590 wave
length.

Vitreous Injection of FAC

Six-week-old C57BL/6 female mice (Laboratory Animal
Center of Tongji University, Shanghai, China) were used in
this study. All the experimental mice had free access to water
and standard rodent chow and were housed in a specific
pathogen-free environment with a temperature of 25°C, a
humidity of 40% to 70%, and a 12-hour light-dark cycle. All
animal procedures were performed according to the institu-
tional guidelines and the Guide for the Care and Use of Labo-
ratory Animals issued by the NIH and the guidelines of the
animal experimentation ethics committee of Tongji Univer-
sity (approved no. TJAA09623202), and in accordance with
the Association for Research in Vision and Ophthalmology
Statement for the use of Animals in Ophthalmic and Vision
Research.

The experimental mice were anesthetized with 2%
sodium pentobarbital. A channel was created by inserting a
30-gauge needle behind the limbus into the vitreous cham-
ber, and 1 μL FAC (0.5 mM) was injected into the vitreous
chamber. The control eyes received an injection of PBS. Mice
were sacrificed with an overdose of sodium pentobarbital
one day later, and eyes were collected and fixed for prepa-
ration of cryosections.

Statistical Analysis

All values are expressed as the mean ± SD. Data were
analyzed using GraphPad Prism 9 software (GraphPad Soft-
ware, San Diego, CA, USA). All statistical analyses were
performed using Student’s t-test, or one-way ANOVA and
post hoc Bonferroni’s test. Statistical significance was set at
P < 0.05.

RESULTS

The iRPE Cells Have a Stronger Ability to Resist
Ferroptosis Compared to hUCMSCs

We previously transformed hUMCSCs into iRPE cells.20

To compare the ability of these two types of cells to
resist ferroptosis, different concentrations of erastin were

used to induce ferroptosis in hUCMSCs and iRPE cells.
A previous study23 reported that 5 μM erastin is able to
inhibit cystine-glutamate exchange and induces ferropto-
sis, and 10 μM erastin is able to induce ferroptosis in
ARPE19 cells.24 It was found that when the concentration
of erastin reached 5 μM, the viability of hUCMSCs reduced
markedly (Fig. 1A), and the viability of iRPE cells was
also reduced, but it was significantly higher than that of
hUCMSCs (Fig. 1A). With the increase of concentration, the
viability of iRPE cells continuously decreased, and when
the concentration of erastin was increased to 20 μM, iRPE
cells underwent massive death, but the viability was still
higher than that of hUCMSCs (Fig. 1A). We used PI to
label the nuclei of the dead cells and further confirmed
that iRPE cells have a stronger ability to resist ferropto-
sis compared to hUCMSCs (Figs. 1B, 1C). Staining with 4-
HNE and BODIPY581/591-C11 demonstrated the reduced
production of peroxidized lipids in iRPE cells compared to
that in hUCMSCs (Figs. 1D–F). We used RSL3 or FAC to
induce ferroptosis in cells and further proved that iRPE cells
have a stronger ability to resist ferroptosis (Supplementary
Fig. S1).

Ferroptosis Induces DNA Damage

The lipid peroxides produced by ferroptosis can cause DNA
damage in cells.9,10 We used erastin to induce ferroptosis
in hUCMSCs and iRPE cells. Immunofluorescence staining
revealed that 8-oxoG was positive in hUCMSCs after erastin
treatment, whereas iRPE cells were weakly positive (Fig. 2A).
We further found that the number of hUCMSCs with phos-
phorylated H2AX (γ -H2AX) was increased significantly, indi-
cating that DNA damage occurred, although the number of
γ -H2AX+ iRPE cells was significantly lower than that in
hUCMSCs after erastin treatment (Figs. 2A, 2B), confirming
that ferroptosis can induce DNA damage in hUCMSCs and
iRPE cells, and iRPE cells have stronger resistance to erastin-
induced DNA damage.

