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ABSTRACT: Cellular senescence is a stress response that prevents the proliferation of damaged cells. As
senescence has evolved in the near-surface biosphere, where cosmic background radiation (CBR) continuously
delivers a low flux of highly penetrating muon particles, we investigated whether this persistent abiotic stress
contributes to senescence thresholding. At the Canfranc Deep Underground Laboratory, an astrophysical
facility located 800 meters beneath granite rock in the Spanish Pyrenees (~2,450 meters of water-equivalent
depth), cosmic muons are suppressed by five orders of magnitude. There, we examined the senescence-induction
dynamics in human cancer cells exposed to G0/G1- or G2/M-targeting chemotherapeutics and compared them
to cells in adjacent, above-ground conditions with natural CBR. Muon depletion significantly reduced the
acquisition of the senescence-associated p-gal-positive phenotype under conditions favoring a G0/G1 arrest with
the CDK4/6 inhibitor palbociclib. SA-p-gal-positive states driven by G2/M arrest in response to the mitotic
kinase inhibitor alisertib and the DNA-damaging radiomimetic bleomycin were insensitive to muon suppression.
While the SENCAN classifier, which uses RNA-seq data to determine whether cell samples are senescent, and
the senescence-associated secretory phenotype profiles were largely unaffected by the absence of cosmic-ray
muons, muon depletion caused small variations at a transcriptome-wide level in the two pathways to senescence.
Our hypothesis-generating study suggests that muons might act as abiotic signal-to-noise calibrators that
facilitate the consolidation of senescence trajectories specifically associated with G0/G1 withdrawal. Our
exploratory findings shed light on how life incorporated CBR evolutionarily to sense and respond to cellular
damage, which could inform senescence operability in low-muon extraterrestrial habitats.

Keywords: Cosmic background radiation, deep-underground laboratory, cosmic silence, therapy-induced
senescence, palbociclib, alisertib; bleomycin, Moon, Mars

INTRODUCTION suppression and chronic inflammation [1-7]. Senescence

is also a hallmark of aging and age-related diseases [8—
Cellular senescence is a pleiotropic cellular fate program  11]. It likely evolved from an ancient defense-repair
with context-dependent consequences ranging from tissue  module that emerged as a primordial DNA damage
repair and developmental morphogenesis to tumor response (DDR) sensor and has been conserved from
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early eukaryotic cells to modern metazoans [12—17]. After
multicellularity emerged, the module was augmented by a
secretory signaling system that amplifies stress-induced
and repair-coupled growth arrest in neighboring cells
through the so-called senescence-associated secretory
phenotype (SASP). This system also enables the
recruitment of immune effectors to facilitate the clearance
of damaged cells [18-21]. Accordingly, diverse forms of
SASP are detectable across metazoan phyla, reflecting the
ancestral “damage-broadcast” role of senescence [22-26].

Over evolutionary time, the primordial stress-
adaptive senescence module has undergone multiple
repurposings and exaptations. Its original function as a
unicellular repair system evolved into a multifaceted
program that protects the architecture and homeostasis of
tissues in multicellular organisms [27-31]. Senescent
cells limit neoplastic transformation by halting the
proliferation of damaged, premalignant cells and by
undergoing immune-mediated elimination [22-35].
Transient senescence also supports tissue repair by
coordinating wound resolution, matrix remodeling, and
angiogenesis [36—42]. During vertebrate development,
programmed waves of senescence shape morphogen
gradients, refine morphogenesis, and cooperate with
apoptosis to sculpt embryonic structures [43-45].
Senescence signals can destabilize differentiated states to
promote regenerative plasticity, as observed in cnidarians
and urodele amphibians [24,46—49], although this
property is largely suppressed in complex bilaterians [50—
54]. In mammals, the accumulation of senescent cells
drives chronic inflammation, cancer, and age-related
pathologies [55-59], reflecting an evolutionary trade-off
between regenerative plasticity and the necessity of
genomic stability in complex organisms.

Senescence is triggered by various sublethal insults,
including viral infection, oncogenic stress, oxidative
bursts, telomere erosion, and ionizing radiation, among
others [60—67]. Interestingly, terrestrial life has
continuously endured and adapted to a continuous, global
source of sublethal genotoxic damage in the form of the
steady flux of cosmic background radiation (CBR).
Geological evidence suggests that organisms have
experienced comparable or greater CBR fluxes for nearly
four billion years, with increased exposure during solar
minima and geomagnetic inversions [68, 69]. CBR
delivers a relentless flux of highly charged decay products
resulting from cosmic ray collisions with atmospheric
particles, called muons, which constitute ~75% of the sea-
level dose rate. These highly penetrating particles can
induce single-strand breaks (SSBs), oxidative lesions, and
occasional clustered double-strand breaks (DSBs) in
exposed genomes [70-75]. This constitutive, low-level
chronic stress may have influenced the evolution of
primordial senescence modules by sensitizing cells to a

rapid defense response to prevent the propagation and
accumulation of damaged cells. To test the hypothesis that
senescence  commitment might be  calibrated
radiobiologically to the baseline level of unavoidable
background radiation, we must study senescence
phenomena in environments depleted of muons. This
ultra-low CBR condition is known as “cosmic silence”.

