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Modulation of ATM enhances DNA repair
in G2/M phase of cell cycle and averts
senescence in Fuchs endothelial corneal
dystrophy
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Fuchs Endothelial Corneal Dystrophy (FECD) is an aging disorder characterized by expedited loss of
corneal endothelial cells (CEnCs) and heightened DNA damage compared to normal CEnCs. We
previously established that ultraviolet-A (UVA) light causes DNA damage and leads to FECD
phenotype in a non-genetic mouse model. Here, we demonstrate that acute treatment with chemical
stressor, menadione, or physiological stressors, UVA, and catechol estrogen (4-OHE2), results in an
early and increased activation of ATM-mediated DNA damage response in FECD compared to normal
CEnCs. Acute stress with UVA and 4OHE2 causes (i) greater cell-cycle arrest and DNA repair in G2/M
phase, and (ii) greater cytoprotective senescence in NQO1−/− compared to NQO1+/+ cells, which was
reversed upon ATM inhibition. Chronic stress with UVA and 4OHE2 results in ATM-driven cell-cycle
arrest in G0/G1 phase, reduced DNA repair, and cytotoxic senescence, due to sustained damage.
Likewise, UVA-induced cell-cycle reentry, gamma-H2AX foci, and senescence-associated
heterochromatin were reduced in Atm-null mice. Remarkably, inhibiting ATM activation with KU-
55933 restored DNA repair in G2/M phase and attenuated senescence in chronic cellular model of
FECD lacking NQO1. This study provides insights into understanding the pivotal role of ATM in
regulating cell-cycle, DNA repair, and senescence, in oxidative-stress disorders like FECD.

Corneal endothelial cells (CEnCs) form a hexagonal monolayer in the
posterior cornea and serve a central role in maintaining corneal clarity and
hydration by constant pumping of ions between the stroma and aqueous
fluid1,2.Derived fromtheneural crest,CEnCsare arrested in thepost-mitotic
state3,4 and showminimal proliferation in vivo with 4000 cells/mm2 at birth
that gradually decreases with age. Fuchs endothelial corneal dystrophy
(FECD), themost common cause of corneal endothelial degeneration, is an
age-related genetically heterogeneous disease resulting in the accelerated
loss of CEnCs leading to corneal edema and loss of vision5. FECDaffects 4%
of the U.S. population over the age of 40 years and is the leading indication
for the corneal transplantations performed in theU.S., which is currently the
only treatment option available for this disease6–8. It is characterized by
mitochondrial dysfunction, profibrotic extracellular matrix deposits form-
ing dome shapedexcrescences called guttae protruding from theDescemet’s
membrane, and ensuing CEnC apoptosis9–11. Notable, FECD exhibits a

pronouncedpredominance for females12–14, suggesting apotential hormonal
involvement in the disease pathogenesis.

Due to high metabolic activity, inability to replicate the genome, and
lifelong exposure to ultraviolet light, the mitochondria-rich CEnCs are
highly susceptible to ROS-mediated DNA damage15. Very little is known
about the protectivemechanisms bywhichnormal CEnCs detect and repair
DNA damage, thereby facilitating their longevity. The DDR signal trans-
duction pathway is orchestrated by upstream central kinases such as ATM
(ataxia-telangiectasia mutated), ATR (ATM and Rad3-Related) and DNA-
PKcs (DNA–dependent protein kinase) which, upon activation by DNA
damage, phosphorylates and activates downstream effectors that are
involved in DNA repair, cell-cycle arrest, senescence, or apoptosis16. ATM
has been shown to play a central role in controlling the DNA damage
response leading to cell cycle activation of postmitotic cells, like neurons17–19.
Several studies have shown that ATM but not ATR is essential for the
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upregulation of p21 and the G1 cell cycle checkpoint20 and activation of
senescence21,22. ATM responds to DNA double-stranded breaks (DSBs),
whichmay be caused intrinsically through the collapse of stalled replication
fork or extrinsically through exposure to ionizing radiation (IR)23. Despite
great advancements in our understandingofATMsignaling and function in
recent years, the complex mechanisms involved in its activation and
response are not fully resolved.

ATMisa370 kDaserine/threoninekinasebelonging to thephosphatidyl
inositol 3-kinase (PI3K) family24,25. In its inactive form, ATM forms homo-
dimers which dissociate into catalytically active monomers following rapid
intermolecular autophosphorylation of serine1981 (pATM-S1981) upon
ATM activation26. Since the initial discovery of its autophosphorylation site
and its role in ATM activation, other ATM post-translational modifications
have been reported27,28. The MRN (MRE11-RAD50-NBS1) complex recruits
ATMtothe siteofDSBs29,where it acts as adamage sensor that canalso forma
physical bridge spanning the DSBs30. Activated ATMphosphorylates histone
variant H2AX at serine139 (γH2AX-S139) within minutes after DNA
damage, forming γH2AX foci which enables the recruitment of numerous
DNA repair proteins and chromatin remodeling complexes aroundDSBs31,32.
ATM is generally regarded as the principal mediator of the G1/S cell cycle
checkpoint, which prevents cells with damaged DNA from entering S-phase.
In response to induction ofDNA-DSBs, ATMdirectly phosphorylates tumor
suppressor protein p53 on serine15 (pp53-S15)33 thereby stabilizing p53.
Additionally, pATM-S1981 activates cell cycle checkpoint protein Chk2 at
threonine68 (pChk2-T68) that in turn phosphorylates p53 at serine20 (pp53-
S20)34. This phosphorylation at p53 leads to its stabilization by preventing its
Mdm2-mediated ubiquitination and degradation34,35. Activated p53 acts as a
transcription factor and drives the expression of genes involved in cell cycle
checkpoint activation, suchasp21,but also several geneswhichare involved in
the induction of apoptosis. resulting in cell cycle arrest36,37. In addition to its
role in the G1/S checkpoint, ATM also contributes to the activation of the
intra-S phase and G2/M cell cycle arrest, as cells deficient in ATM do not
reduce DNA synthesis following induction of DNA-DSBs, referred as
radioresistant DNA synthesis38,39.

Previous studieshavedemonstrated that in response tooxidative stress,
various substrates are phosphorylated in an ATM-dependent manner, thus
demonstrating the complexity of the ATM-mediated DDR pathways40,41.
Deficiency of ATM in humans results in the neurodegenerative disorder,
Ataxia-telangiectasia, characterized by loss of Purkinje neurons, immuno-
deficiencies, hypersensitivity to ionizing radiations and predisposition to
cancer42. Furthermore, reactive oxygen species (ROS) has been shown to
directly trigger ATM autophosphorylation and facilitate its localization to
DSBs43. While mechanisms of DDR are well studied in proliferating cells,
DDR signaling pathways in post-mitotically arrested cells, specifically
CEnCs that are particularly prone to oxidative stress-mediated damage,
remain unclear. In this study, we investigate the role of oxidative stress
induced by a chemical stressormenadione, aswell as a physiological stressor
UVA irradiation, in ATM-mediatedDDR signaling in normal and diseased
CEnCs. Since FECD is more pronounced in females14, we also investigate a
combined effect of UVA and catechol estrogen (4-OHE2), a by-product of
estrogen metabolism, in elucidating the role of ATM in the progression of
FECD. Our previous studies demonstrated that NQO1 is downregulated in
FECD specimens as well as FECD cell lines44 compared to controls.
Downregulation of NQO1 exacerbatedmenadione induced oxidative stress
leading to endothelial-mesenchymal transition in corneal endothelial cells10.
Additionally, we showed that NQO1-null mice exhibited greater CE cell
loss, greater ROS production, and lack of neutralization of reactive estrogen
metabolites due to loss of NQO114, mimicking end-stage FECD. Herein, we
therefore utilized our previously generated NQO1-null (NQO1−/−) stable
cell lines10 as a cellular model of FECD in addition to patient derived cell
lines, to study ATM-mediated DDR signaling under acute and chronic
oxidative stress. We demonstrate using our in-vitro and in vivo FECD
models that effectors of DDR signaling determine the extent of cell cycle
arrest, DNA repair, or senescence based on the duration of the stress and
DNA damage. By using ATM inhibitor – KU-55933, we show that

modulation of DDR signaling may have a potential therapeutic application
in averting senescence in diseased CEnCs.

