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Ataxia—telangiectasia (A-T) is a pleiotropic genome instability syndrome resulting from
the loss of the homeostatic protein kinase ATM. The complex phenotype of A-T includes
progressive cerebellar degeneration, immunodeficiency, gonadal atrophy, interstitial
lung disease, cancer predisposition, endocrine abnormalities, chromosomal instability,
radiosensitivity, and segmental premature aging. Cultured skin fibroblasts from A-T
patients exhibit premature senescence, highlighting the association between genome
instability, cellular senescence, and aging. We found that lung fibroblasts derived from
ATM-deficient mice provide a versatile experimental system to explore the mechanisms
driving the premature senescence of primary fibroblasts lacking ATM. A#mn-/- fibroblasts
failed to proliferate under ambient oxygen conditions (21%). Although they initially
proliferated under physiological oxygen levels (3%), they rapidly entered senescence.
In contrast, wild-type (WT) lung fibroblasts did not senesce under 3% oxygen and
eventually underwent immortalization and neoplastic transformation. However, rapid
senescence could be induced in WT cells either by Az gene ablation or persistent chem-
ical inhibition of ATM kinase activity, with senescence induced by ATM inhibition being
reversible upon inhibitor removal. Moreover, the concomitant loss of ATM and p53 led
to senescence evasion, vigorous growth, rampant genome instability, and subsequent
immortalization and transformation. Our findings reveal that the rapid senescence of
Atm-/- lung fibroblasts is driven by the collaborative action of the cGAS-STING, p38
MAPK, and p53 pathways in response to persistent DNA damage, ultimately leading to
the induction of interferon-a1 and downstream interferon-stimulated genes. We propose
that accelerated cellular senescence may exacerbate specific A-T symptoms, particularly
contributing to the progressive, life-threatening interstitial lung disease often observed
in A-T patients during adulthood.

ataxia-telangiectasia | ATM | senescence | p53 | cGAS-STING

Understanding the molecular and physiological foundations of rare genetic disorders is
crucial for advancing therapeutic strategies and unlocking new biomedical insights, which
often implicate on a broader range of diseases. Noteworthy among these are genome
instability disorders, which are situated at the crossroads of genome dynamics and cellular
metabolism. These disorders usually arise from deficiencies in DNA damage management,
and their complex phenotypes typically include combinations of chromosomal instability,
progressive degeneration of specific tissues, impaired development and/or growth, skeletal
and endocrinological abnormalities, segmental premature aging, cancer predisposition,
and increased sensitivity to specific DNA damaging agents (1).

The cellular system impacted in genome instability syndromes is the DNA damage
response (DDR)—a complex signal transduction network that coordinates lesion-specific
DNA repair pathways while modulating many physiological processes in a coordinated
manner (2). This system remains continuously active, responding to DNA damage induced
primarily by endogenous reactive oxygen species (ROS) as well as by environmental
chemicals and radiations (3). Maintenance of genome stability against this constant offen-
sive is essential for preventing undue cell death or the development of cancer (4).

The autosomal recessive disorder, ataxia—telangiectasia (A-T), stands as a prominent
example of a genome instability disorder (5). It is caused by null mutations in the A7TM
(A-T, mutated) gene, which was identified in our lab (6) and encodes the homeostatic
protein kinase, ATM (7, 8). A-T is characterized by progressive cerebellar degeneration
resulting in severe motor dysfunction, oculocutaneous telangiectasia (dilated blood
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vessels), immunodeficiency often accompanied by recurrent sin-
opulmonary infections, interstitial lung disease that is independ-
ent of the recurrent infections, thymic and gonadal atrophy,
occasional endocrine abnormalities, chromosomal instability,
predisposition to cancer—primarily to lymphoreticular malig-
nancies, and acute sensitivity to ionizing radiation (5). Notably,
segmental premature aging is frequently observed in affected
adolescents (9). Cultured cells derived from affected individuals
exhibit chromosomal instability and cellular hypersensitivity to
genotoxic agents, particularly those that induce DNA double-
strand breaks (DSBs) (5, 10). Furthermore, primary fibroblasts
derived from A-T patients undergo enhanced telomere erosion
and accelerated replicative senescence (9, 11-13).

The ATM protein that is absent or inactivated in individuals
with A-T is a pivotal serine-threonine kinase that is involved in
many homeostatic pathways (7, 8). Its most studied function is
orchestrating the DDR in response to DSBs: Following its acti-
vation by this DNA lesion (14-16), it phosphorylates a multitude
of substrates within an intricate, highly structured signaling web
(17-19). ATM is also involved in responding to other types of
DNA lesions (20, 21), and is additionally triggered by ROS,
underscoring its importance in the cellular defense against oxida-
tive stress (8). Moreover, ATM is implicated in the regulation of
mitochondrial homeostasis and several other cellular metabolic
circuits (7, 8). Consequently, the multifaceted clinical and cellular
phenotypes observed in A-T can be attributed to the simultaneous
loss of these functions (8). Nonetheless, ongoing efforts still aim
to link the loss of individual ATM functions to particular A-T
symptoms and cellular characteristics.

DDR deficits have been robustly associated with accelerated
aging (22) and A-T is no exception (9, 23). The role of premature
aging in exacerbating A-T symptoms likely becomes more pro-
nounced as affected individuals age. A common feature of aging
tissues is the accumulation of senescent cells (24-26). Premature
senescence of specific cell types may thus be a mediator of the
segmental premature aging observed in A-T. The accelerated senes-
cence observed in A-T primary fibroblast lines (9, 11-13) may be
indicative of such a phenomenon.