Deep underground laboratories (DULs) provide a
near-zero CBR environment, enabling the formal study of
how the physics of Earth’s radiation impacts cell biology.
These facilities were originally designed for the study of
rare-event astrophysics, including proton decay, neutrino
interactions, and dark matter searches. Recently, the
research carried out in DULs has expanded into new
fields, particularly at the intersection of cell biology and
radiobiology [76-78]. The Laboratorio Subterraneo de
Canfranc (LSC), the second-largest DUL facility in
Europe and one of 14 operational DULs worldwide, is
located 800 meters beneath the Spanish Pyrenees granite
(Fig. 1A). The LSC provides shielding equivalent to
~2,450 meters of water, reducing muon flux by nearly five
orders of magnitude (Fig. 1B) [79,80]. We took advantage
of the recently developed LSC Biology Platform to
investigate the effects of muon depletion on therapy-
induced senescence (TIS) phenomena for the first time
[81-88]. We replicated TIS experiments under the same
conditions simultaneously in two laboratories with
identical features: one deep underground and the other
equally elevated above ground (AGL) and unshielded
with natural CBR exposure. The only difference was the
nearly complete suppression of muon flux inside the
DUL. A variety of mechanistically diverse senescence-
inducing agents engaging different cell cycle arrest
trajectories, namely, the GO/G1 arrest promoter
palbociclib and the G2/M arrest promoters alisertib and
bleomycin, were applied to A549 human lung epithelial
cells. Senescence readouts included quantification of
senescence-associated [B-galactosidase activity (SA-f-
gal®), scoring of senescence predictors based on RNA-seq
data [89], examination of the coding transcriptome, and
multiplex profiling of SASP composition [90,91].

Our exploratory study provides hypothesis-
generating evidence that muon-less cosmic silence might
prevent the commitment and consolidation of the SA-B-
gal™ senescence type (or senotype) driven by GO0/GI-
related cell cycle withdrawal. However, extrinsic
cosmogenic noise has a negligible effect on SA-B-gal+
commitment in senotypes that undergo cell cycle
withdrawal via the G2/M pathway. These results suggest
an unexpected mechanistic role for cosmogenic radiation
in calibrating the signal-to-noise threshold that determines
the deepening progression of senescence, depending on
the stressor trajectory of cell cycle withdrawal. This pilot
study provides new insights into how radiobiological
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physics on Earth may have influenced the evolution of
damage-containment senescence programs. The study
also generates testable predictions about how senescence
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Figure 1. Radiobiological conditions and conceptual framework for studying cellular senescence in cosmic silence. (A)
Geographical location and representative views of the Laboratorio Subterraneo de Canfranc (LSC) in Huesca, Spain, situated in the
central Spanish Pyrenees near the Spanish-French border. The European locator, regional map, and photographs of the facility identify
the deep-underground laboratory used in this study. Bottom left. Radiobiological comparison between the above-ground laboratory
(AGL) and the deep-underground laboratory (DUL) facilities at the LSC Biology platform. The DUL facility of the Canfranc Biology
Platform is located 800 meters beneath the granite of the Tobazo mountain. Compared to the AGL environment, the DUL significantly
reduces the cosmic background radiation (CBR) field, including cosmic-ray muon flux, neutrons, and radon. Similar environmental
conditions in the AGL and DUL facilities (see Fig. 2) and the use of identical, matched incubators ensure consistent culture conditions
(temperature, humidity, and gas exchange). This creates a controlled, radiobiologically distinct platform suitable for studying the
influence of muon depletion on the execution of senescence programs. (B) Conceptual framework of the study. At sea level, cells are
continuously exposed to a natural CBR environment, dominated by secondary muons. At the LSC-DUL depth, which provides 2,450
meters of water-equivalent shielding, the muon flux is nearly abolished, generating an ultra-low CBR condition referred to as “cosmic
silence.” Using matched cell-culture conditions in the AGL and DUL facilities, we tested how natural versus muon-depleted CBR
environments influence therapy-induced senescence (TIS) phenomena triggered by the GO/G1-targeting stressor palbociclib and the
G2/M-targeting stressors alisertib and bleomycin.