DNA-PKcs Inhibits Erastin-Induced Ferroptosis

DNA damage is able to promptly activate the DDR that
detects and senses DNA damage, and activates the repair
system to repair various forms of DNA damage.15 Among
them, ATM, ATR, and DNA-PKcs are upstream key regu-
latory proteins.15 We detected the phosphorylation levels
of ATM, ATR, and DNA-PKcs in hUCMSCs and iRPE cells
(Figs. 3A, 3B). We found that under the stimulation of
erastin, DNA-PKcs, rather than ATM and ATR, in iRPE cells
was rapidly phosphorylated, and demonstrated a markedly
higher level than that in hUCMSCs (Figs. 3A, 3B). We next
treated cells with TBHP to induce apoptosis, and found
that TBHP could trigger the phosphorylations of ATM and
ATR (Supplementary Fig. S2), confirming that TBHP-induced
apoptosis, rather than erastin-induced ferroptosis, can trig-
ger the phosphorylations of ATM and ATR. To investigate if
DNA-PKcs plays a protective role by preventing ferroptosis
in iRPE cells, We used the inhibitor KU-57788 of DNA-PKcs
to inhibit DNA-PKcs.25 The results showed that when the
concentration of KU-57788 reached 1 μM, it did not affect
the cell viability, but when the concentration reached 10
μM, it could reduce the viability of iRPE cells (Fig. 3C), thus
we used 1 μM KU-57788 to inhibit the phosphorylation of
DNA-PKcs, it was able to markedly reduced phosphorylation
of DNA-PKcs (Figs. 3D, 3E). When combined with erastin
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FIGURE 1. iRPE cells are more resistant to ferroptosis than hUCMSCs. (A) Ferroptosis was induced by erastin with different doses (n = 5 per
dose), and cell viability was analyzed by the CCK-8 after cells were treated for 24 hours. (B) Calcein/PI staining revealed PI+ cells. Scale bar:
50 μm. (C) Quantitative analysis of the proportion of PI+ cells (n= 8). (D) 4-HNE immunostaining in representative micrographs of hUCMSCs
and iRPE cells after treated with 5 μM erastin for 12 hours. Scale bar: 50 μm. (E) Peroxidized lipids were detected by BODIPY581/591-C11
staining after cells were treated with 5 μM erastin for 12 hours. (F) The production of peroxidized lipids was determined as the ratio of the
cells with fluorescence of 510 wave length over the cells with fluorescence of 590 wave length (n = 7). Data are mean ± SD, *P < 0.05,
**P < 0.01, ***P < 0.001 using Student’s t-test or one-way ANOVA and post hoc Bonferroni’s test.

FIGURE 2. Ferroptosis induces DNA damages. (A) Immunostaining of 8-oxoG and γ -H2AX in hUCMSCs and iRPE was detected after treated
with 5 μM erastin for 12 hours. Scale bar: 50 μm. (B) Quantitative analysis of γ -H2AX+ cells (n = 6). Data are mean ± SD, ***P < 0.001
using one-way ANOVA and post hoc Bonferroni’s test.

to treat iRPE cells, inhibiting DNA-PKcs could increase
the PI+ cells (Figs. 3F, 3G) and reduce the cell viability
(Fig. 3H). We further analyzed the production of peroxi-
dized lipids, and found that inhibiting the phosphorylation

of DNA-PKcs by KU-57788 was able to increase the level
of peroxidized lipids (Figs. 3I, 3J). These data suggest that
DNA-PKcs play a protective role in iRPE cells by inhibiting
ferroptosis.
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FIGURE 3. DNA-PKcs inhibits erastin-induced ferroptosis. (A, B) The phosphorylation of DNA-PKcs, ATM, and ATR was determined by (A)
Western blot and (B) quantitative analysis of phosphorylation of DNA-PKcs after being treated with 20 μM erastin (n = 3) . (C) Cell viability
was analyzed by the CCK-8 after iRPE cells were treated with KU-57788 for 24 hours (n = 3). (D, E) The phosphorylation of DNA-PKcs
in iRPE cells was determined by (D) Western blot and (E) quantitative analysis (n = 3). (F) Calcein/PI staining revealed PI+ iRPE cells.
Scale bar: 50 μm. (G) Quantitative analysis of the proportion of PI+ iRPE cells (n = 6). (H) Cell viability was analyzed by the CCK-8 after
iRPE cells were treated with KU-57788 or erasin for 24 hours (n = 3). (I) Peroxidized lipids were detected by BODIPY581/591-C11 staining
after cells were treated with KU-57788 or erastin for 12 hours. (J) The production of peroxidized lipids was determined as the ratio of the
cells with fluorescence of 510 wave length over the cells with fluorescence of 590 wave length (n = 6). Data are mean ± SD, *P < 0.05,
**P < 0.01, ***P < 0.001 using one-way ANOVA and post hoc Bonferroni’s test.