Results
Menadione-induced oxidative stress causes earlier and greater
activation of ATM-mediated DDR leading to elevated S-phase in
FECD cells
Previously, we established that chemical stressor, menadione (MN) induces
intracellular ROS in CEnCs and causes pathophysiological changes seen in
FECD9. To determine the time-kinetics of ROS-induced DDR activation in
CEnCs, we treated SVN1-67F (normal) and SVF1-73F (FECD) cells, with
25 μMMN and assessed the levels of DDR proteins by western blotting at
30, 60, 90 and 120min of treatment. MN induced a time-dependent acti-
vation of ATM via autophosphorylation at S1981 (pATM), DNA damage
marker H2AX via phosphorylation at S139 (pH2AX), and cell-cycle
checkpoint regulators p53 andChk2 viaphosphorylation at S15 (pp53) and
T68 (pChk2) respectively (Fig. 1a). In SVF1-73F cells, levels of pATM/
ATM, pH2AX/H2AX, pp53/p53, and pChk2/Chk2 exhibited peak activa-
tionas early as at 60minanddeclined at 90 and120min,while in SVN1-67F
cells, pATM/ATM levels peaked only later at 120min without significant
activation of pH2AX/H2AX and pp53/p53 yet, thereby establishing 60min
as the timepoint of greatest differential ATM-mediated DDR activation
between the two cell lines (Fig. 1a, Supplementary Fig. 1). At 60min, MN
caused cell elongation and formation of rosette-like structures and long
processes, characteristic of FECD morphology9,45, distinctly in SVF1-73F
cells (Supplementary Fig. 2a) and induced amarked increase in the levels of
pATM/ATM (4-fold), pH2AX/H2AX (4-fold), and pp53/p53 (3.6-fold),
predominantly in SVF1-73F cells, whereas MN upregulated pChk2/Chk2
levels in both SVF1-73F (1.6-fold) and SVN1-67F (2.8-fold) cells at this
timepoint (Fig. 1b).We found lack of activation of another keyDDRkinase,
ATR, afterMN treatment as indicated by the unchanged pATR/ATR levels
across all timepoints in bothSVN1-67F andSVF1-73F cells (Supplementary
Fig. 2b). Furthermore, immunoprecipitation assay using pATM antibody,
but not IgG antibody (negative control) at 60min ofMN treatment resulted
in an increased pull down of pATM along with an enhanced co-
immunoprecipitation of pp53-S15, a direct substrate of pATM, in SVF1-
73F compared to SVN1-67F cells (Fig. 1c, Supplementary Fig. 3a). Addi-
tionally, immunoprecipitation with total ATM antibody demonstrated an
increased pull down of total p53 in SVF1-73F compared to SVN1-67F cells
(Supplementary Fig. 4). We further employed a specific and potent ATM
kinase inhibitor, KU-5593346, to examine whether MN-induced activation
of p53 is dependent on the ATM protein kinase. KU-55933, at 20 μM
concentration, determined from a dose response curve (Supplementary
Fig. 5a), completely ablated the MN-induced phosphorylation of ATM
(S1981) and p53 (S15) (Fig. 1d, Supplementary Fig. 3b) as well as H2AX
(S139) and Chk2 (T68) (Supplementary Fig. 5b) in both SVN1-67F and
SVF1-73F indicating that ATM plays a major role in transducing the MN-
induced DNA damage signaling in CEnCs. We confirmed our finding of
increased pATM/ATM activation in FECD compared to normal cells using
an additional normal cell line, SVN2-67F, as well as an additional FECD cell
line, SVF5-54F treatedwithMN (Supplementary Fig. 5c). ATM is known to
be involved in mediating the halting of cell cycle progression in response to
oxidative stress-mediatedDNAdamage47, however, little is known about its
role in cell cycle regulation in the context of FECD pathogenesis. We
therefore assayed the cell cycle profiles postMNtreatment of normal SVN1-
67F, and FECD SVF1-73F and SVF5-54F cells. Treatment with 50 μMMN
for 1 hour followed by a 24 h recovery period caused a marked increase in
the S-phase population of FECD cells SVF1-73F (3-fold) and SVF5-54F (6-
fold), compared to normal cells SVN1-67F (2-fold) (Fig. 1e, f; Supple-
mentary Fig. 6). There was no difference in the cell doubling times of the
normal cell line, SVN1-67F, and the two FECD cell lines, SVF1-73F and
SVF5-54F, confirming that thedifferential S-phase accumulationwasnot an
effect of different proliferations rates between the cell lines (Supplementary
Fig. 7).Taken together, these results demonstrate the involvement of the
ATM-p53-H2AX axis which is activated earlier and to a greater extent in
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FECD leading to an elevated S-phase in response toMN-induced oxidative
stress.

UVA light induced oxidative stress causes ATM-mediated
G2/M-phase arrest in FECD cells
We sought to determinewhether the environmental stressorUVA light also
causes an early ATM activation in FECD cells compared to normal CEnCs.
The effect of female sex was assessed by treatment of cells with catechol
estrogen found to be increased in FECD14. Both SVN1-67F (normal) and
SVF1-73F (FECD) cells were exposed to UVA (10 J/cm2 or 25 J/cm2) with
and without 4-OHE2 (10 μM).Western blot analysis with 10 J/cm2, but not
25 J/cm2, showed that UVA+ 4-OHE2 caused greater activation of pATM/
ATM (2-fold, p < 0.01) and pChk2/Chk2 (2.5-fold, p < 0.001) in SVF1-73F,
but not in SVN1-67F compared to no treatment (Fig. 2a, b; Supplementary
Fig. 8, Supplementary Fig. 9). To investigate the cell cycle status of treated
cells compared to untreated, cells in each phase of the cell cycle were
quantified using flow cytometry based on fluorescence intensity of propi-
dium iodide labelled DNA content (Fig. 2c). Exposure to UVA+ 4-OHE2
compared to no treatment induced amarked increase in G2/M phase arrest
in SVN1-67F (2-fold; 44% vs 22%) and in SVF1-73F (2.7-fold; 51% vs 19%)
at 24 h (Fig. 2c, d). To investigate the role ofATMactivation inG2/Marrest,
we co-treated SVN1-67F and SVF1-73F cells with 20 μMof KU-55933 and
UVA+ 4-OHE2 and found significant reduction in G2/M arrest compared
to treatment with UVA+ 4-OHE2 in both SVN1-67F (0.7-fold; 30% vs
44%) and SVF1-73F (0.6-fold; 31% vs 51%) (Fig. 2d).

Cell cycle is tightly controlled by cyclins and cyclin dependent kinase
(CDK) enzymes and the progression from G2- to M-phase is driven by
activation of the Cdk1/Cyclin B1 complex48. We observed an increase in
Cyclin B1 levels in SVF1-73F (5-fold, p < 0.0001) whichwas 1.5-fold greater
than the increase in SVN1-67F (2-fold, p < 0.01) compared to no treatment,
confirming a significantly higher G2/M phase arrest in FECD compared to
normal cells at 24 hpostUVA+ 4-OHE2 treatment (Fig. 2e, Supplementary
Fig. 10a). Cell cycle arrest has been linked to progression of cellular senes-
cence, a process mediated through the p53-p21 pathway49. We next tested
for evidence of senescence due to the G2/M phase arrest seen in SVN1-67F
and SVF1-73F cells postUVA+ 4-OHE2 treatment.While p53/β-actinwas
elevated in both SVN1-67F normal and SVF1-73F FECD cells, the protein
levels of p21/β-actinwere greater in SVF1-73F (2.5-fold, p < 0.01) compared
to SVN1-67F cells (Fig. 2f, Supplementary Fig. 10b). SA-β-Gal staining at
24 h post UVA+ 4-OHE2 treatment showed an increase in the percentage
of senescent cells in both SVN1-67F and SVF1-7F cells indicating an onset
of premature senescence (Fig. 2g).