MATERIALS and METHODS
Reduction of cosmic ray muon fluxes in the LSC-DUL

Primary cosmic rays produce a mixed field of penetrating
relativistic muons (1.5+0.1x10* m? s') and spallation
neutrons (2.0+0.5x102 ¢cm? s!) at sea level (Fig. 1B).
Together with y-rays, these particles contribute ~0.26
mSyv per year to the natural radiation dose received by the
near-surface Earth’s biosphere. The LSC-DUL is the
Spanish national hub for low radioactivity techniques and
their associated scientific and technological applications

[79-81]. Located in an unused railway tunnel connecting
Spain and France under Monte Tobazo in the Pyrenees,
the LSC-DUL passively attenuates CBR by up to five
orders of magnitude. This achieves an ultra-low-dose
background irradiation in the sub-millisievert range.
Specifically, the natural rock shielding of the LSC-DUL
is equivalent to 2,450 meters of water, yielding residual
fluxes of 5.3+£0.21x103 cm? s”! muons, 1.23+£0.17 cm? s~
I y-rays, and 3.5+0.08x10° cm? s' neutrons ([78—
81,92,93]; Fig. 1B). The environmental concentration of
radon, the main source of natural radiation in underground
facilities, is 60—100 Bg/m?® (approximately one-third of
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surface levels). Forced ventilation using a Radon
Abatement System (RAS) reduces the airborne radon
concentration further to =<1 mBg/m® in the LSC-DUL
atmosphere (79). During the nine-day acclimation period
(and thereafter), environmental dose rates of integrated
muon flux, thermal neutron background, and radon
activity were monitored using plastic scintillators, a 3He
proportional counter (neutrons), and AlphaGuard
detectors, respectively [79,93]. Temperature and humidity
parameters measured in AGL and DUL facilities
confirmed environmental stability across sites during the
study period from November to December 2023; Fig. 2A).
Only radon (**Rn) activity decreased significantly
underground (~70 Bq m?) compared to the AGL (~350 Bq
m™).

Cell lines and culture

The human cell line A549 (ATCC CCL-185) was
obtained from the ATCC (Manassas, VA, USA) and
routinely expanded in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco), which was supplemented with
10% heat-inactivated fetal bovine serum (FBS), 1% L-
glutamine, 1% sodium pyruvate, 50 IU/mL penicillin, and
50 pg/mL streptomycin. Cells were authenticated by STR
profiling, both performed by the manufacturer and
confirmed in-house at the time of purchase according to
ATCC guidelines. The cell lines were screened for
mycoplasma contamination using a PCR-based method
for Mycoplasma detection prior to experimentation and
were tested intermittently thereafter.

Cells were routinely grown at 37°C in a humidified
atmosphere containing 5% CO;and were in the
logarithmic growth phase at the start of the experiments.
Standard cell culture parameters, such as temperature,
oxygen/carbon dioxide levels, and humidity, were
measured and cross-calibrated in identical ICO150
incubators (Memmert GmbH + Co.KG, Germany) located
in the DUL and the adjacent above-ground laboratory
(AGL). The AGL is situated 200 m from the DUL tunnel
portal at the same altitude (111,390 m above sea level) as
the DUL.

Drugs

PD-0332991/palbociclib (Cat. #S1116) was purchased
from Selleckchem (Houston, TX, USA).
MLNS8237/alisertib (Cat. #331-10890-1) and bleomycin
sulfate (Cat. #331-11727-3) were purchased from
RayBiotech Inc. (Norcross, GA, USA).

Therapy-induced senescence (TIS)

Nine days before initiating therapy-induced senescence
(TIS) experiments, early-passage cells were trypsinized,
counted using Trypan Blue exclusion (<3% dead cells),
and seeded into matched T75 flasks. Half of the flasks
were kept on the surface LSC-AGL, and the other half
were transported by van (<25 minutes) to the Biology
Platform at the LSC-DUL inside the tunnel (Fig. 2B).
Both cohorts were maintained for nine days to allow
equilibration to the respective radiation backgrounds.

Cells were seeded in 150-mm dishes for 24 h before
treatment with palbociclib (1 and 5 umol/L), bleomycin
(5 and 20 pmol/L), or alisertib (100 and 500 nmol/L)
strictly in parallel at the LSC-AGL and LSC-DUL
facilities for up to 7 days. Untreated (proliferative)
controls were seeded also in 150-mm dishes and cultured
in parallel for up to 7 days. The dynamics of AGL vs.
DUL TIS phenotypes were described by monitoring the
number and timing of SA-B-gal staining, mRNA-Seq
(coding  transcriptome)  signatures, and SASP
composition, as indicated in Figure 2B. Cell supernatants
(for ulterior secretome analyses) and whole cell lysates
(for ulterior RNA isolation and RNA-seq analyses) were
collected from cell cultures, and stored at —80 °C until
used. After 3 and 7 days, quantification of senescence-
associated P-galactosidase (SA-B-gal)-positive cells was
performed using the immunohistochemistry-based, semi-
quantitative Senescence B-Galactosidase Staining Kit (see
below).