DNA-PKcs has an Inhibitory Effect on
Phosphorylation of ERK1/2

Previous studies have reported that erastin was able to
promote the phosphorylation of ERK1/2, and phosphory-
lated ERK1/2 promoted ferroptosis.26,27 We next investi-
gated the phosphorylation of ERK1/2 in iRPE cells, and
found that erastin can promote the phosphorylation of
ERK1/2 in iRPE cells (Figs. 4A, 4B). However, in contrast
to previous reports,26,27 when we used U0126 to inhibit
the phosphorylation of ERK1/2, we found that 2 μM U0126
significantly inhibited the phosphorylation of ERK1/2 and
promoted ferroptosis in iRPE cells (Figs. 4A–E), proving that
the phosphorylation of ERK1/2 plays a protective role in

iRPE cells. U0126 2 μM alone did not change the viabil-
ity of iRPE cells (Supplementary Fig. S3); thus we used
2 μM U0126 to inhibit the phosphorylation of ERK1/2 in
this study. To demonstrate the relationship between DNA-
PKcs and ERK1/2, we performed time course of phospho-
rylation of DNA-PKcs and ERK1/2 and showed that phos-
phorylation of ERK1/2 was later than that of DNA-PKcs,
phosphorylated DNA-PKcs was detected one hour after
erastin stimulation, and the phosphorylation level decreased
after four hours, whereas the phosphorylation level of
ERK1/2 was increased only after four hours (Figs. 4F–
H). We further used the inhibitor of DNA-PKcs to inhibit
DNA-PKcs and found that the phosphorylation level of
ERK1/2 increased significantly (Figs. 4I, 4J), confirming that
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FIGURE 4. DNA-PKcs inhibits the phosphorylation of ERK1/2. (A, B) iRPE cells were treated with erastin or 2 μM U0126 for four hours,
the phosphorylation of ERK1/2 was determined by (A) Western blot and (B) quantitative analysis (n = 3). (C) Calcein/PI staining revealed
PI+ iRPE cells treated with 20 μM erastin or 2 μM U0126 for 12 hours. Scale bar: 50 μm. (D) Quantitative analysis of the proportion of
PI+ iRPE cells (n = 5). (E) Cell viability was analyzed by the CCK-8 after iRPE cells were treated with erastin or U0126 for 24 hours (n
= 6). (F–H) The time courses of phosphorylation of DNA-PKcs and ERK1/2 were determined by (F) Western blot and (G, H) quantitative
analysis after treated with 20 μM erastin (n = 3). (I, J) The iRPE cells were treated with 20 μM erastin or 1 μM KU-57788 for four hours,
and the phosphorylation of ERK1/2 was determined by (I) Western blot and (J) quantitative analysis (n = 3). Data are mean ± SD,
**P < 0.01, ***P < 0.001 using one-way ANOVA and post hoc Bonferroni’s test.

DNA-PKcs exerts an inhibitory effect on the phosphory-
lation of ERK1/2, and the phosphorylation of ERK1/2 is
increased after the phosphorylation level of DNA-PKcs is
reduced.

DNA-PKcs Inhibits Ferroptosis in iPSC-RPE Cells

To further elaborate the role of DNA-PKcs in inhibiting
ferroptosis in RPE cells, we obtained iPSC-RPE cells and veri-
fied the role of DNA-PKcs in inhibiting ferroptosis in iPSC-
RPE cells. Using BODIPY581/591-C11 staining, we demon-
strated that erastin induced iPSC-RPE cells to produce more
lipid peroxides (Figs. 5A, 5B). In addition, erastin was
also able to promote the phosphorylation of DNA-PKcs in
iPSC-RPE cells (Figs. 5C, 5D), and the inhibitor KU-57788
of DNA-PKcs inhibited the phosphorylation of DNA-PKcs
(Figs. 5C, 5D) and caused more iPSC-RPE cells to undergo
ferroptosis (Figs. 5E, 5F). These results confirm that DNA-
PKcs plays an inhibitory role in the process of ferroptosis
in RPE cells. Iron ions are significantly elevated in the RPE
cells of patients with AMD.1 Intravitreal injection of iron
ions can be used to simulate this process.28 We injected

iron ions into the eyes of mice and found that iron ions
could activate the phosphorylation of DNA-PKcs in RPE
cells (Supplementary Fig. S4), suggesting that DNA-PKcs
can be used as a target for the treatment of AMD in the
future.