Loss of NQO1 results in ATM-mediated G2/M phase arrest,
leading to upregulation of DNA repair following acute stresswith
UVA light
NQO1 catalyzes the reduction of reactive quinones to form non-toxic
catechol estrogens (4-OHE2). Our previous data demonstrated that loss of
NQO1 renders CEnCs highly susceptible to UVA light44, leading to
increased reactive oxygen species (ROS) levels and estrogen genotoxicity,

Fig. 1 | FECD cells show greater activation of ATM-mediated DDR than normal
CEnCs in response to menadione-induced chemical stress. aWestern blot of time
course of MN (25 µM)-induced DDR activation shows earlier and greater activation
of phospho-ATM (pATM/ATM) and its downstream effector proteins (pH2AX/
H2AX, pp53/p53, and pChk2/Chk2) in SVF1-73F compared to SVN1-67F cells.
b Fold change in densitometry of MN- over un-treated cells shows significantly
greater activation of pATM/ATM, pp53/p53, and pH2AX/H2AX, but not pChk2/
Chk2 proteins in SVF1-73F compared to SVN1-67F at 60 min of treatment with
25 µM MN. *P < 0.05 applying paired t-test. c Immunoprecipitation with anti-
pATMS1981 or IgG antibody and immunoblotting fromwhole cell lysates prepared
after treatment with 25 µMMN for 60 min shows greater pulldown of pATM/ATM
and pp53/p53 in SVF1-73F compared to SVN1-67F cells. Western blotting of whole
cell lysates shows greater pATM/ATM and pp53/p53 expression levels in SVF1-73F

compared to SVN1-67F cells after MN treatment. dWestern blotting at 60 min after
co-treatment with MN (25 µM) and ATM inhibitor, KU-55933 (20 µM) shows
depleted levels of pATM/ATM and pp53/p53 affirming ATM-driven DDR activa-
tion. e Cell cycle phase histograms of normal cells, SVN1-67F, and FECD cells,
SVF1-73F and SVF5-54F, stained with propidium iodide and subjected to flow
cytometry demonstrate an increase in the S-phase distribution of all three cell lines
24 h after treatment with 50 µM MN compared to no treatment. f Inter-cell line
comparison of percentage cells in each phase of the cell cycle shows a significantly
elevated S-phase in SVF5-54F compared to SVN1-67F cells 24 h afterMN treatment.
***, * indicates P < 0.001, or < 0.05 respectively applying one-way ANOVA with
Tukey’s Multiple Comparison Test comparing the S-phase of each group. Data
represented as mean ± SEM of N ≥ 3.
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thus causing DNA damage and apoptosis14. As we detected the UVA-
induced G2/M phase cell cycle arrest in FECD CEnCs, we next sought to
investigatewhether lack ofNOQ1, seen in FECD, also exhibits greaterATM
activation and G2/M phase arrest. To establish an acute stress cellular
model, we utilized our previously generated NQO1-wildtype (NQO1+/+)
and NQO1-null (NQO1−/−) stable cell lines10 and exposed them to UVA
light (10 J/cm2 or 25 J/cm2) and 4-OHE2 (10 µM), with and without ATM
inhibitor (KU-55933), and recovered for 60minor24 h in low-serummedia
(Fig. 3a, Supplementary Fig. 11a).Western blot analysis showed greater and
significant activation of pATM/ATM and its downstream target pChk2/
Chk2 at 60min after bothUVAdoses (10 J/cm2 and25 J/cm2)with 4-OHE2,
(10 µM) compared to control (Fig. 3b). Next, we examined the effect of
greater UVA-mediated ATM activation due to lack of NQO1 on cell cycle
progression Cell cycle analysis after treatment with UVA (25 J/cm2) and
4-OHE2 followed by recovery for 24 h showed an increase inG2/Mphase in
NQO1+/+ (2.2-fold; 34% vs 15%) and NQO1−/− (3.1-fold; 43% vs 14%)
compared to no treatment (Fig. 3c, d). The cell cycle arrest was further
established by increased levels of Cyclin B1 inNQO1+/+ andNQO1−/− cells
after UVA+ 4-OHE2 exposure as seen by western blotting (Fig. 3d, Sup-
plementary Fig. 11b). We determined that the G2/M arrest was ATM-
driven by co-treating cells with KU-55933 and UVA+ 4-OHE2 which
demonstrated significant reduction in the G2/M phase arrest in both
NQO1+/+ (0.6-fold; 19% vs 34%) andNQO1−/− (0.5-fold; 20% vs 43%) along
with a downregulation ofCyclinB1protein levels compared tono treatment
in both cell lines (Fig. 3c, d).

Furthermore, to examine if G2/M arrest under acute stress jumpstarts
DNA repair, we sorted both untreated as well as UVA+ 4-OHE2 treated
NQO1+/+ andNQO1−/− cells from G0/G1 and G2/M phases using cell sorter
and extracted the total RNA. Transcription of specific DNA repair genes
LIG3, NEIL2, TOP3A and XPC that are downregulated in FECD ex vivo
specimens50, was quantified for each phase of the cell cycle. None of the
4 DNA repair genes showed a significant difference in expression between
G0/G1 and G2/M phases of cell cycle at baseline in NQO1+/+ or NQO1−/−

cells (Supplementary Fig. 12). Calculating the ratio of mRNA expression in

UVA+ 4-OHE2/untreated showed an upregulation in the expression of all
4 DNA repair genes (LIG3,NEIL2, TOP3A andXPC) in G2/M phase of both
NQO1+/+ and NQO1−/− cells compared to untreated cells under acute stress
(Fig. 3e). Interestingly, this upregulation was significantly greater in G2/M
arrestedNQO1−/− cells - LIG3 (2.5-fold, p < 0.01),NEIL2 (4-fold, p < 0.0001),
TOP3A (19-fold, p < 0.0001), and XPC (5-fold, p < 0.001) as compared to
NQO1+/+ cells (Fig. 3e). To examine the effect of ATM inhibition on DNA
repair in G2/M phase cells,NQO1+/+ andNQO1−/− cells co-treated with KU-
55933 andUVA+ 4-OHE2 were sorted into G0/G1 andG2/M phases. Gene
expression analysis after KU-55933 co-treatment in NQO1+/+ and NQO1−/−

cells showed lack of upregulation of DNA repair genes in G2/M phase
indicating that ATM-driven G2/M arrest is essential in activating the DNA
repair under cytotoxic stress (Fig. 3f). There was no significant change noted
in the gene expression of DNA repair genes in the G0/G1 phase ofNQO1+/+

and NQO1−/− cells after KU-55933 treatment (Supplementary Fig. 13).

Chronic stress with UVA light leads to a G0/G1 cell cycle arrest,
downregulation of DNA repair genes, and cytotoxic senescence,
which is reversed by ATM inhibition
Since FECD is a chronic, age-related disorder, that spans many decades for
clinical presentation, next we aimed to determine the effect of prolonged
(chronic) stress with UVA and 4-OHE2 on ATM-mediated cell cycle arrest,
DNA repair, and senescence in NQO1+/+ and NQO1−/− cells. For chronic
stress cellular model, NQO1+/+ and NQO1−/− cells were exposed to UVA
light (25 J/cm2) and4-OHE2 (10 µM),withorwithoutKU-55933 (5 µM)and
recovered for 5-days in low-serummedium (Fig. 4a). Chronic stress caused
an increase in the G0/G1 phase in bothNQO1+/+ (1.3-fold; 58% vs 43%) and
NQO1−/− (1.4-fold; 64% vs 45%) cells, and a decrease in G2/M compared to
no treatment (Fig. 4b, c; Supplementary Fig. 14). Addition of KU-55933
reduced G0/G1 phase by 0.8-fold inNQO1+/+ and 0.6-fold inNQO1−/− cells
(Fig. 4b, c; SupplementaryFig. 9).G0/G1arrestwas additionally shownbyan
increase in Cyclin D1 levels which was also reduced after addition of KU-
55933 in both NQO1+/+ and NQO1−/− cells, as shown by western blotting
(Fig. 4c, Supplementary Fig. 15a).