Cellular senescence is characterized by persistent cell cycle
arrest, apoptosis resistance, significant morphological changes,
metabolic alterations, chromatin organization shifts, epigenomic
and gene expression modifications, and, increased basal DNA
damage (27). Replicative senescence, initially identified in cultured
primary fibroblast lines (28), has been associated with telomere
erosion (28). However, cellular senescence can also be triggered
by various stresses such as genotoxic stress, oncogene activation,
and others (27, 29). These signals usually affect pathways that
converge at the activation of the p53-p21 and p16-RB axes, acting
as cell cycle regulators that prevent the proliferation of damaged
or stressed cells.

Senescent cells are also characterized by the senescence-associated
secretory phenotype (SASP), which involves extensive release of
bioactive molecules, many of them inflammatory, with autocrine
and paracrine effects (26, 27). While the SASP can exert beneficial
effects in specific contexts (30), its extended presence may lead to
persistent tissue damage and foster a localized, chronic inflamma-
tory microenvironment eventually leading to tissue aging (26, 31).
Cellular senescence therefore is a double-edged sword: It is crucial
for embryonic development, tissue repair, removal of damaged
cells, and tumor suppression. However, over time, it can also pro-
mote inflammation, accelerate degenerative diseases, contribute
to cancer progression, and intensify aging-related conditions.

Given the role of ATM in regulating the cellular redox balance,
we recently asked whether reducing oxygen concentration into

https://doi.org/10.1073/pnas.2419196122

the physiological range could attenuate the accelerated senescence
observed in cultured A-T skin fibroblasts. Remarkably, at 3%
oxygen, the lifespan of these cells until reaching senescence was
significantly prolonged. However, they still senesced earlier than
control cells grown under identical conditions (13). Transcriptomic
analysis revealed that the accelerated senescence in A-T fibroblasts
predominantly manifested as replicative senescence, albeit with
distinct transcriptomic signatures. Notably, we observed the acti-
vation of SASP genes in senescing A-T cells, whose products had
been reported to be involved in tissue fibrosis. This observation
resonates with the development of interstitial lung disease in
affected individuals advancing in age (32), a condition that may
be exacerbated by chemotherapy (33).

Understanding the underlying causes and cellular pathways
responsible for the premature senescence observed in ATM-
deficient fibroblasts holds significant implications both in basic
research and for clinical practice. In our recent study of A-T cell
lines, we noticed a high level of micronuclei (MN) in these cells,
along with concomitant activation of interferon-stimulated genes
(ISGs) (13). Expanding upon these findings, we aimed to utilize
a cellular system that would demonstrate the premature senescence
of ATM-deficient cells more rapidly compared to human skin
fibroblasts and would be conveniently amenable to further exper-
imental manipulations. Given the association of fibrotic lung
disease with A-T, we found that ATM-deficient, murine primary
lung fibroblast lines indeed met these criteria.

Results

Rapid Senescence of Murine Atm-/- Lung Fibroblasts at
Physiological Oxygen Concentrations. Primary lung fibroblasts
from wild-type (WT) and A#m-/- mice were cultured under
ambient (21%) or 3% oxygen concentrations. Under ambient
conditions, WT cells senesced within several passages, exhibiting
senescence characteristics and DNA damage indicators, such as
nuclear foci of phosphorylated histone H2AX (yH2AX) and MN
(81 Appendix, Fig. S1). These observations are similar to those seen
in senescing mouse embryo fibroblasts (MEFs) (34), suggesting
that the growth of WT mouse primary fibroblasts is limited under
these conditions. Establishing cultures of A/~ fibroblasts under
ambient conditions was unsuccessful. In contrast, at 3% O,, WT
cells accumulated less DNA damage (Fig. 1 and S/ Appendix, Fig. S1)
and demonstrated robust growth without any signs of senescence
for at least 35 passage levels (57 Appendix, Fig. S3). This suggests
eventual immortalization, similarly to MEFs growing under 3% O,
(34, 35). Importantly, at this oxygen level, Azm-/- fibroblast lines
could be initiated, but they exhibited significantly slower growth
compared to WT cells, and consistently halted at passage level 8
(P8) (Fig. 1 and S7 Appendix, Figs. S1 and S2). At this stage, they
displayed distinctive senescence characteristics (Fig. 1): flattened
morphology, pronounced decrease in DNA synthesis and intense
senescence-associated B-Galactosidase (SA-B-Gal) staining, elevated
levels of cell cycle inhibitors CDKN1A (p21), CDKN2A (p16),
and CDKN2B (p15), and diminished HMGB11 and LAMINB1
protein levels. Following 20 d in senescence, however, the senescent
Atm-[- cultures displayed regrowth signs (S/ Appendix, Fig. S2),
which was reminiscent of the postcrisis resurgence of W MEFs (34,
36), indicating escape from senescence or selection for senescence-
resistant cells. Importantly, at P8, the average telomere length of
senescent Azm~/- fibroblasts was comparable to that of proliferating
WT fibroblasts (S Appendix, Fig. S4), suggesting that telomere
erosion was not a significant factor in their rapid senescence and
pointing to alternative mechanisms driving this process. Notably,
the accelerated senescence of murine Asm-/- lung fibroblasts
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Fig. 1. Premature senescence in murine Atm—/- lung fibroblasts at 3% O, concentration. (A) Growth curves of WT and Atm—/- cells across passage levels P2
to P8. (B) Representative EdU staining images of WT and Atm-/- cells at P2 and P8 (EdU: green; nuclei: blue). (C) Quantification of EdU-positive cells for WT
and Atm-/- cells at various passage levels (P2 to P8). IR denotes WT cells exposed to 10 Gy of ionizing radiation and analyzed 10 d postexposure. (D) Bright-
field microscopy images of cells at P8, with red arrows indicating cells exhibiting senescent morphology. () SA-B-Gal activity staining in cells at P2 and P8.
(F) Quantitative analysis of SA-p-Gal-positive cells at different passage levels. (G) RT-gPCR analysis of cell cycle arrest mediators’ genes at P8. (H) Western blotting
analysis of senescence-associated markers in WT and Atm—/- cells at P2 and P8, along with irradiated WT controls. Data in panels C, f, and G are represented
as mean + SEM from at least three independent experiments. Statistical significance determined using a two-tailed t test is denoted as follows: *P < 0.05,
***p < 0,001, and ns = not significant.
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occurred earlier and more rapidly than that of human A-T skin
fibroblasts grown under identical conditions (13), whereas murine
WT lung fibroblasts never senesced, unlike human control skin
fibroblasts. Therefore, the contrast between ATM-proficient and
-deficient cells was starkly more evident in the murine cell system
than in the human one.