DISCUSSION

We determined that the DNA damage response was trig-
gered during the ferroptosis process of RPE cells, and the
core kinase DNA-PKcs was activated and was able to inhibit
ferroptosis in RPE cells. Previous studies have reported that
DNA-PKcs is a key protein kinase in nonhomologous end
joining (NHEJ). DNA-PKcs and Ku70/80 bind DNA termini
to assemble into the holoenzyme DNA-PK, which further
recruits NHEJ-related ligases and repair proteins, includ-
ing DNA ligase IV, XRCC4, XLF, and Artemis, promoting
the occurrence of NHEJ.29 ATM and ATR are involved in
homologous recombination repair and are activated when
DNA double-strand breaks occur.30 However, we found that
erastin could activate DNA-PKcs but did not activate ATM
and ATR. Previous work reported that although inhibiting
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FIGURE 5. DNA-PKcs inhibits ferroptosis in iPSC-RPE cells. (A, B) Peroxidized lipids were detected by BODIPY581/591-C11 staining, the
production of peroxidized lipids was determined as the ratio of the cells with fluorescence of 510 wave length over the cells with fluorescence
of 590 wave length (n = 6). (C, D) iPSC-RPE cells were treated with erastin or KU-57788 for one hours, the phosphorylation of DNA-PKcs
was determined by (C) Western blot and (D) quantitative analysis (n = 3). (E) Calcein/PI staining revealed PI+ iPSC-RPE cells treated with
erastin or KU-57788 for 24 hours. Scale bar: 50 μm. (F) Quantitative analysis of the proportion of PI+ iRPE cells (n = 6). Data are mean ±
SD, *P < 0.05, **P < 0.01, ***P < 0.001 using Student’s t-test or one-way ANOVA and post hoc Bonferroni’s test.

ATM can inhibit ferroptosis, the ferroptosis inducer erastin
does not increase the phosphorylation level of ATM in MDA-
MB-231 breast cancer cells.17 These data demonstrated that
DNA double-strand breaks may not occur during the ferrop-
tosis process induced by erastin. Besides participating in
DNA damage repair in the nucleus, DNA-PKcs has also been
found in the cytoplasm,31 lipid rafts,32 cytoskeleton,33 plasma
membrane,34 and mitochondria35 and is involved in other
biological reactions. For instance, DNA-PKcs interacts with
glycolytic proteins ALDOA and PKM2 and phosphorylates
them, promoting their activities.36 DNA-PKcs interacts with
the Wnt transcription factor LEF1 and is crucial for LEF1-
mediated transcription. DNA-PKcs drives the progression
of prostate cancer through transcriptional regulation of the
Wnt signal.37 Thus DNA-PKcs not only involved in DNA
damage repair during RPE ferroptosis and is more likely
to be directly involved in regulating ferroptosis. For exam-
ple, DNA-PKcs may phosphorylate P53, and P53 can directly
regulate the expression of ferroptosis-related proteins.38

Furthermore, the use of KU-57788 to inhibit DNA-PKcs
can promote the production of lipid peroxides, indicat-
ing that DNA-PKcs may directly participate in the process
of inhibiting the production of lipid peroxides in RPE
cells.

DNA damage induces phosphorylation of the serine
residue at position 139 in the C-terminus of H2AX.39 γ -H2AX
is the initiating signal molecule of DNA damage, which can
recruit a series of DDR proteins to the DNA damage sites
and form a DDR functional complex, thereby activating and
initiating DNA repair.39 It is known that ATM, ATR, and DNA-
PKcs can phosphorylate H2AX.40 There are also reports that
JNK and p38MAPK can phosphorylate H2AX.41,42 We found
that in hUCMSCs, ATM, ATR, and DNA-PKcs are not acti-
vated, indicating that the phosphorylation of H2AX may
be activated by other kinases. The 8-oxoG is one of the
biomarkers of DNA oxidative damage.When the intracellular

oxidant level increases, such as lipid peroxides, they attack
guanine in DNA and oxidize it to form 8-oxoG.9 Therefore
detecting the level of 8-oxoG in organisms can reflect the
degree of oxidative stress in cells. The increased levels of
γ -H2AX and 8-oxoG indicate that RPE cells do indeed suffer
DNA damage during the process of ferroptosis.