Fig. 2 | Physiological stressors, UVA and 4-OHE2, cause greater ATM-mediated
G2/M phase arrest in FECD cells. a Western blot analysis and (b) densitometry
shows greater activation of phospho-ATM (pATM/ATM) and its downstream
effector proteins (pH2AX/H2AX, pChk2/Chk2, CASP3/β-actin) in SVF1-73F
compared to SVN1-67F after 60 min of treatment with 10 J/cm2 UVA ( ± 10 µM
4-OHE2). cCell cycle analysis by propidium iodide staining and flow cytometry after
treatment with UVA+ 4-OHE2 demonstrates greater G2/M cell cycle arrest in
SVF1-73F compared to normal SVN1-67F cells (center), while this arrest is rescued
with 20 µM of ATM inhibitor (KU-55933) (right). d Percentage of cells in each stage
of the cell cycle. eWestern blot analysis and densitometry of G2/Mmarker protein,

Cyclin B1, at 24 h post UVA+ 4-OHE2 treatment showing greater G2/M arrest in
SVF1-73F compared to SVN1-67F cells. fWestern blot analysis and densitometry of
senescence marker proteins, p53/ β-actin and p21/ β-actin, 24 h post UVA+ 4-
OHE2 treatment shows induction of senescence in SVF1-73F but not SVN1-67F
cells. g SA-β-GAL staining of control (top) and 24 h post UVA+ 4-OHE2 treated
(bottom) SVN1-67F and SVF1-73F cells. Data presented as mean values ± SE. Scale
bars = 100 μm. ****, ***, **, * indicates P < 0.0001, or < 0.001, or < 0.01, or < 0.05
respectively applying one-way ANOVA test with Tukey’s Multiple Comparison
Test. Data represented as mean+ SEM of N ≥ 3.
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To further determine the effect of G0/G1 cell cycle arrest on DNA
repair efficiency following chronic stress, we sorted the G0/G1 and G2/M
phases of untreated, UVA+ 4-OHE2 treated, and UVA+ 4-OHE2+KU-
55933 treated NQO1+/+ and NQO1−/− cells and evaluated the expression
profiles of four DNA repair genes (LIG3, NEIL2, TOP3A, and XPC) using
RT-PCR. Post chronic stress withUVA+ 4-OHE2 inNQO1

+/+, themRNA
expression of LIG3, NEIL2, and XPC was predominantly in the G0/G1
phase, albeit significantly lower than that seen in G2/M phase after acute
stress (Figs. 4d–g, 3e). Notably, inNQO1−/−, the expression of LIG3,NEIL2,
and XPC was significantly reduced in G0/G1 and G2/M phase cells col-
lectively compared toNQO1+/+ cells,mimicking end-stage FECD in ex-vivo
specimens50 (Fig. 4d–g). After addition of KU-55933 during the chronic
stress, the expression of the DNA repair genes was redistributed between
G0/G1 and G2/M in both NQO1+/+ and NQO1−/− cells, with greater
expression now noted in the G2/M phase, compared to without KU-55933
treatment (Fig. 4d–g). Remarkably, in NQO1−/−, after treatment with KU-
55933, the expression of LIG3 and TOP3A was found to be significantly
greater in both G0/G1 (3- and 7.5-fold) and G2/M (4- and 6-fold) phases,
while that of NEIL2 and XPC was significantly greater in G2/M (3.5- and
9.5-fold) phase only, compared to their expression in the respective phases
withoutKU-55933 treatment. This indicates that the observedG0/G1 arrest
and diminished DNA repair in NQO1−/− cells is indeed ATM-driven and
inhibition of ATM forestalls the depletion of DNA repair triggered due to
chronic stress.

Chronic stress with UVA+ 4-OHE2 also resulted in a greater upre-
gulation of senescence markers TP53 (p53 protein; 2-fold) and CDKN1A
(p21 protein; 1.5-fold) in NQO1−/− compared to NQO1+/+ cells indicating
greater induction of senescence in a diseased state (Fig. 4h, i). After treat-
mentwithKU-55933, the expression ofTP53 andCDKN1Awas found to be
0.16- and 0.14-fold lower in G0/G1 phase, compared to without KU-55933
treatment inNQO1−/− cells (Fig. 4h, i). This was confirmed by western blot
showing lower protein level of p53 post UVA+ 4-OHE2 and KU-59933
treatment inNQO1−/− cells (Fig. 4j, Supplementary Fig. 15b).We also noted
a greater positive SA-β-Gal staining following chronic UVA+ 4-OHE2
treatment in both NQO1+/+ and NQO1−/− cells, indicating the presence of
senescent cells, which was rescued in both cell lines by the addition of KU-
55933 (Fig. 4k).

Correlating our findings of how NQO1+/+ and NQO1−/− cells behave
under acute vs chronic stress with UVA+ 4-OHE2 and
UVA+ 4-OHE2+KU-55933, we demonstrate that NQO1−/− cells (red
bold line) exhibit (a) significantly greater (14%) G2/M arrest under acute
stress (light grey), and (b) significantly greater (15%) G0/G1 arrest under
chronic stress (dark grey), compared toNQO1+/+ cells (bluebold line).ATM
inhibition with KU-55933 under chronic stress restored DNA repair gene
expression and reduced senescence, thus favoring cell survival (Fig. 4l). Our
study demonstrates that following acute stress, ATM activation results in
mild and repairable DNA damage, where cells trigger a series of signaling
cascades leading to cell cycle arrest in G2/M, increased turnover of DNA

Fig. 3 | Loss of NQO1, as seen in FECD, leads to hyperphosphorylation of ATM
and FACS sorting of G2/M arrested NQO1-null cells shows upregulation of
DNA-repair genes upon acute UVA+ 4-OHE2 treatment. a Timeline of acute
treatmentofNQO1-wildtype (NQO1+/+) andNQO1-null (NQO1−/−) cells.bWesternblot
analysis anddensitometry showinggreater activationofpATM/ATM,and itsdownstream
effector protein, pChk2/Chk2, in NQO1−/− compared to NQO1+/+ cells after 1 hour of
treatment with 10 J/cm2 or 25 J/cm2 UVA (+ 10 uM 4-OHE2). c Cell cycle analysis by
propidium iodide staining and flow cytometry after treatment with UVA+ 4-OHE2
demonstrating greater G2/M cell cycle arrest in NQO1−/− compared to NQO1+/+ cells
(center), while this arrest was rescued with 20 uM of ATM inhibitor (KU-55933) (right).

d Percentage of cells in each stage of the cell cycle along with western blot of G2/M phase
marker protein, cyclin B1, showing the G2/M arrest with UVA+ 4-OHE2 and its rescue
with addition of 20 uM of ATM inhibitor (KU-55933). e Increased mRNA expression of
four DNA-repair genes: LIG3, NEIL2, TOP3A and XPC in G2/M phase of NQO1−/−

compared NQO1+/+ cells, displayed as a delta Ct ratio of UVA+ 4OHE2/untreated.
f Reduced mRNA expression of LIG3, NEIL2, TOP3A and XPC in G2/M phase after
treatment with ATM inhibitor (KU-55933) in NQO1+/+ and NQO1−/− cells. ****, ***,
**, * indicates P < 0.0001, or < 0.001, or < 0.01, or < 0.05 respectively applying one-way
ANOVA test with Tukey’sMultiple Comparison Test. Data represented as mean+ SEM
of N ≥ 3.
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repair enzymes and premature/cytoprotective senescence, promoting cell
survival (Fig. 4m).However, under chronic stress, sustainedATMactivation
initiates DNA damage cascade leading to cell cycle arrest in G0/G1,
downregulation of DNA repair enzymes, and cytotoxic senescence, thus
progressing to a diseased state as seen in FECD (Fig. 4m).

UVA-induced cell cycle re-entry, DNA damage, and senescence
are reduced in Atm-null mice
To understand the involvement of ATM in the oxidative stress response in
vivo, we irradiated the corneas of Atm-wildtype (Atm-WT) and Atm-
knockout (Atm-null) mice with 500 J/cm2 UVA light, a dose that induces
FECD phenotype in mice14. We evaluated their corneal endothelia visually
as well as biochemically at four recovery timepoints, 3 days, 1week, 2weeks,
and 4 weeks post-UVA (Fig. 5a). The Atm-null mice genotype was deter-
mined by PCR analysis (Fig. 5b). Additionally, western blot analyses
demonstrated an activation of Atm in Atm-WT mice 1-day post-UVA
treatment, which was absent in Atm-null mice (Fig. 5c, Supplementary
Fig. 16). The opacity and corneal edema were evaluated in both Atm-WT
and Atm-null mice post-UVA using slit lamp bio-microscopy; followed by
measurement of central corneal thickness using Anterior Segment Optical
CoherenceTomography (AS-OCT) (Supplementary Fig. 17a). An epithelial
defect and corneal swelling were observed at day-1 post UVA in both
genotypes, as shown in our earlier study13 (Supplementary Fig. 17a, b). We
have previously demonstrated that UVA-induced DNA damage in vivo
activates the cell cycle, resulting in G2/M arrest and induction of

senescence45. To examine the role of DNA damage in cell cycle activation
in vivo, we assayed the nuclear expression of Ki67, an indicator of cell cycle
re-entry, in the corneas of Atm-WT and Atm-null mice at baseline (no
UVA) and at day 2, day 3, andweek 1 post-UVAby immunohistochemistry
staining (Fig. 5d). At baseline, corneal endothelial cells showed no Ki67 s-
taining inAtm-WTandAtm-nullmice.As an immediate response toUVA,
both Atm-WT and Atm-null mouse corneal endothelial cells showed 25%
Ki67 positivity at day 2 compared to noUVA. However, the Ki67 positivity
decreased at day 3 to 11% in Atm-WT and 2.7% in Atm-null and at week 1
to 4.5% in Atm-WT and 2.6% in Atm-null mice compared to day 2 post-
UVA. Therefore, the reduction in Ki67 positivity from day 2 to day 3 was
34% greater in Atm-null compared to Atm-WTmice, indicating lower cell
cycle activation due to the loss of ATM (Fig. 5d).