Marked Genome Instability in Atm-/- Lung Fibroblasts under
Physiological Oxygen Conditions. Genome instability is a defining
feature of A-T. Given the markedly accelerated senescence of
Atm~/- mouse lung fibroblasts relative to human A-T fibroblasts,
we evaluated the extent of genome instability in these cells. We
noted increased DNA damage in Azm-/- fibroblasts, evidenced by
elevated levels of YH2AX foci and the presence of MN, starting from
early passages (SI Appendix, Fig. S5 A and B). Similarly, cytogenetic
analyses revealed pronounced chromosomal aneuploidy and
breakage from the outset (S/ Appendix, Fig. S5 C-E), indicating that
these cells inherently exhibit significant genome instability, which
predates the manifestation of senescence. Interestingly, we observed
a rise in aneuploidy and polyploidy as cells neared senescence, as
shown by chromosome counts (S7 Appendix, Fig. S5D) and low-
pass whole genome sequencing (LP-WGS) (S] Appendix, Fig. S5F).
Notably, as cytogenetic analysis is based on proliferating cells, the
metaphases observed in Asm-/- cultures at P8 were likely derived
from cells that retained the ability to divide, despite the predominant
senescence in Asm-/- fibroblasts at this stage.

Dynamic Induction of Senescence through Loss of ATM Protein
or Inactivation of Its Catalytic Activity. The A#m—/- genotype
creates mice deficient in ATM from the outset, linking the resulting
phenotype to the absence of ATM protein. Genetic manipulations
in mice allow, however, the induction of such genotype in specific
tissues postnatally, in otherwise healthy animals. We explored
whether triggering A#m gene inactivation in ATM-proficient lung
fibroblasts would prompt senescence, a state these cells normally
avoid under 3% oxygen conditions. We utilized lung fibroblast
lines from a mouse strain previously engineered in our lab (37),
homozygous for a “floxed” Asm allele (38, 39) and carrying a
Cre(ERT)-expressing transgene. Cre(ERT) is designed to remain
cytoplasmic, relocating to the nucleus after 4-hydroxytamoxifen (4-
OHT) exposure (40). As expected, these ATM-proficient fibroblasts
inidally proliferated robustly, like WT cells. Yet, upon 4-OHT
treatment and presumed homozygous Asmm inactivation, ATM
protein levels decreased in these cells within four days to almost
undetectable levels (S7 Appendix, Fig. S6 A and B), aligning with
ATM’s 20 to 24 h half-life in cultured cells. Ten days later, cellular
proliferation halted, and the cells exhibited senescence markers,
mirroring senescent Amm-/- cells (S Appendix, Fig. S6 C-E).
Accordingly, these cells exhibited elevated numbers of YH2AX foci
and MN (87 Appendix, Fig. S6 F and G). This result highlights
the essential role of ATM in maintaining continuous proliferation
and preventing genome instability and senescence in murine lung
fibroblasts growing under physiological oxygen concentration.
We asked whether inhibition of ATM kinase activity without
protein elimination could induce senescence in WT cells. The
ATM inhibitor, KU-60019 (41) (ATMi hereafter), efficiently and
reversibly blocks ATM kinase activity (SI Appendix, Fig. S7). We
noticed that the inhibitor retained its potency for at least 6 d in
culture (87 Appendix, Fig. S7 A and B), facilitating its use for
extended ATM inhibition in cell culture. Importantly, unlike irre-
versible Azm gene excision, the reversibility of ATM’s chemical
inhibition upon the inhibitor’s removal allows for the withdrawal
of the senescence stimulus after its induction (SIAppendix,

Fig. S7C). Indeed, after 15 d in the presence of ATMi, WT lung
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fibroblasts ceased proliferation and the cultures displayed senes-
cence hallmarks (87 Appendix, Fig. S8), mirroring the character-
istics of senescent Amm-/- cells (Fig. 1). However, when ATMi
was subsequently removed, this ATMi-induced senescence state
was reversed (SI Appendix, Fig. S9 A-D), with a concomitant
decline in the levels of YH2AX foci and MN back to normal
(SI Appendix, Fig. S9 E and F). This finding suggests that the loss
of ATM’s catalytic activity alone is sufficient to induce genome
instability and senescence in lung fibroblasts. Furthermore, this
system may offer a tool for dynamically modulating senescence
in WT primary fibroblast cultures. However, it should be cau-
tiously noted that some cells with inactivated ATM may not have
fully entered senescence and could resume proliferation more
readily than others after the inhibitor’s removal.