Cumulative population doubling (CPD) level

The growth of A549 cells was profiled by calculating their
CPD levels. The cells were counted at seeding and
harvesting, and their CPD levels were calculated using the
following equation:

CPD = [Logio(Nu) — Logio(N1)/Logi0(2)]

Where N; is the initial cell number at seeding and Ny is
the cell number at harvest. The CPDL was obtained by
adding the doubling levels from each harvest to the
previous one. Cultivation was continuous from day 1 to
day 7 after treatments with vehicle, palbociclib, alisertib,
and bleomycin, with harvesting on days 1, 3, 5, and 7.

Senescence-associated B-galactosidase activity (SA-B-
Gal) staining

Cellular B-galactosidase activity was detected using the
Senescence P-Galactosidase Staining Kit (Cat. #9860,
Cell Signaling Technology, Danvers, MA, USA)
according to the manufacturer’s instructions. To
quantitatively assess the induction of SA-B-gal-positive
senescent states, cells were seeded into six-well plates and
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treated with senescence inducers without refreshing the
drug before SA-B-gal staining was performed on days 0,
3 and 7. The total number of SA-B-gal-positive cells was
quantified by manual counting from at least five images
per well from the same biological replicate in triplicate,
with at least 2,000 cells were counted per condition.

RNA sequencing (RNA-seq) analysis

Total RNA was extracted from cells using the RNA Plus
Kit (Macherey-Nagel, Germany) following the
manufacturer’s  instructions. The RNA-seq and
bioinformatics analyses were outsourced to Macrogen Inc
(Republic of Korea). Briefly, RNA-seq libraries were
prepared using the Illumina® TruSeq® Stranded Total
RNA Sample Preparation Kit (Illumina, Inc., San Diego,
USA) according to the manufacturer’s recommendations.
Samples were sequenced on the NovaSeq 6000 system
from Illumina using 2 x 150 bp paired-end reads. The
reads were aligned to the human reference genome
GRCh37 using HISAT2 (v2.1.0) [94], and transcript
assembly was performed using StringTie (v2.1.3b) [95].
Differentially expressed gene (DEG) analysis was
performed on comparative pairs using DESeq2 [96].
Senescence scores were calculated using the SENCAN
elastic net classifier (n=137 genes) on the processed RNA
sequencing data of the untreated proliferative controls and
TIS phenotypes. The available script can be found at
https://ccb.nki.nl/publications/cancer-senescence/.

Gene set enrichment analyses

We performed a gene set enrichment analysis (GSEA)
was performed using GenePattern with gene sets from the
Molecular Signatures Database (MSigDB), including
those related to “Hallmark™ and “DNA damage—related”
pathways. Normalized enrichment scores (NES) were
used for downstream analyses and visualization. To
provide an overview of pathway activity across all
conditions, we considered only pathways with an FDR <
0.2, representing NES values as heatmaps. Pathways were
further selected based on both, enrichment magnitude.
Specifically, we selected pathways pathways showing
INES| > 1.5 in at least one comparison and significant
enrichment (FDR < 0.2) were selected. Heatmaps were
generated using the R package pheatmap.

Enrichment analysis was performed also using the
g:Profiler tool (https:/biit.cs.ut.ee/grolifer/) with the
significant DEG list based on the Gene Ontology (GO)
database [97]. The g:Profiler tool performs statistical
enrichment analysis to detect the overrepresentation of
information from GO terms, biological pathways,
regulatory DNA elements, human disease gene

annotations, and protein-protein interaction networks.
The web-based gene set enrichment analysis platform,
Enrichr [98], was used to analyze the enrichment of genes
that were either commonly upregulated or downregulated
after treatment with TIS stressors.

Secretome

The qualitative and quantitative composition of TIS-
associated secretomes in terms of cytokines, chemokines,
and growth factors was characterized using Luminex"
multiplex bead-based immunoassays. Briefly, cell culture
supernatants from non-senescent (proliferative controls)
and cancer cells that were made senescent with
mechanistically different TIS inducers, as described
above, were collected at days 3, 5 and 7 in strict parallel.
The collected extracellular milieus were sent to a third-
party commercial laboratory (Eve Technologies, Canada)
to perform the Cytokine/Chemokine 96-Plex Discovery
Assay® Array (HD96). Multiplex cytokine/chemokine
data were normalized by cell number.

Statistical Analysis

All cell-based observations were confirmed by at least
two independent biological experiments, each performed
in technical triplicates for every cell line and for each
condition. Bar graphs, curves, and statistical analyses
were generated using GraphPad Prism 10 (GraphPad
Software, San Diego, CA). The statistical significance of
the differences in SA-B-gal+ scores was measured using
the non-parametric Mann-Whitney U Test (two groups)
and are presented for exploratory comparison. P-values
from multiple comparisons across outcome measures in
RNA-seq analyses were adjusted via the Benjamini-
Hochberg (BH) false discovery rate procedure. Data are
expressed as mean + SD or 95% confidence intervals, and
statistical significance was defined as p values < 0.05.