Furthermore, we sought to determine the extent of UVA-induced
DNA damage by staining for phosphorylated H2AX, a marker of double-
strand DNA breaks51. Time-dependent increase in DNA damage was
detected in Atm-WT mice marked by an increase in percent pH2AX
positive nuclei at day 3 (25%), week 1 (35%), week 2 (56%), and week 4
(59%) post-UVA. Atm-null mice presented with a lower pH2AX percent
positivity at week 1 (20%), week 2 (20%), and week 4 (44%) compared to
Atm-WTmice suggestive of lower DNAdamage response in the absence of
ATM (Fig. 5e, Supplementary Fig. 18). Next, we checked if UVA-induced
cell cycle re-entry and ATM activation progressed to development of
senescence detected by increased heterochromatinization, visualized by the
presence of tri-methylation of Lys9 onhistoneH3 (H3K9me3). InAtm-WT

Fig. 4 | Chronic UVA+ 4OHE2 treatment in NQO1−/− CEnCs demonstrates
severe DNA damage, arrest in G0/G1 phase of cell-cycle, and degradation of
DNA-repair genes, thus aggravating the induction of cytotoxic senescence.
aTimeline of chronic treatment ofNQO1+/+ andNQO1−/− cells. bCell cycle analysis
by propidium iodide staining and flow cytometry after chronic treatment with
UVA+ 4OHE2 demonstrating greater G0/G1 cell cycle arrest in NQO1−/− com-
pared toNQO1+/+ cells. c Percentage of cells in each stage of the cell cycle along with
western blot of G0/G1 phase marker protein, cyclin D1, showing the G0/G1 arrest
with UVA+ 4-OHE2 and its rescue with addition of 5 uM of KU-55933.
d–g Reduced mRNA expression of four DNA-repair genes – LIG3 (d), NEIL2 (e),
TOP3A (f), and XPC (g) in both G0/G1 and G2/M phases of NQO1−/− cells com-
pared NQO1+/+ cells, displayed as a delta Ct ratio of UVA+ 4-OHE2/untreated.
Upon treatment with ATM inhibitor (KU-55933) during chronic UVA treatment,
differential expression was rescued in G2/M phase for all four genes (LIG3, NEIL2,
TOP3A andXPC), while inG0/G1 phase for only LIG3 andTOP3A inNQO1−/− cells.
h, i IncreasedmRNA expression ofTP53 (h), andCDKN1A (i) genes inG0/G1 phase

ofNQO1−/− cells comparedNQO1+/+ cells, displayed as a delta Ct ratio of UVA+ 4-
OHE2/untreated. Upon treatment with ATM inhibitor (KU-55933) during chronic
UVA treatment, differential expression was rescued in G2/M phase for TP53 and
CDKN1A genes, in both NQO1+/+ and NQO1−/− cells. j Western blot analysis and
densitometry of senescence marker protein p53/ β-actin, 5 days post UVA+ 4-
OHE2 treatment shows more induction of senescence in NQO1−/− cells compared
NQO1+/+ cells. k Increased staining (blue) of senescence marker, SA-β-gal, after
chronic treatment with UVA+ 4OHE2 which was reduced with addition of 20 uM
of ATM inhibitor (KU-55933) in NQO1+/+ and NQO1−/− cells. Data presented as
mean values ± SE. Scale bars = 50 μm. l Graphic representation of differences
between acute (light grey) and chronic (dark grey) UVA treatments in NQO1+/+

(solid black) and NQO1−/− (red solid) cells, and rescue with KU-55933 in DNA
repair and senescence.m Overview of proposed ATM activation pathway under
chronic or acute stress conditions in FECD. ****, ***, **, * indicates P < 0.0001, or
< 0.001, or < 0.01, or < 0.05 respectively applying one-wayANOVA test withTukey’s
Multiple Comparison Test. Data represented as mean+ SEM of N ≥ 3.
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mice, senescent cells, quantified by calculating percent H3K9me3 positive
nuclei, persisted from day 3 (8%) through week 1 (13%), and week 2 (12%),
and significantly decreased at week 4 (3%) post-UVA suggesting it to be
stress-induced premature senescence52,53. In Atm-null mice, senescent cells
were significantly lower than Atm-WT at all the tested time-points, day 3
(4%), week 1 (1%), week 2 (3%), andweek 4 (2%) post-UVA, indicating that
absence of Atm mitigates the onset of senescence (Fig. 5f, Supplementary
Fig. 18). Interestingly, at a later time-point of week 10 post UVA, the
H3K9me3 positivity was significantly increased in Atm-WT (15%) but not
in Atm-null mice (4%), implying that Atm plays a role in the reappearance
of prolonged senescence after chronic accumulation of oxidative stress.

Discussion
Cell cycle machinery has been described as a crucial element of DNA
damage response (DDR) in post-mitotic cells, like neurons and CEnCs,

which either enables repair of damaged DNA or initiates apoptosis upon
extensive damage17. In neurons, low levels of reactive oxygen species have
been shown to promote cell cycle re-entry as opposed to apoptosis, indi-
cating reparable DNA damage facilitates cell cycle re-entry as a survival
mechanism to activateDNArepair pathways suchasnonhomologousDNA
end joining in postmitotic cells19,54.While FECD is characterized by the loss
of CEnCs due to apoptosis, little is understood about the status of surviving
diseased CEnCs and how the disease progresses.We have previously shown
increased p53-mediated apoptosis in FECD patient specimens and in vitro
cell lines55. Also, studies from our lab have demonstrated that UVA irra-
diation, a physiologically relevant stressor, causes G2/M arrest in vitro in
HCEnCs with both senescent and epithelial-mesenchymal transition
(EMT) phenotypes detected in G2/M arrested cells45. Here, we demonstrate
that short-term UVA exposure of diseased CEnCs leads to an early acti-
vation of ATM that results in G2/M phase arrest and upregulation of DNA

Fig. 5 | UVA-induced cell cycle re-entry, senescence and DNA damage is delayed
in the absence of Atm in themousemodel of FECD. a Schematic of the timeline of
UVA-irradiation and corneal evaluation by HRT and OCT in Atm-WT and Atm-
null mice. b Genotyping PCR gel confirming the homozygous knockout of Atm in
Atm-null mice. cWestern blot analysis shows absence of pAtm and Atm proteins in
Atm-null mice corneas pre- and one-day post-UVA. β-Actin was used as a loading
control andmicrosome lysatewas used as a positive control.dWholemount staining
of corneal endotheliumwith cell cycle re-entrymarkerKi67 (red) andDAPI (blue) at

baseline (no UVA), 2 days, 3 days and 1-week post-UVA in Atm-WT and Atm-null
mice. *P < 0.05 applying Unpaired Student’s t-test. Whole mount staining of the
corneal endothelium and quantification of percent (%) positive nuclei for e DNA
damage marker pH2AX (green foci), and f senescence marker H3K9me3 (red), in
Atm-WTandAtm-nullmice at day 3, week 1, week 2, week 4 andweek 10 post-UVA
irradiation. ***, * indicates P < 0.001, or < 0.05 respectively applying one-way
ANOVA test with Tukey’s Multiple Comparison Test. Scale bars = 50 μm. Data
represented as mean+ SEM of N ≥ 3.
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repair genes. However, during chronic degenerative processes there is an
ATM-driven shift to thepro-senescent phenotype that leads toG0/G1phase
arrest and loss of DNA repair capacity. Our findings on ATM-driven cell
cycle and DNA repair in FECD underscore the mechanism that could be
manipulated to incur cryoprotection based on DDR modulation.