Previous studies reported that the MAPK signaling path-
way regulates and mediates the oxidative stress response
of RPE cells induced by sodium iodate,43 as well as oxida-
tive stress-induced senescence.44 Inhibiting the activation of
ERK1/2 in RPE cells can inhibit the formation of geographic
atrophy.45 In laser-induced choroidal neovascularization,
ERK1/2 in RPE cells can be activated, and inhibiting ERK1/2
can inhibit choroidal neovascularization.46 All the studies
focus on the apoptosis of RPE cells, but the role of ERK1/2 in
ferroptosis of RPE cells is not clear. Previous studies reported
that activation of MAPK signaling pathway promotes ferrop-
tosis in other types of cells. Artesunate activates the p38
and ERK signaling pathway in glioblastoma cells, induc-
ing ferroptosis in cells.47 Chenodeoxycholic acid, a type of
bile acid, decreases mitochondrial membrane potential and
elevates mitochondrial calcium level, which results in the
production of excessive reactive oxygen species. Elevated
ROS further activates the p38 MAPK signaling pathway,
which collaboratively promotes the accumulation of lipid
droplets and promotes ferroptosis in AML cells.48 MDA , the
metabolite of lipid peroxide, can directly phosphorylate p38
MAP kinase.49 Erastin can increase the expression of TfR1
by activating P38 and JNK, increase the intracellular iron ion
concentration, and promote ferroptosis.50 These results indi-
cate that activation of MAPK signaling pathway promotes
ferroptosis. However, a contrary report showed that activa-
tion of ERK1/2 could inhibit ferroptosis in neuronal cells
induced by PM2.5 exposure.51 In our study, inactivation of
ERK1/2 promoted ferroptosis in RPE cells indicates that
ERK1/2 may regulate specific signaling pathway in RPE cells.
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It has been reported that using U0126 to inhibit ERK1/2
phosphorylation, or knockdown of ERK1 or ERK2 can signif-
icantly increase the phosphorylation of DNA-PKcs induced
by etoposide.52 Ectopic expression of constitutively active
MEK1Q56P can reduce the phosphorylation of DNA-PKcs
in etoposide-induced MCF7 cells.52 These results indicate
that ERK1/2 inhibits the activation of DNA-PKcs. However,
we found that the phosphorylation of ERK1/2 in iRPE
cells was later than that of DNA-PKcs, and DNA-PKcs had
an inhibitory effect on the phosphorylation of ERK1/2 in
the early stage. This might be due to ERK1/2 promot-
ing cell proliferation, but after DNA damage, the prolifer-
ation of cells needs to be inhibited to give cells sufficient
time to repair the damaged DNA. In addition, epithelial-
mesenchymal transition (EMT) in RPE cells is an impor-
tant event in AMD, especially in wet AMD. Oxidative stress
can activate ERK1/2 to promote the EMT in RPE cells,
and inhibiting the phosphorylation of ERK1/2 can suppress
the occurrence of EMT in RPE cells.53,54 Therefore DNA-
PKcs inhibits the ERK1/2 signaling pathway, which not only
inhibits ferroptosis in RPE cells but also may suppress the
occurrence of EMT in RPE cells. The mechanism of DNA-
PKcs inhibiting ERK1/2 phosphorylation needs more effort
to clarify.

In summary, by comparing the ability of hUCMSCs and
iRPE cells to resist ferroptosis and the expression differences
of DDR kinases, we found that iRPE cells have a stronger
ability to resist ferroptosis compared to the hUCMSCs. It
was confirmed that DNA-PKcs was rapidly phosphorylated
in iRPE cells under erastin stimulation, and inhibiting DNA-
PKcs could promote ferroptosis in iRPE cells. In addition,
DNA-PKcs only had an inhibitory effect on the phosphory-
lation of ERK1/2 in the early stage of ferroptosis induction,
while the phosphorylation of ERK1/2 played a protective
role in iRPE cells in the later stage. The protective role of
DNA-PKcs was further verified in iPSC-RPE cells. This study
clarified the activated key DDR kinase during the ferroptosis
process of RPE cells and their role in regulating ferroptosis,
which will provide new research targets and strategies for
inhibiting ferroptosis in RPE cells.
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