Loss of p53 Increases Genome Instability in Atm-/- Lung
Fibroblasts and Facilitates Senescence Evasion, Which Ultimately
Leads to Tumorigenicity. The tumor suppressor protein, p53, is
pivotal in initiating and sustaining the cell cycle checkpoints induced
by DNA lesions, a process that can lead to cellular senescence in
response to prolonged induction of DNA damage (42). Senescing
Atm~/- cells exhibited increased expression of the Cdknla gene,
a crucial target of p53 in this context, and consequently, an
elevated level of its protein product, p21 (Fig. 1 G and H). This
finding suggests p53’s involvement in the pathway leading to this
senescence, despite the absence of Atm, which is a primary p53
activator in the DSB response (7, 8). We therefore asked whether
lung fibroblasts deficient in both ATM and p53 might bypass the
ATM deficiency-induced senescence. We attempted to generate
Atm- and Trp53-double-knockout (dKO) mice by breeding C57BL
animals heterozygous for null alleles of both genes. However, these
dKOs typically arise at extremely low sub-Mendelian frequencies
(43), making it challenging to obtain them. After genotyping 719
offspring without identifying a single dKO, we shifted our focus
to the more prevalent Amm-/-; Trp53+/- genotype, asking whether
a partial reduction in p53 levels could still impact the senescence
dynamics associated with ATM deficiency.

Initially, the Atm—/-;Tip53+/- genotype did not enhance the
slow growth and low DNA synthesis typical of ATM-deficient
cells, and cells with this genotype exhibited elevated SA-B-Gal
staining (Fig. 2 A-C). However, as these cells advanced in passage
levels, the proportion of SA-B-Gal-positive cells dropped rapidly,
the cultures did not enter senescence, and rather than stalling at
P8, their growth was accelerated, eventually surpassing the WT
rate at P15, and their SA-B-Gal staining disappeared (Fig. 2 A-C).
Interestingly, while this genotype did exhibit at P8 the alterations
in specific protein levels that characterize senescent Asm—/- cells,
this trend was reversed at P15 (Fig. 2D), further attesting to senes-
cence evasion. We suspected that the cultures evaded senescence
due to gradual loss-of-heterozygosity (LOH) at the 7ip53 locus,
which eventually rendered the cells dKO for Amm and 7ip53.
Subsequent genotyping of the cells across various passage levels
confirmed this assumption, revealing a progressive loss of the WT
Trp53 allele in the cultures, which correlated with the acceleration
in cellular proliferation (Fig. 2 A and B). Notably, with extended
culturing, LOH was also detected in A#m+/+; Tip53+/- cells, albeit
at considerably higher passage levels compared to Asm~/-; Trp53+/-
cells (ST Appendix, Fig. S104). These observations suggest that
LOH at the 7ip53 locus was expedited in the context of ATM
deficiency, likely due to the increased genome instability associated
with ATM absence.

To further establish p53’s involvement in the premature senes-
cence of ATM-deficient cells, we examined the effect of ATMi on
lung fibroblast lines derived from 7ip53-/- mice. Unlike WT

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419196122#supplementary-materials

Downloaded from https://www.pnas.org by 147.235.196.74 on January 7, 2025 from | P address 147.235.196.74.

3x10% P2 3x10° P8 3x10° P10 3x10° P15
=2 -wT -wT —WT -wr
3 CAtm - At ~ Atm; 53" = Atm”p53*"
:_’ ~ Atm™; Trp53*" -~ Atm™;Trp53"" H
©  aaes 2x10° 2x10° 2x10°
3 \ J:
[S H
>
c P *
—  1x10% 1x10% ¥ 1x10% 1x10%
S
3 «
[
0 oA 0 0
0 1 2 3 a 5 0 1 2 3 a4 5 0 1 2 3 4 5 0 1 2 3 a4 5
Time (days) Time (days) Time (days) Time (days)
* %
100 %%  ns ns — < 801 iy
- - * * % — =
— ns  — — @ ns
S ns — = _
S",,’ s = ns plly - 3 60+ * % % X B wr
> T WT o -
3 60 S o B g B atm”;Trp53"
) B atm”;Tp537" 5 a0d ™ o« ns = -
2 B S U Atm
@ 40 Atm I — ns
4 & 7
T 7 204
> 2 o
i &
0-
P2 P4 P6 P8 P10 P15
D Atm*/* Atm’ Atm”"

Trp53**  ;Trp53** ;Trp53*

P2 P8 P15 IR P2 P8 P2 P8 P15
ATV [ =
PKAP-1 (S824) | s we v W
KAP-1 (W s s - -
LAMINBL [Sor s e o s . s e S
P53 (W - e T
P-p53(pS18)| v I L R 1.
HIVIGB] [ e o o e s o —

p21 e e ———
HSCT70 |G S s S0 h 0t o ) S

Tissues (Ctrl) _ WT  Atm7- Trp537 Trp53+- Atm7;Trp53*-
M H,0 -/- +/- +/+ P2 P8 P15 P2 P8 P2 P8 M M P2 P4 P6 P8 P10 P12 P15 P2 P4 P6 P8 P10 P12 P15
. - L
_— B B
R —
Q —
- P —— o - - - <= WT allele
o T R N - <4=Mutant allele
&
‘;(‘ - - -——— - - - - e e <= Mutant allele
p— - - - - — <= WT allele

Fig. 2. p53 loss leads to early senescence escape in ATM-deficient murine lung fibroblasts. (A) Growth curves of cells with different Atm/Trp53 genotypes at
different passage levels. (B) Quantification of EdU in cells with different Atm/Trp53 genotypes at different passage levels (P2 to P15). (C) Quantification of SA-g-
Gal in cells with the different Trp53/Atm genotypes at different passage levels (P2 to P15). (D) WB analysis of cell cycle arrest and senescence markers in cells
with different Atm/Trp53 genotypes at P2, P8, and P15. (E) PCR analysis of Trp53 (Upper) and Atm (Lower) alleles in cells with the different Atm/Trp53 genotypes at
different passage levels. Note that by P15, the cells with the initial genotype, Atm—/-;Trp53+/-, were already dKO. Mean and SEM of at least three independent
experiments are shown. P-values were calculated using the two-tailed ¢ test (*P < 0.05, **P < 0.01, ***P < 0.001, ns = not significant).

cells, continuous exposure to ATMi did not induce growth arrest ~ ATM does not precipitate a senescence state without the involve-

or senescence hallmarks in 7ip53-/- cells (8] Appendix, Fig. S11 ment of p53. Consistent with expectations, 7rp53-/- cells exposed
A and B), suggesting once again that the absence or inactivity of ~ to ATMi displayed elevated levels of YH2AX foci (SI Appendix,
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Fig. S11C) and MN (8] Appendix, Fig. S11D), indicative of
increased genome instability.