Following DSBs induced by oxidative stress, DNA repair and cell cycle
checkpoints are themainmechanisms ofmaintenance of genomic integrity56.
Cells have several checkpoints that function at various phases of the cell cycle.
Specifically, the G0/G1- and intra-S-phase checkpoints prevent inappropriate
DNA replication, whereas the G2/M checkpoint prevents cells with DNA
damage from entering mitosis. In the current study, we first detected that
increasedphosphorylationofATMplays acentral role as anearly responder to
DSBs in mildly damaged CEnCs due to acute exposure to chemical stressor,
menadione. Early hyperactivation of ATM, and not ATR, in FECD cells
phosphorylated p53 as the downstream target molecule and resulted in ele-
vatedS-phase.ThepredominantmechanismofS-phase arrest is the inhibition
offiringof late origins of replication57–60.Onset ofDNArepair including repair
of inter-strand cross link (ICLs) lesions have been detected during S-phase
when encountered by the replication machinery61,62. ICLs detected by the
replisome initiate a complex set of enzymatic reactions that, with other
homologous recombination (HR) events in S-phase, are regulated by Fanconi
Anaemia pathway63. ATM and other proteins including the MRN complex
and BRCA1 have been shown to be required for activation of this checkpoint
by activating signaling cascades of ATM-p53-Cdk2-CyclinE and ATM-
BRCA1/FANCD2/NBS1/SMC164–66.

FECD is a female predominant disorder characterized by an upregu-
lation of genotoxic estrogen metabolites, mainly in the form of catechol
estrogens (4-OHE2) and lack of their neutralization due to loss of NQO1 in
the end-stage disease44,67. Estrogen metabolites and stress hormone have
been shown to activate γH2AX68,69, resulting in induction of DNA damage.
ATMhas been previously shown to play a role in suppressing the oncogenic
effect of estrogens and preventing estrogen receptor positive breast cancer
development70. In this study, we detect that both UVA and 4-OHE2 are
activators of DDR, especially ATM, as the major sensor of DSBs. Interest-
ingly, loss ofNQO1 leads to hyperactivation of theATM-driven response as
seen in FECD-derived corneal endothelial cells. The hyperactivation of
ATM with subsequent Chk2 activation, further upregulated Cyclin B1
leading toG2/M arrest of cell cycle71, thus preventing cells fromundergoing
mitosis. As a result, there wasmarked upregulation of specific base excision
repair (BER) genes, that have been shown to be deficient in FECD50, in the
G2/M-sorted NQO1−/− cells as compared to G2/M-sorted NQO1+/+ cells
after acute stress. This effect, including upregulation of the BER gene levels,
was mitigated by ATM inhibitor, KU-55933, after acute stress, indicating
that early ATM activation and G2/M cell cycle arrest are critical for
jumpstarting the DNA repair process. However, when the cells were
exposed to chronic stress, the ensuing persistent DNA damage led to an
ATM-driven restriction of cell cycle transition from G1 to S phase, culmi-
nating in a G0/G1 arrest, which was significantly more pronounced in
NQO1−/− cells. Likewise, the cell cycle-dependent transcriptional analysis of
DNA repair genes detected reduction in all four repair genes (LIG3, NEIL2,
TOP3A, and XPC) in the G0/G1 phase of NQO1−/− compared to NQO1+/+

cells, notably different from the findings after acute stress. Furthermore,
ATM inhibition decreased G0/G1 phase in chronically stressed cells and
restoredDNA repair back intoG2/Mphase in bothNQO1+/+ andNQO1−/−

cells, mitigating the effects of sustained DNA damage.
ATM inhibition also decreased the senescence markers in the G0/G1

phase in both cell lines, however, the rescue of senescence was greater in the
NQO1−/− cells, indicating the greater effect of ATM in the diseased state.
Prolonged cell cycle arrest has been previously described to activate
senescence72 and persistence of DDR is known to initiate this process73.
Progression to senescence involves cell cycle arrest and the process is
mediated through the p53-p21 pathway74, whose sustained activation has
been shown to be sufficient to induce senescence49,75. p53-mediated differ-
ential transactivation of genes has been shown to help the cell decide
between apoptosis or survival76. The canonical understanding suggests that

senescence predominantly transpires in the G1 or sometimes in the G2
phases of the cell cycle, with quiescence prevailing in the G0 phase77. Under
acute stress conditions, we detected a transient cell cycle arrest inG2/M that
triggered the initial activation of p53-p21 initiating premature senescence as
a cytoprotective mechanism. However, our chronic cellular FECD model
induced a substantial DNA damage response, upregulating the p53 (TP53
gene) and p21 (CDKNA1 gene) pathway and transitioning the cells to the
state ofmature cytotoxic senescence. Remarkably, inhibition ofATMbyuse
of KU-55933 inhibitor attenuated senescence in our chronic cellular FECD
model via reduction in SA-β-Gal positivity78.

We have previously shown that UVA-irradiation of wildtype mouse
corneal endothelial cells in vivo induces cell cycle reentry toG2/Mphase and
progress to senescence45. Similar cell-cycle re-entry has also been described
in other post-mitotic cells like neurons which contribute to mild cognitive
impairment and early Alzheimer’s disease pathology, as well as other neu-
rodegenerative diseases79–81. In corroboration with our in vitro findings, we
noted that in vivo, UVA irradiation activates the cell cycle and increases
Ki67 expression in response toDNAdamage, in the post-mitotic cells of the
ocular tissue. However, the cell cycle activation gradually diminished with
time, with a faster decrease in Ki67 positivity in Atm-null mice (at day 3)
compared to Atm-WT (at week 1). Furthermore, Atm-WT, but not Atm-
nullmice, showed agreater increase inH3K9me3positivity atweeks-1 and2
and then again at week 10 post-UVA, suggesting the onset of both pre-
mature senescence and cytotoxic senescence in the presence of functional
ATM. Our data shows that G2/M checkpoint plays a pivotal role in reg-
ulating the effects of DNAdamage in normally quiescent CEnCs after UVA
exposure, as seen in FECD degeneration.

Interestingly, UVA exposure also triggered substantially greater pH2AX
foci formation in Atm-WT compared to Atm-null mouse CE. Likewise, a
previously published study has demonstrated that H2AX phosphorylation is
significantly reduced in Atm−/− compared to WT mouse embryonic
fibroblasts, indicating that ATM is the major DDR kinase involved in phos-
phorylation of H2AX and is one of the earliest kinases to be activated in the
cellular response todouble strandbreaks31.Thepresenceof fewer andenlarged
nuclei at week 4 afterUVAexposure in bothAtm-WTandAtm-null suggests
that the cells may have undergone a mitotic defect, possibly failed cytokinesis
which may result in the development of polyploidy82.

Targeting ATM, the master regulator of the DDR, has demonstrated
neuroprotective effects. Caffeine, a nonspecific inhibitor of ATM and other
phosphatidylinositol 3-kinase family members, protects against etoposide-
induced DNA damage and cell death in neurons in vitro, and genetic
reduction of ATM gene dosage is neuroprotective in mouse models of
Huntington’s disease83,84. Recent studies have demonstrated that targeting
the central ATM-Chk2 pathway which regulates the double-strand breaks,
slows down neural decline in Drosophila models of chronic
neurodegeneration85. Administration of clinically relevant Atm-Chk2
inhibitors to rats, following spinal cord and optic nerve injury, is shown
to result in significant axon regeneration/sprouting and a marked recovery
of lost sensory, motor, and visual function85. Additionally, since ATM
hyper-activation during oxidative stress promotes photoreceptor cell death
in progressive retinitis pigmentosa and age-related macular degeneration86,
loss ofATMand53BP1 inmice photoreceptors has been shown to lower the
activation of cell death signaling in post-mitotic neurons87. Recently, it was
also reported that terminally differentiated and post-mitotic osteoclast cells
show better survival in the absence of ATM88.