RESULTS

The A549 cell line originates from the type 11 epithelium
of human alveoli. Therefore, its stress responses resemble
those of the lung compartment, in which age-related
senescence can lead to fibrosis, chronic obstructive
pulmonary disease, and cancer. The A549 cell line carries
wild-type 7P53 and an operative p53-p21-p38/RB
signaling pathway. This allows researchers to study how
radiation [99], various chemotherapeutic agents
[100,101], viral infection [60], and even cigarette smoke
extract [102] induce robust senescence hallmarks, such as
SA-B-gal, DDR foci, and SASP. These studies have also
enabled the development and training of omic resources,
such as the SENESCopedia dataset, as well as machine-
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learning classifiers for senescence, such as SENESCAN
[89]. A549 cells have become the reference cell model for
rapid and reproducible TIS protocols; therefore, we chose
them to investigate the impact of environmental depletion
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Figure 2. Experimental design and environmental characterization of the LSC Biology Platform. (A) Environmental
monitoring. From November to December 2023, temperature, relative humidity, and radon (**?Rn) levels were continuously logged
in the AGL and DUL facilities throughout the experimental period. (DUL: November 2023, number of measures = 4,319; December
2023, number of measures = 4,462; AGL: November 2023, number of measures = 4,320; December 2023, number of measures =
3,700; Columns represent the arithmetic mean, and error bars the uncertainty of the mean). (B) Experimental logistics. Parallel
biological replicates of A549 human epithelial cancer cells were seeded and pre-acclimated for nine days in each environment before
treatment initiation (day 0). Samples for senescence-associated B-galactosidase (SA-B-gal) staining, RNA sequencing (RNA-seq) for
transcriptomic analysis, and senescence-associated secretory phenotype (SASP) profiling were collected at defined sampling time
points (green checkmarks). This design ensured synchronized temporal sampling under rigorously monitored environmental
conditions, isolating the effects of ambient cosmic radiation depletion on TIS dynamics. Right.

On day 0, nine days after the cell cultures were
exposed to their respective radiation LSC-AGL/LSC-
DUL backgrounds, three mechanistically distinct
senescence triggers were applied simultaneously to A549
cell cultures in the AGL and DUL facilities (Fig. 2). These
triggers included two graded concentrations of palbociclib
(1 and 5 pmol/L), which targets the GO/G1 pathway, and
two G2/M pathway-targeting stressors: alisertib (100 and
500 nmol/L) and bleomycin (5 and 20 upmol/L),

Palbociclib, a selective inhibitor of cyclin-dependent
kinases 4 and 6 (CDK4/6), induces senescence via
replicative stress [91,103]. Alisertib (MLN8237) is an
Aurora A kinase inhibitor that not only induces mitotic
stress but also mimics “BRCAness” by causing defects in
homologous DNA recombination repair and double-
strand breaks [104—107]. Bleomycin, an antibiotic,
promotes oxidative stress by generating free radicals,
induces genotoxic stress via single- and double-strand
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breaks in DNA, and has been used to model space
radiation due its radiomimetic properties [108—111].

Due to significant logistical, temporal, and
operational limitations associated with conducting
biological experiments performed in an astrophysical
DUL, we are now reporting on a two-biological-replicate
campaign conducted from November to December 2023.
This campaign was intentionally designed as an
exploratory study. It was designed to generate hypotheses,

capture robust effect tendencies, and demonstrate
feasibility. It was not designed to provide definitive
statistical inferences. This campaign was preceded by a
three-week technical optimization phase, during which
key experimental parameters, including cell seeding
density, culture plate format, and related assay conditions,
were adjusted before launching the final biological
replicate series.
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Figure 3. Cosmic silence preserves growth arrest in response to chemotherapy but selectively attenuates palbociclib-
associated senescence features. (A) Top. Cumulative population doubling (CPD) of A549 cells cultured in the LSC above-ground
laboratory (AGL) o deep-underground laboratory over 7-days of continuous exposure to palbociclib (1 or 5 pmol/L), alisertib (100
or 500 nmol/L) or bleomycin (5 or 20 umol/L). The data represent the mean number of CPDs obtained from two individual
preparations of A549 cell cultures over seven days of culture, with or without graded concentrations of palbociclib, alisertib, or
bleomycin. Error bars show the SD of the mean, but they are not visible at some points because they are within the field of the
symbols. Bottom. RNA-seq—based pairwise GSEA of Hallmark gene sets was performed between palbociclib-induced senescent
transcriptomes and those generated by alisertib or bleomycin in AGL and DUL conditions (n=2 independent biological replicates).
Heatmaps show significantly enriched signatures passing the indicated thresholds (FDR < 0.2; [NES| > 1.5), with red denoting
relative enrichment in palbociclib TIS and blue denoting relative enrichment in alisertib/bleomycin TIS. (B) Representative bright-
field/SA-B-gal staining microphotographs of untreated, proliferative control cells and cells exposed to the highest dose of each
inducer (palbociclib, 5 pmol/L; alisertib, 500 nmol/L; and bleomycin, 20 pmol/L) for 7 days in AGL and DUL cultures (n=2
independent biological replicates; n>3 technical replicates for each condition). All treatments induced characteristic senescence-
associated cytomorphological remodeling, as detailed explanation in the Results section, together with SA-B-gal positivity
consistent with lysosomal alkalinization and expansion. Scale bars, 200 pm.
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Loss of proliferative capacity in response to
chemotherapeutic is unaffected by cosmic silence.