The simultaneous absence of both ATM and p53 calls for
excessive genome instability. Indeed, genome stability was
heightened in dKO cells compared to A#m-/- cells that under-
went spontaneous senescence escape. The elevation was evident
in the amounts of YH2AX foci and MN (87 Appendix, Fig. S12
Aand B), as well as in chromosomal aneuploidy and polyploidy
observed through cytogenetic analysis (S7 Appendix, Fig. S12C)
or LP-WGS (S Appendix, Fig. S12D). Notably, the chromo-
somal instability in dKO cells also surpassed that of 77p53-/-
cells (8 Appendix, Fig. S12 Cand D). Upon further proliferation,
at P35, genome instability continued to escalate across the var-
ious genotypes (SI Appendix, Fig. S10 B-D). Remarkably, at this
stage, these cell lines demonstrated robust proliferation under
ambient oxygen conditions (SI Appendix, Fig. S13), which normally
leads to rapid senescence of WT lung fibroblasts (S7 Appendix,
Fig. S1).

Collectively, these cells exhibited characteristics consistent with
immortalization, prompting us to investigate whether they had
progressed to a tumorigenic state. Indeed, following subcutaneous
injection into nude mice and a latency period of approximately
4wk, both WT and Am-/-;Tip53-/- cells at P35 formed tumors
in the animals (87 Appendix, Fig. S14). The acquisition of tumor-
igenic potential by the WT cells is particularly notable, as these
cells underwent no directed manipulation and developed this
potential after a relatively short period of growth under 3% oxy-
gen. Notably, at this high passage level, the p53 pathway was
down-regulated as reflected by reduced mRNA and protein levels
of two p53 target genes, Cdknla and Mdm?2 (SI Appendix,
Fig. S15). Interestingly, the protein levels of p53 itself remained
high (81 Appendix, Fig. S15), suggesting that its function may have
been impaired due to 77p53 mutations that occurred during the
progression of these cells in culture.

Atm-/- Lung Fibroblasts Display Persistent Upregulation of ISGs.
In our recent investigation into the accelerated senescence in skin
fibroblast lines derived from A-T patients (13), we noticed an elevated
expression of ISGs in senescing A-T cells, likely indicating activation
of the cGAS-STING pathway by cytoplasmic DNA emanating
from ruptured MN (44). In the present study, we further explored
the signaling underlying this process. We employed transcriptomic
analysis using RNA-seq on three WT and three A#n-/- murine
lung fibroblast lines sampled at P2 (early growth) and P8, the stage
at which A#m-/- cells reached senescence. A total of 15,389 mRNA
transcripts were represented in these samples. Principal Component
Analysis (PCA) indicated a strong correlation between replicate
samples, suggesting that the most robust gene signatures were
primarily driven by the experimental conditions rather than other
confounding factors (S/ Appendix, Fig. S16A).

We also examined WT cells that underwent senescence upon
exposure to ATMi, subsequently sampling them again after they
resumed normal proliferation following inhibitor removal. PCA
based on 15,372 expressed genes, revealed that the experimental
conditions had the most significant impact on gene signatures,
with the primary effect caused by ATM inhibition and its subse-
quent release (S7 Appendix, Fig. S16B).

To identify the differentially expressed genes (DEGs) associated
with premature senescence due to ATM deficiency, we conducted
multiple comparison tests based on genotype and passage levels,
including an interaction comparison (Materials and Methods). This
analysis yielded a total of 2,163 DEGs across the different groups
(ST Appendix, Table S1). We then applied a separation test after each

comparison to retain only the genes that showed consistent responses

https://doi.org/10.1073/pnas.2419196122

across the corresponding replicates for subsequent analyses. Ultimately,
2,123 DEGs were significantly up- or down-regulated in senescent
cells (ST Appendix, Table S1).

Notably, as observed in senescent human A-T cells, we detected a
widespread activation of ISGs, particularly those responsive to IFN-a
(Fig. 3 Aand Band S/ Appendix, Fig. S17). Importantly, the majority
of up-regulated ISGs exhibited elevated expression levels in Azm—/-
cells at early passages, and this elevation persisted until the cells
reached senescence (Fig. 3B), suggesting a sustained activation of the
IFN response in these cells from the outset. Among the prominently
induced classical ISGs was Irf7 (Fig. 3B and SI Appendix, Fig. S17),
which encodes a master regulator of type I IFN production, and other
ISGs that encode SASP components, such as IGFBP6, CCL7,
VCAM], and CSF1 (Fig. 3B). Crucially, a similar ISG response was
observed in WT cells undergoing senescence due to exposure to ATMi
(Fig. 3 Cand D). Furthermore, upon ATMi removal and subsequent
reversal of senescence, the expression levels of the majority of ISGs
decreased to normal levels (Fig. 3C). This observation indicates that
the senescence state observed in WT cells exposed to ATMi shared
similar characteristics with that of Azm-/- cells. Furthermore, it sug-
gests that this IFN response is an integral component of the acceler-
ated senescence observed in ATM-deficient fibroblasts.