In this study, we demonstrate that the effects of acute and chronic
oxidative stress-induced cell cycle arrest and DNA repair are ATM-driven
by using ATM inhibitor –KU-55933 in our in-vitro FECD cellular models.
KU-55933 is the first potent and selective ATM inhibitor that has been
demonstrated to confer sensitization to IR and DNA DSB-inducing
chemotherapeutics46. Importantly, in cells derived from ataxia-
telangiectasia patients, which express no functional ATM, no radio-
sensitization was observed, validating the selectivity of KU-55399 com-
pound towards ATM46. In the presence of DSB, KU-55933 has been shown
to significantly block HR repair signals by γ-H2AX and RAD51 focal
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reduction in human melanoma cells89. Although this compound is com-
monly used as an ATM kinase inhibitor, it has been described to have
limited utility in vivo owing to its high lipophilicity90. In our study, co-
treatment of KU-55933 with UVA and 4-OHE2 in acute cellular FECD
model showed an abrogation of the observed upregulation of DNA repair
genes inG2/Mphase cells, thus signifying the role ofATMas a key regulator
of this process. However, in our chronic cellular FECDmodel, co-treatment
of KU-55933 with UVA and 4-OHE2, displayed a protective mechanism
which averted the G0/G1 phase arrest and restored the expression of DNA
repair genes in the G2/Mphase. This indicates that chronic ATMactivation
renders the cells prone to accumulation of DNA damage due to deficient
DNA repair during the G0/G1 phase arrest.

Ourdata reveals thatATMisnot only a keyactivator ofDDR inCEnCs
due to oxidative stress, but also amaster controller of cell cycle progression,
transcriptional regulation ofDNArepair genes, and senescence.The in vitro
UVA FECD models used in this study highlight the potential of ATM
inhibition in delaying DDR, promoting cell cycle progression, restoring
DNA repair processes, and forestalling senescence in diseased CEnCs.
Senescent cells are known to secretemany factors such as cytokines, growth
factors, matrix remodeling proteins, proteases, and chemokines, which are
collectively referred to as the senescence-associated secretory phenotype
(SASP)91. Themost prominent component of SASP is interleukin-6 (IL-6), a
pleiotropic pro-inflammatory cytokinewhose secretion is shown to increase
due to DDR-dependent senescence in a variety of cell types92–94. Interest-
ingly, inhibition of ATM is shown to prevent IL-6 from contributing to the
proliferation of glioblastoma cells after IR95. Basedonour study, and those of
others,ATMinhibition could alsobe efficacious in the settingof diseases like
FECD involving oxidative stress and pro-inflammatory cytokine signaling.
In the future, inhibition of ATM after its early activation along with specific
cell cycle checkpointsmay be an effective combinatorial therapy to improve
corneal function by enhancing DNA repair and delaying senescence. In
summary, this study provides insights into understanding the role of ATM
activation in DDR signaling cascade and regulation of cell cycle in FECD.
Based on our findings herein, we suggest that ATM-driven modulation of
the cell cycle and DNA repair can potentially provide an effective ther-
apeutic strategy against FECD.

Methods
Cell culture
Corneal endothelial cell lines were derived fromDescemet’smembrane and
endothelium collected from either a normal cadaveric donor (67 year-old
female with 15/16 CTG repeats - SVN1-67F) or FECD patients that
underwent endothelial keratoplasty (73 year-old female with 16/74 CTG
repeats - SVF1-73F and 54 year-old female with 11/73CTG repeats - SVF5-
54F) by immortalization using SV40 T Antigen Cell Immortalization Kit
(#CILV01, Alstem Cell Advancements, Richmond, CA) as described
previously12,96. NQO1+/+ and NQO1−/− cells were generated from normal
HCEnC-21T cell line (derived from a 21-year-old normal male cadaveric
donor) using the CRISPR-Cas9 system as previously reported10. Cells were
cultured in Chen’s medium containing OptiMEM-I (#51985091, Life
Technologies), 8% fetal bovine serum (#10082147, Life Technologies), 5 ng/
mL epidermal growth factor (#01-101, Millipore), 66 µg/mL bovine pitui-
tary extract (#500-102, Gemini Bioproducts), 200mg/L calcium chloride
(#C7902, Sigma-Aldrich), 0.08% chondroitin sulfate (#C9819, Sigma-
Aldrich), 50mg/mL gentamicin (#15750078, Life Technologies), and 1:100
diluted antibiotic/antimycotic solution (#15240062, Life Technologies).
Sub-culturing of CEnCs was performed using 0.05% Trypsin (#25300120,
Life Technologies) for 5min at 37°C.

In vitro acute treatment with Menadione
For treatments with menadione (MN), MN powder (#M5750, Sigma) was
freshly dissolved in sterile distilled water to make a 10mM working stock.
Cells were seeded in complete Chen’s medium at a density of 0.35 × 10^6
cells on FNC (#0407, Athena ES)-coated 6-well plates overnight at 37 °C
with 5%CO2. To assay the levels ofDDRproteins, cells were incubatedwith

25 µM MN diluted in serum-free DMEM (#10567014, Life Technologies)
followed by harvesting after 30, 60, 90, or 120min for western blotting. For
ATM inhibitor treatment, 20 µM KU-55933 (#118500, Calbiochem) was
used to pre-treat cells for 30min in Chen’s medium, then co-treat withMN
in DMEM, and then was added to OptiMEM-I during the 24 h recovery
period. To determine the cell cycle fate after MN stress, cells were treated
with 50 µMMN for 60min inDMEM followed by a 24 h recovery period in
OptiMEM-I and then harvested for flow cytometry analysis.

In vitro acute treatment with UVA light and 4-OHE2

For acute treatments with ultraviolet-A light plus 4-hydroxyestradiol
(UVA+ 4-OHE2), 0.4 × 10^5 cells were seeded in estrogen-free Chen’s
medium (modifications-phenol red-free OptiMEM (#11058021, Life
Technologies) and 8% charcoal-stripped fetal bovine serum (FBS) (#100-
119, Gemini Bio-products) on FNC-coated 6-well plates overnight. For
UVA irradiation, growth medium was replaced with sterile phosphate
buffered saline (PBS) and cells were exposed to two 19.5-inch UVA tubes
(XX-15L; Analytik Jena US LLC) emitting 365 nm light (irradiance:
14.77mW/cm2) to deliver a fluence of either 10 J/cm2 (11minutes) or 25 J/
cm2 (27minutes), followed by a 24 h recovery period in phenol red-free
OptiMEM. For 4-OHE2 treatments, 4-OHE2 powder (#E2500-000, Ster-
aloids) was dissolved in 100% ethanol tomake a 50mMmaster stockwhich
was freshly diluted in sterile PBS and added to cells immediately after UVA
irradiation at 10 µM concentration in phenol red-free OptiMEM. For ATM
inhibitor treatment, cellswere pre-treatedwith 20 µMKU-55933 for 30min
in estrogen-free Chen’s medium and then re-added to cells in phenol red-
free OptiMEM immediately after UVA irradiation. To assay the levels of
DDR proteins, cells were harvested at 1 h post UVA or UVA+ 4-OHE2
treatments for western blotting. To determine the cell cycle fate, cells were
harvested 24 h post UVA+ 4-OHE2 with or without KU-55933 treatment
for cell cycle analysis and cell sorting by flow cytometry (Fig. 3a).

In vitro chronic treatment with UVA light and 4-OHE2

For chronic UVA+ 4-OHE2 treatments, 0.1 × 10^5 cells were seeded in
estrogen-free Chen’s medium on FNC-coated 6-well plates overnight. Cells
were pre-treated with 5 µMKU-55933 for 30min and then exposed to 25 J/
cm2 UVA followed by addition of 10 µM 4-OHE2 with or without re-
addition of 5 µM KU-55933 as described above. Media was replaced with
fresh phenol red-free OptiMEM every 48 h and cells were harvested for cell
cycle analysis and cell sorting by flow cytometry on day 5 (Fig. 4a).

Immunoprecipitation and Western blotting
Whole cell lysates were prepared by lysis in RIPA buffer containing HALT
protease and phosphatase inhibitors (#78440, Life Technologies) for 30min
on ice. Protein concentration was determined using the BCA assay kit
(#23225, Life Technologies). For immunoprecipitation, cells were lysed in
immunoprecipitation lysis buffer for 15min and centrifuged at 14000 rpm
for 10min at 4 °C.Total protein concentrationwas determined as described
above. Protein samples were first precleared with protein A or G beads for
30min and then incubated with 2 µg anti-pATM antibody (#05-740, Mil-
lipore) for 2 h at 4 °C followed by the addition of 35 μl of protein A- or
G-sepharose slurry and rotating for 1 h. Protein A/G beads were collected
and washed with lysis buffer four times. Immunoprecipitates or whole cell
lysates were resolved by loading onto a 4–12% Bis-Tris gel for SDS-PAGE
and blotted onto a polyvinylidene difluoride membrane (#IPVH00010,
Millipore)whichwas blocked in 5%nonfatmilk (#1706404, Bio-Rad) or 5%
bovine serum albumin (#BP1600, Fisher Scientific) in tris-buffered saline
with 0.1% Tween-20 (TBST) for 1 h and incubated overnight with primary
antibody at 4°C. (Refer Supplementary table 1 for list of primary antibodies
used). Blots were exposed to HRP-conjugated anti-mouse (#sc-516102) or
–rabbit IgG (#sc-2357) from Santa Cruz Biotechnology Inc., USA for 1 h.
The membrane was developed with SuperSignal West Pico or Femto
(#34577 or # 34096, Life Technologies, USA) plus chemiluminescent sub-
strate. Densitometry was analyzed with ImageJ software (developed by
Wayne Rasband, National Institutes of Health, Bethesda, MD), and protein
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content was normalized relative to β-actin protein content. Experiments
were repeated a minimum of three times. Results were averaged and SEM
values were calculated.