Direct cell-cycle profiling and immunoblot-based arrest
markers were not incorporated into the synchronized
LSC-AGL/LSC-DUL  campaign.  However, the
senescence-induction regimen used was not exploratory
but rather a senescence platform previously validated in
our laboratory. In companion studies conducted
simultaneously with the current LSC underground study
[101,112], we benchmarked the same A549 model using
the same 7-day, no-drug-refreshment TIS protocol and the
highest inducer dose as in the LSC-DUL study. Under
these matched conditions, the A549 cells exhibited a
consistent complete loss of retinoblastoma (RB)
phosphorylation at Ser807/811. This robust marker of
senescence-associated proliferative arrest reflects the
restoration of the growth-suppressive RB state and
repression of cell-cycle progression, rather than a
transient reduction in proliferation. This was
accompanied by a marked redistribution of the cell-cycle
profile (G1 arrest in response to palbociclib and G2/M
arrest in response to alisertib and bleomycin), reduced
PCNA (proliferating cell nuclear antigen) expression and
accumulation of p21WAFVCiPl  These traits are all
consistent with the establishment of a bona fide senescent
state [101,112].

To confirm the loss of proliferative capacity in
response to senescence stressors in both muon-replete
AGL and muon-deplete DUL environments, we measured
the cumulative population doubling (CPD) levels of A549
cells in response to graded concentrations of palbociclib,
alisertib, and bleomycin (Fig. 3A, top panels). Untreated
cells in both AGL and DUL cultures exhibited an increase
in CPDs, reaching ~5.5-6.0 by day 7. All senescence-
inducing treatments reduced proliferative capacity in a
clear dose-dependent manner. Alisertib and bleomycin
were particularly effective, even at the lower doses tested,
whereas higher doses of palbociclib, alisertib, and
bleomycin caused complete growth arrest. The sole
exception was low-dose palbociclib (1 pmol/L), which
still allowed residual proliferation in both AGL and DUL
environments (Fig. 3A, top panels). The loss of
proliferative capacity, a defining hallmark of cellular
senescence, was not significantly altered under muon-
depleted conditions.

Consistent with the CPD data, when TIS cancer cells
in the AGL and DUL environments were pairwise
compared  using mRNA-focused  transcriptome
sequencing (mMRNA-seq) profiles (Hallmark sets, FDR <
0.2, NES > 1.5), it was found that palbociclib-induced
senescent populations retained relatively stronger
enrichment of programs associated with proliferation
(MYC/E2F targets, mTORCI signaling) and, in several

contrasts, G2/M checkpoint-related features, in both AGL
and DUL environments (Fig. 3A, bottom panels).
Conversely, p53 pathway signatures were more
prominently enriched in alisertib- and bleomycin-induced
senescent states, consistent with a more consolidated
stress-response program. Notably, alisertib also exhibited
stronger relative engagement of mitotic spindle and G2/M
checkpoint hallmarks, consistent with its mechanism of
action and deeper mitotic-arrest-derived senescence
endpoint. Together, these heatmaps suggest that
palbociclib-induced  senescence is  comparatively
shallower and more permissive to residual proliferation,
while alisertib- and bleomycin-induced senescence
occupy a more stable, deeper arrest state.

Cosmic silence reduces the number of SA-B-gal-
positive senescent cells induced by palbociclib

All of the TIS stressors promoted the appearance of the
characteristic senescence-associated cytomorphological
remodeling, including an enlarged, hypertrophic, and
flattened cytomegalic phenotype (Fig. 3B). Bleomycin
and alisertib, as well as palbociclib to a lesser extent,
promoted the appearance of a large number of
cytoplasmic granularities as well as enlarged irregularly
shaped nuclei and grape-like, multinuclear clusters. These
are hallmarks of senescence-like cells. Bleomycin-
induced senescent cancer cells exhibited more
cytoplasmic protrusions and fewer contacts with
neighboring cells. The expansion and acidification
dysfunction  (alkalinization) of the lysosomal
compartment, a phenotypic and functional hallmark of
late, hard-locked senescent states that can be measured by
cytochemically detecting SA-B-galactosidase (SA-B-gal)
activity [113-115], was also confirmed. At a first glance,
DUL versus AGL environmental conditions did not
appear to greatly impact the establishment of bleomycin-
and alisertib-driven senescent phenotypes. However, it
was noteworthy that the number of cells exhibiting the
senescence-associated cytomorphological and functional
remodeling characteristic of the senescent phenotype, and
particularly the acquisition of SA-B-gal positivity, seemed
to be notably lower when A549 cells were exposed to
palbociclib under DUL conditions than under AGL
conditions (Fig. 3B).