Remarkably, our RNA-seq analysis did not reveal detectable
levels of the interferon genes themselves. However, considering
that even minute quantities of IFNs can induce the production
of ISGs (45), we employed RT-qPCR to specifically detect the
transcripts of individual IFNs. Intriguingly, expression of Ifnal
was elevated in Amm~/- cells compared to WT cells (S Appendix,
Fig. S17), whereas transcripts encoding IFNB1 and IFNYy were
still undetectable by this method, same as IFNa2, and IFNo4 of
the IFNa family. These findings suggest that, at least [FNot1 might
be generated in senescing Azm-/- cells at levels sufficient to trigger
the observed downstream ISG expression.

Chemical Inhibition of cGAS Enables Senescence Evasion in
Atm-/- Lung Fibroblasts. The combination of genome instability
leading to MN formation, IFN response, and eventual senescence
observed in both human A-T fibroblasts (13) and mouse Atm—/-
fibroblasts (this study) suggests the involvement of the innate
immunity cGAS-STING pathway (46) as a signaling axis in the
accelerated senescence resulting from ATM absence. A hallmark
of genome instability, MN eventually rupture, releasing dsDNA
into the cytoplasm (47). Cytoplasmic DNA, in turn, acts as a
prime activator of the cGAS-STING pathway, ultimately leading
to upregulation of interferon genes and subsequently, ISGs. This
pathway has been tightly associated with cellular senescence in
various experimental setups (44, 48).

Indeed, in the presence of cGAS and STING inhibitors, RU.521
and H151 (referred to as cGASi and STINGI) (49, 50), Atm—/-
fibroblasts bypassed arrest at P8 (Fig. 44) and exhibited reduced
SA-p-Gal staining compared to untreated controls (Fig. 4B).
Furthermore, p16, p21Wail/GP1 and p15 levels along with Ifnal
expression were lowered in cGASi-treated Asm~/- cells (SI Appendix,
Fig. S184), suggesting evasion of spontaneous senescence. Notably,
after cGASI removal, these cells continued to proliferate without
entering senescence (S/ Appendix, Fig. S19 A and B), while display-
ing elevated genome instability (57 Appendix, Fig. S19 C and D).
This observation suggests that ATM-deficient fibroblasts that
bypass the time window for spontaneous senescence, are unlikely
to undergo this process at a later stage.

Notably, cGASi and STINGI treated A#m-/- fibroblasts also
displayed reduced numbers of YH2AX nuclear foci and percentage
of MN-positive cells during treatment with the inhibitors
(Fig. 4 C and D and S/ Appendix, Fig. S18 B and C). cGASi
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Fig. 3. Atm-/- lung fibroblasts exhibit high, sustained expression of ISGs. (A) GSEA plots for hallmark interferon gene sets when global gene expression was
compared between Atm-/- and WT cells at P2 (Upper) and P8 (Lower). (B) A representative heat map of IFN response genes in Atm-/- and WT cells at P2 and
P8. Blue represents downregulation, and yellow-upregulation. (C) Representative heat map of IFN-response genes in WT cells following treatment with ATMi
(+ATMi) or DMSO (+DMSO) for 15 d, and 20 d after ATMi (~ATMi) or DMSO removal (-DMSO). Blue represents downregulation and yellow-upregulation. (D)
Venn diagram of up-regulated ISGs in both datasets (yellow; up-regulated genes in Atm—-/- cells, blue; up-regulated genes in WT cells during ATMi treatment).
The overlap represents ISGs that were up-regulated in both setups. The upregulation in Atm—-/- cells at P8 is compared to WT cells at P8, and in WT cells the
comparison is between cells treated with ATMi and those treated with DMSO.

slightly reduced chromosomal polyploidy compared to cells  (SI Appendix, Fig. S18 D—F). Collectively, these results support
untreated with the inhibitor, although it was clear that in the the notion of a pivotal role for cGAS in the premature senescence
presence of c¢GASi, they still exhibited genome instability — of Azm-/- fibroblasts.
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Fig. 4. The p38 MAPK is a major regulator of the premature senescence of Atm-/- lung fibroblasts. (A) CPD curves of WT and Atm—/- cells cultured in the
presence with cGASi, STINGI, and p38i. (B) Quantification of the percentage of SA-p-Gal-positive cells from figure (A) at P.8 (day 32). (C) Quantification of average
yH2AX nuclear foci per cell from (A) at P8. (D) Quantification of MN in cells from experiment (A) at P8. A cell was considered micronuclei-positive if it contained
at least one micronucleus. (E) WB analysis of various IFN-related proteins, senescence markers, and cell cycle arrest mediators in cellular extracts from cells in
experiment (A), at P8. Mean and SEM of at least three independent experiments are shown. P-values were calculated using the unpaired t test (*P < 0.05, ***P

<0.01, ***P < 0.001, ns = not significant).

p38 MAPK Collaborates with cGAS and STING to Mediate
Premature Senescence in Atm-/- Lung Fibroblasts. The cGAS—
STING-IFN axis functionally interacts with other signaling
pathways (44, 48). The p38 MAP kinase (MAPK) route is involved
in mediating the antiproliferative effects of Type I IFNs, and the
role of p38 in cellular senescence, triggered by various stimuli,
is well established (51). Furthermore, phosphorylation of p38
was previously shown in skin fibroblasts from A-T patients, and
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knocking down the MAPK14 gene encoding p38 prevented their
premature senescence (52).

Similar to ¢cGASi and the STING inhibitor (STINGi), a p38
inhibitor (p38i) facilitated evasion of senescence in Atm-/- cells:
Itincreased their proliferation rate, prevented senescence-associated
growth arrest, and decreased the number of SA-B-Gal-positive
cells, potentially enabling their eventual immortalization (Fig. 4
Aand B). Although p38i did not significantly reduce YH2AX foci
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levels, it significantly decreased MN formation, similar to STINGi
and cGASi (Fig. 4 Cand D). Importantly, similarly to human A-T
fibroblasts (52), senescing Atm-/- cells exhibited increased p38
phosphorylation, which was attenuated by both cGASi and STINGi
(Fig. 4E). Interestingly, p38 phosphorylation was increased in the
presence of p38i, and STINGi treatment led to increased STING
level (Fig. 4E), suggesting feedback mechanisms that attempt to
activate or increase the amount of these proteins in response to their
chemical inhibition.