Cellular viability and morphology
Phase-contrast microscopy (Leica DM IL LED) was employed to visualize
cell morphology. Cell Titer Glo reagent (#G9241, Promega, Madison, WI)
was used to determine the cell viability, according to the manufacturer’s
protocol. The luminescence was determined by a luminometer (Turner
Biosystems, Sunnyvale, CA).

Cell cycle analysis and cell sorting
Cell cycle analysis and cell sortingwere performed as previously published45.
Briefly, CEnCswere fixedwith 70% ethanol for 20min, treatedwith 100 μg/
ml RNase, and stained with 50 μg/ml propidium iodide. Cell cycle data was
acquired using a BD LSR II flow cytometer. Single cells were identified by
measuring forward and side scatter, and cell doublets were excluded. The
combined gates were applied to a forward scatter versus propidium iodide
signal (PE channel) to produce a histogram plot. Quantification of cells in
each phase of the cell cycle was carried out using FlowJo cell cycle analysis
(v10.6.2, FlowJo, LLC). For FACS (Fluorescence-Activated Cell Sorting),
G0/G1 and G2/M phase cells were sorted and collected in PBS, using
Cytomation MoFlo cell sorter and resuspended in Trizol (Invitrogen) for
RT-PCR analysis.

RT-PCR
RNA was extracted from cultured CEnCs using Trizol (Invitrogen) and
RNeasy Micro Kit (Qiagen, Valencia, CA) according to manufacturer’s
protocol. RNA quality and quantity were measured using NanoDrop
spectrophotometer (Life Technologies). iScript cDNA synthesis kit (Bio-
Rad, Hercules, CA) was used to reverse-transcribe RNA. RT-PCR was
performed by TaqMan gene expression assays (Applied Biosystems, Foster
City, CA) with 2X Kapa Probe Fast master mix (#KK4703, Roche) for
detection of mRNA expression of all genes. Results were normalized to
GAPDH internal control and relative expression expressed as 2^ΔΔ(− CT).
The TaqMan assays used for RT-PCR are listed in Supplementary Table 2.

SA-β-GAL staining
Cell lines were stained for SA-β-GAL using a senescence histochemical
staining kit (#CS0030, Sigma-Aldrich) according to the manufacturer’s
protocol, with an incubation period of 16 h at 37 oC. Images of stained cells
(10 images acquired at ×20magnification for eachwell)were capturedusing
bright field microscopy (EVOS XL Core). For quantification, positively
stained cells were manually counted and reported as a percentage of
total cells.

Atm-wild type and -null mice
Wildtype Atmtm1Mmpl+/+ (Atm-WT), heterozygous Atmtm1Mmpl/+ (Atm-
het), and knockout Atmtm1Mmpl/tm1Mmpl (Atm-null) were provided as a kind
gift by Dr. Margot Mayer-Proschel, University of Rochester Medical
Center, New York97. The strain was maintained by setting up mono-
gamous pairs consisting of one male and one female mouse crossed as
per a heterozygous X heterozygous breeding scheme and the litters were
genotyped by PCR to identify knockouts and wildtypes for the experi-
ments. Mice were housed at Schepens Eye Research Institute, Boston,
USA, in a controlled environment with constant temperature, 12 h light/
dark cycle, and food and water available ad libitum. Mice were anes-
thetized with a combined dose of ketamine (100mg/kg) and xylazine
(20 mg/kg) administered intraperitoneally (IP). Animal studies were in
accordance with the ARVO Statement for the Use of Animals in Oph-
thalmic and Visual Research as well as the NIH Guide for the Care and
Use of Animals and were performed at Schepens Eye Research Institute
(SERI) with approval from SERI Institutional Animal Care and Use
Committees IACUC.

UVA Irradiation of Mouse Cornea and in vivo imaging
UVA irradiation of the mouse corneas was performed as described in our
earlier publication13. Briefly, a UVA LED source (M365LP1; Thorlabs,
USA) with an emission peak of 365 nm light, 8 nm bandwidth (FWHM),
and irradiance of 398mW/cm2 was focused down to a 4mm diameter
illumination spot onto the mouse cornea. The time of UVA exposure was
adjusted to deliver the appropriate fluence (20 minutes 57 s for 500 J/
cm2) as measured with a thermal power sensor head (S425C, Thorlabs,
USA) and energy meter console (PM100D, Thorlabs). The right eye
(OD) was irradiated, while the contralateral eye (OS) was covered with
retention drapes (SpaceDrapes, Inc., USA) and served as untreated
control eye). Mouse eyes were enucleated in sterile PBS, and corneal were
isolated, snap-frozen, and sent for estrogen metabolite analysis or wes-
tern blot following treatment with vehicle or drugs. For in vivo imaging,
mice were anesthetized as described earlier, and visual assessment of their
corneas was performed as described in our prior publication14 pre-UVA
and 1 day, 3 days, 1 week, 2 weeks, and 4 weeks post-UVA. Briefly, a slit
lamp biomicroscope attached to a camera (SL-D4, Topcon Healthcare,
The Netherlands) was used to assess the epithelial cell integrity. Anterior
segment images were taken using anterior segment optical coherence
tomography (OCT) (Bioptigen Spectral Domain Ophthalmic Imaging
System Envisu R2200) with a 12mm telecentric lens to scan the cornea
and measure central corneal thickness.

Immunohistochemistry
Mouse eyeswere enucleated either at day 1, day 3, week 1, week 2, week 4, or
week 10 post irradiation in sterile, ice-cold PBS. Under a stereo-zoom
microscope (MZ6, Leica), the eyeball was penetrated with a 26-gauge syr-
inge needle to create an incision at the corneo-scleral junction. Curved
Vannas capsulotomy scissors, 3 3/8” (5677E,Ambler Surgical)were inserted
into the incision to snip out the corneal cup from which the lens was
removed, and remaining iris and loose tissue was scraped. The corneal cups
were fixed in 4% paraformaldehyde (PF) for 20min at room temperature
(RT). For H3K9me3 and Ki67 staining, the corneal cup was permeabilized
and blocked in 3% BSA+ 0.1% TX-100+ 1% donkey serum in PBS for 1 h
at RT with gentle shaking followed by an additional 10min of blocking in
10% donkey serum. For Ki67, an additional permeabilization step with 1%
TX-100 for 10min was applied prior to blocking. The corneal cups were
incubated with primary antibodies at 4 °C overnight and with rhodamine
conjugated donkey anti-rabbit secondary antibody next day for 1 h at RT.
For pH2AX staining, the corneal cups were permeabilized in 0.1% Triton
X100+ 3% BSA in PBS for 30min at RT with gentle shaking, followed by
incubation with primary antibody at 4°C overnight and then with Fluor-
escein Isothiocyanate (FITC) conjugatedgoat anti-mouse antibodynext day
for 1 h at RT. (Refer Supplementary table 1 for list of antibodies used). The
tissues were incubated with DAPI dye, mounted onto glass slides with
Antifade mounting medium (#H-1000-10, Vector Labs) and imaged on
Leica SP8.

Statistical analysis
Statistical analysis was carried out using GraphPad Prism V10 (GraphPad
Software Inc, CA) using Student’s t-test for comparing two groups and one-
or two-way analysis of variance (ANOVA) with Tukey’s post hoc test for
comparing 3 or more groups. All data is reported as the mean ± SEM.
Significance for all measures was set at P < 0.05.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data generated during and/or analyzed during the current study is
archived toMassGeneral Brigham (MGB)Dropboxwith unlimited storage.
The data is available upon request from the corresponding author.
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