To better assess the impact of muon depletion on the
dynamics of SA-B-gal+ cells in response to GO/G1- or
G2/M-targeting stressors, we arbitrarily defined early and
late senescence stages based on the time elapsed from the
onset of stress induction: three days for early senescence
and seven days for late senescence. The DUL
environment reduced the ability of a low dose of
palbociclib (1 pmol/L) to induce late-stage SA-B-gal-
positive senescent phenotypes the by more than 2-fold
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(Fig. 4). Though less pronounced, the ability of a high  significantly decreased in the DUL environment at both
concentration of palbociclib (5 pumol/L) to promote the the early and late stages (Fig. 4).
appearance of SA-B-gal-positive senescent cells was also
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Figure 4. Cosmic silence attenuates the induction kinetics of palbociclib-triggered SA-p-gal-positive senescent states. This
figure provides a quantitative assessment of senescence-associated -galactosidase (SA-B-gal) activity in A549 cells exposed to
low- and high-dose palbociclib (1 and 5 pmol/L) under standard (above-ground laboratory, AGL) and muon-depleted (deep-
underground, DUL) radiobiological conditions. The cells were pre-acclimated for nine days to their respective environments
before treatment and analyzed at the early (day 3, D3) and late (day 7, D7) stages of therapy-induced senescence. Left panels.
Representative microphotographs illustrate the extent of SA-B-gal-positivity commonly associated with lysosomal expansion
occurring in senescent cells. Scale bars, 200 um. Right panels. Quantification of at least 2,000 cells per condition is shown as a
percentage of SA-B-gal-negative (white) and SA-B-gal-positive (blue) cells. Data represent the mean + S.D. (n=2 independent
biological replicates; n>3 technical replicates for each condition). p values shown were calculated using a two-sided non-
parametric Mann—Whitney U test and are presented for exploratory comparison.
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Figure 5. Cosmic silence does not significantly modify the induction kinetics of alisertib-triggered SA-f-gal-positive
senescent states. This figure provides a quantitative assessment of senescence-associated [-galactosidase (SA-B-gal) activity
in A549 cells exposed to low- and high-dose alisertib (100 and 500 nmol/L) under standard (above-ground laboratory, AGL)
and muon-depleted (deep-underground, DUL) radiobiological conditions. The cells were pre-acclimated for nine days to their
respective environments before treatment and analyzed at the early (day 3, D3) and late (day 7, D7) stages of therapy-induced
senescence. Left panels. Representative microphotographs illustrate the extent of SA-B-gal-positivity commonly associated with
lysosomal expansion occurring in senescent cells. Scale bars, 200 um. Right panels. The quantification of at least 2,000 cells
per condition is shown as a percentage of SA-B-gal-negative (white) and SA-B-gal-positive (blue) cells. Data represent the mean
+ S.D. (n=2 independent biological replicates; n>3 technical replicates for each condition). p values shown were calculated
using a two-sided non-parametric Mann—Whitney U test and are presented for exploratory comparison.
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Figure 6. Cosmic silence does not significantly modify the induction kinetics of bleomycin-triggered SA-f-gal-
positive senescent states. This figure provides a quantitative assessment of senescence-associated 3-galactosidase (SA-f3-
gal) activity in A549 cells exposed to low- and high-dose bleomycin (Aurora A kinase inhibitor; 5 and 20 pmol/L) under
standard (above-ground laboratory, AGL) and muon-depleted (deep-underground, DUL) radiobiological conditions. The
cells were pre-acclimated for nine days to their respective environments before treatment and analyzed at the early (day 3,
D3) and late (day 7, D7) stages of therapy-induced senescence. Left panels. Representative microphotographs illustrate the
extent of SA-f-gal-positivity commonly associated with lysosomal expansion occurring in senescent cells. Scale bars, 200
um. Right panels. The quantification of at least 2,000 cells per condition is shown as a percentage of SA-B-gal-negative
(white) and SA-B-gal-positive (blue) cells. Data represent the mean = S.D. (n=2 independent biological replicates; n>3
technical replicates for each condition). p values shown were calculated using a two-sided non-parametric Mann—Whitney

U test and are presented for exploratory comparison.
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Cosmic silence does not significantly reduce the
number of SA-B-gal-positive senescent cells induced
by alisertib and bleomycin

A completely different picture emerged when the GO/G1-
targeting stressor palbociclib was replaced with the
G2/M-targeting stressor alisertib. Both low (100 nmol/L)
and high (500 nmol/L) concentrations of alisertib
produced a similar increase in the number of SA-B-gal-
positive cells during the early stages of senescence
regardless of the AGL/DUL environment (Fig. 5). There
was slightly lower but not statistically significant SA-B-
gal positivity at the late stage of alisertib-induced
senescence in the DUL environment regardless of the
alisertib dose (Fig. 5).