Like cGASI, p38i reduced the levels of p53, p21, and p16 and
reversed other senescence markers such as HMGB1 and LAMINB1
levels (Fig. 4E). In contrast, STINGi did not affect p53 and p21
levels, suggesting that STING might be involved in the premature
senescence of Atm-/- cells mainly through p16. Surprisingly, inhi-
bition of p38 also diminished the phosphorylation of the down-
stream effectors of cGAS-STING, TBK1, and IRF3 (Fig. 4F),
raising the possibility that p38, in addition to its role in mediating
cell cycle arrest, might also contribute to the enhancement of
interferon signaling in these cells upon activation.

The ¢cGAS-STING pathway interacts with the JAK-STAT
pathway, implicated in ISG activation (53). We observed in
Atm~/- cells high levels of STAT1 and its phosphorylated forms
(Fig. 4E). Unlike the effects seen with STINGI, the inhibition of
cGAS only minimally affected the phosphorylation of STAT1 and
the expression of ISGs, including Is¢15, Irf7, and Statl (Fig. 4E).
This suggests that, even in the absence of cGAS activity, other
DNA damage sensors might still activate STING, maintaining
high ISG expression in Azm-/- cells. Additionally, the levels of
the p65 subunit of NF-kB and its phosphorylated form were not
elevated in Azm-/- compared to WT cells (Fig. 4E). This finding
aligns with our previous observations in senescing A-T skin fibro-
blasts under 3% O, (54). Collectively, the data indicate a signaling
loop activated by genome instability, driven by a tight cross talk
between the cGAS-STING, p38, and p53 pathways (Fig. 5).

Discussion

Our experiments demonstrate that the growth patterns of WT
murine lung fibroblasts closely resemble those of MEFs (34): Both
cell types exhibit rapid senescence under ambient oxygen levels and
indefinite growth under 3% oxygen. However, this robust growth
is replaced by rapid senescence when ATM is absent or inhibited.
'This difference between WT and ATM-deficient murine lung fibro-
blasts is more profound than the difference observed between
human skin fibroblasts derived from A-T patients and controls (11,
13). Notably, unlike in human A-T fibroblasts, telomere attrition
does not contribute to the rapid senescence of murine A#m—/- lung
fibroblasts, as murine telomeres are significantly longer. Instead,
their rapid senescence can be attributed primarily to the marked
genome instability that we observed in these cells (Fig. 5).

The cell cycle arrest in senescent cells is commonly considered
irreversible (55). However, recent studies have shown that senes-
cent cells can resume cycling under certain circumstances,
particularly tumor cells that have become senescent following
therapeutic treatments (reviewed in ref. 56). In this study, we
observed instances of the dynamics of senescence states resulting
from the absence of the ATM protein or its catalytic activity.
Specifically, senescent Atm—/- cells eventually escaped senescence,
acquiring accelerated proliferation, marked genome instability,
and even insensitivity to ambient O, levels. In contrast to senes-
cence escape, senescence reversal is a distinct phenomenon where
the cell reverts to its presenescent state after senescence-associated
growth arrest, regaining its original structure and function (57).
Our study shows that WT murine lung fibroblasts can resume
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Fig. 5. Model depicting cellular pathways involved in premature senescence
of ATM-deficient lung fibroblasts. Persistent genome instability, coupled with
ongoing DNA damage, leads to MN formation and the release of nuclear DNA
into the cytoplasm. Central to this process is the signaling cascade that begins
with the activation of cGAS and STING, ultimately leading to the activation of
IFN genes and downstream ISGs. The model also considers potential additional
nuances, such as STING activation by other triggers and cross talk with the p38
MAPK and p53 pathways. Collectively, this network halts cell cycle progression
and activates various features of senescence, most notably the SASP. Figure
created with BioRender.

proliferation following temporary ATMi-induced senescence state.
Upon ATMi removal, the proliferation rates of the cells returned
to normal, and the numbers of YH2AX foci and MN were markedly
reduced, indicating that the ATMi-induced senescence state
involved intrinsic DNA damage and was dynamic and potentially
reversible. Importantly, the gene expression patterns during this
senescence state were similar to those of senescent Amn-/- cells,
suggesting that despite being temporary and potentially reversible,
this senescence state was similar to that induced by ATM absence.

These findings add another dimension to the potentially detri-
mental impact of senescent cells accumulating during cancer ther-
apy, particularly if these cells later resume proliferation. Given
their origin as tumor cells and augmented genome instability
caused by marked repression of DNA repair pathways (Frey et al.,
in press), (58) this phenomenon may partly account for the highly
aggressive and treatment-resistant nature of tumors that recur after
escaping therapy-induced senescence (56).

High levels of p53 and p21“""™*" were observed in senescing
Atm-/- cells, suggesting that the p53 pathway is preserved in these
cells. Notably, p21CiPVWafl Jevels in Atm-/- cells were constitu-
tively higher than normal, even at early passage levels. This may
explain, at least in part, why Azm-/- cells grew slowly immediately
after culture setup. Furthermore, we showed that the loss of p53
allowed Azm-/- cells to evade senescence, leading to early immor-
talization, robust growth, and extensive genome instability. Our
findings align with previous observations in MEFs, which demon-
strated that already at early passages, Azm-/-; Cdknla-/-, and
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Atm~1-;Trp53-/- MEFs proliferate similarly to WT MEFs and
are capable of proliferating at higher passages compared to Azm—/-
cells, which proliferate slowly and senesce rapidly (59, 60). Finally,
we show that inhibition of ATM kinase activity in p53-deficient
cells failed to induce senescence. Altogether, these results suggest
that the p53/p21 axis is central to cellular senescence caused by
ATM absence. Notably, unlike p21“P"¥! | the levels of p1gINK4A
increased in A#m-/- fibroblasts only at later passage levels, when
the cells were entering senescence. This suggests that the p53/

219P ¥4 vis might play a role in initiating the cell cycle arrest
while p16™*" is required for maintenance of the senescence-
associated growth arrest (61).

Our results indicate that murine WT lung fibroblasts grown
under 3% O, eventually become immortalized, similarly to MEFs
growing under this oxygen concentration (34, 35). Furthermore,
these fibroblasts acquire tumorigenic potential without any external
manipulation. This finding suggests a caution in using these cells
as a primary cell system, which should probably be limited to early
passage levels. However, these cells also provide a convenient exper-
imental system for studying the genomic alterations that drive the
neoplastic transformation of primary diploid cells. Notably, both
WT and genomically unstable Asm~/-; Trp53-/- cells eventually
acquired the tumorigenic potential, making the sequence alterations
driving this process in WT cells particularly intriguing. A key sus-
pect in this regard is the p53 pathway, and indeed, we observed a
marked decrease in readouts of the p53 pathway in WT fibroblasts
at the stage when they became neoplastic. The combination of
chromosomal instability and reduced p53 pathway activity likely
paved the way for malignant transformation.

We demonstrate a robust activation of the IFN pathway, par-
ticularly the IFNa-associated response, in senescing A#m—/- lung
fibroblasts. This activation is highlighted by the high expression
of Ifnal and downstream ISGs, including /77, which encodes a
transcription factor that regulates Ifna itself (62). The elevated
expression of these ISGs in WT cells undergoing senescence under
ATMi treatment, and their subsequent downregulation following
ATMi removal and reversal of senescence, strongly links the IFN
response to the rapid senescence associated with ATM absence.
Notably, the expression of genes encoding other interferons, such
as IFNy and IFNB, was not detected. Additionally, the NF-«kB
signaling pathway was down-regulated in senescent A#m-/- fibro-
blasts, similar to our previous observations in senescent human
A-T fibroblasts (54). These findings suggest that the signaling loop
driving the senescence of A#m-/- fibroblasts (Fig. 5) culminates
in the activation of the Ifno axis.

Inhibition of ¢cGAS alleviated the pronounced senescence of
Atm-~/- fibroblasts yet had only a minor effect on ISG expression.
This led us to suggest a possible cGAS-independent role for
STING in this process. Confirming this suggestion, inhibiting
STING activity not only rescued the senescence of Amm~/- cells,
similar to cGAS inhibition, but also significantly reduced the IFN
response. Notably, cGAS and STING have recently been reported
to exhibit independent activities or different modes of action in
various contexts (63—65).

These observations are consistent with previous studies demon-
strating the involvement of the cGAS-STING pathway in the
premacture senescence of ATM-/- brain organoids (66), as well as
its activation following ATM inhibition or depletion in murine
cancer cells (67).

The p38 pathway is known to mediate the antiproliferative effects
of type I IFNs and has been implicated in cellular senescence (68),
specifically in the SASP (69) and in activating the p53/p21 V<!
axis in response to oxidative stress (70). Importantly, both cGASI

https://doi.org/10.1073/pnas.2419196122

and STINGi treatments reduced p-p38 levels, suggesting that p38
functionally interacts with the cGAS-STING pathway in this con-
text. p38i, which allowed Am-/- cells to evade senescence, also
diminished the activity of the p53/p21 axis and the IFN response.
This indicates a cross talk between the p38 and cGAS-STING
pathways, with p38 amplifying the IFN response (Fig. 5).

In conclusion, our study underscores the critical role of the innate
DNA sensing pathway in regulating the accelerated cellular senes-
cence in Atm-/- lung fibroblasts. In the absence of ATM in these
cells, a cross talk between this pathway and the p38 and p53 signaling
pathways drives senescence (Fig. 5), functioning to mitigate the
harmful effects of genome instability that could otherwise lead to
neoplastic transformation. However, cellular senescence presents a
double-edged sword, as accumulation of senescent cells in specific
tissues may contribute to the segmental premature aging observed
in A-T patients (9, 23). The interstitial lung disease that frequently
develops in adolescent A-T patients, independent of the sinopulmo-
nary infections (71), may exemplify this process, resembling similar
conditions in aging individuals within the general population (72).
Given the significant role of the cGAS-STING pathway in inflam-
mation, senescence, and fibrotic diseases (73-75), targeting this
pathway may provide new therapeutic strategies for these conditions.
This idea is supported by studies demonstrating that RU.521, the
cGAS inhibitor used in our study, can attenuate lung damage induced
by various experimental agents in rodents (76-78) and specifically
alleviate elevated senescence in cultured alveolar epithelial cells from

individuals with idiopathic pulmonary fibrosis (79).

Materials and Methods

The methods in this study included the establishment and cultivation of murine
lung fibroblast lines, growth curve analysis, and the assessment of cellular growth
parameters, genome stability, and cell senescence. Additionally, RNA sequencing
(RNA-seq) and bioinformatic analyses were performed. A detailed description of
these methods and materials is available in S/ Appendix.

Data, Materials, and Software Availability. The RNA-seq data for senesc-
ing Atm—/— cells are available on the GEO website under accession number
GSE185673(80), and the RNA-seq data related to chemical inhibition of ATM in
WT cells are accessible under accession number GSE182731(81).
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