A low concentration of the G2/M-targeting stressor
bleomycin (5 pmol/L) produced a similar increase in the
number of SA-B-gal-positive cells at the early stage of
senescence. There was also a non-statistically significant
trend toward lower SA-B-gal positivity at the late stage in
the DUL environment (Fig. 6). A high concentration of
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bleomycin (20 pmol/L) produced a similar percentage of
SA-B-gal positive cells regardless of stage (early or late)
or AGL/DUL environment (Fig. 6).

SA-B-gal-positivity was slightly but significantly
lower for the GO/G1-targeting stressor palbociclib and
remained largely unaltered for the G2/M-targeting
stressors alisertib and bleomycin under the muon-depleted
radiobiological conditions of the DUL. These findings can
be summarized by a hypothetical model that accounts for
the integrated stress signaling, i.e., the sum of drug-driven
damage load and the “muon calibration” required to reach
and cross the threshold for acquiring the SA-B-gal-
positive senescent phenotype (Fig. 7). Under muon-
depleted DUL conditions, those cells that become SA-f3-
gal-positive after GO/G1-directed stress are selectively
affected by the loss of muon calibration. In contrast, the
higher damage load of those cells undergoing G2/M-like
arrest to become senescent in response to alisertib or
bleomycin largely overrides the muon-dependent
calibration, achieving the SA-B-gal positive state with or
without cosmogenic muons (Fig. 7).

SA-B-gal+
senescent cell

4 G2/M trajectory /( £ \/\

8 —— J

e b _

‘» | G1 arrest trajectory ‘/:

2 = " =

K. A8

£

@

(]

: @ @

Q

7]

Q

c

[

(7]

AGL DUL AGL DUL

TIS agent-induced damage - Additional damage === SA-B-gal* threshold

Figure 7. Ambient muons and the entry threshold to SA-B-gal-positive senescent states: A hypothetical calibration model.
This stacked bar model summarizes the findings from Figures 3, 4 and 5 regarding GO/G1-targeting palbociclib and G2/M-targeting
alisertib and bleomycin senescence stressors in AGL (surface) versus DUL (cosmic silence) environments. The blue threshold line
indicates the minimum stress signal needed to reach an SA-B-gal* senescent state. The green bars quantify the abiotic CBR
(“muon”) contribution present at AGL and absent at DUL. The yellow bars represent the drug-evoked stress/damage load, and the
red bars indicate any additional stress/damage that could accrue in the DUL. Eliminating muons therefore removes a component
of the cumulative damage budget (i.e., damage signaling and/or self-reinforcing loops. The hypothetical, parsimonious scenario
on the /efi considers that although cells do not accumulate more damage in the DUL than in the AGL, muon depletion can prevent
cells from reaching the threshold for acquiring an SA-B-gal® senescent phenotype. The hypothetical permissive scenario on the
right considers that, although cells accumulate more damage in the DUL than in the AGL, muon depletion can still prevent cells
from transducing sufficient signaling amplitude to cross the threshold for SA-B-gal-positivity. When the integrated damage signal
falls below the threshold, acquisition of an SA-B-gal® phenotype is prevented. In both scenarios, this explains the quantitative loss
of SA-B-gal* cells in response to GO/G1-targeting stressors such as palbociclib, but not in response to the G2/M-targeting stressors,
such as alisertib and bleomycin. Together, the schematics formalize ambient muons as an abiotic rheostat that tunes commitment
to a late, hard-locked senescent (SA-B-gal-positive) state, which is most evident under GO/G1-driven senescent trajectories.
However, G2/M-driven senescent trajectories largely override the radiobiological threshold for establishing SA-B-gal* cellular

states and proceed robustly despite muon depletion.
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silence does
senescence

Cosmic
transcriptomic
inducing agents

not alter the qualitative
scores of senescent-

Next, we aimed to assess whether cosmic silence’s ability
to reduce the number of SA-B-gal-positive cells in
response to palbociclib, but not to alisertib and bleomycin,
was related to changes in the execution of a well-
established transcriptional signature of senescence.

We applied SENCAN, a machine learning—based
senescence predictor that calculates the likelihood of
senescence (between 0 and 1) using only RNA-seq data,
to the results obtained. This 137-gene, elastic-net-based
classifier was constructed using bulk RNA sequencing
data from 13 cancer cell lines that were induced to senesce
via alisertib and etoposide treatment [89]. Thus,
SENCAN is particularly robust at detecting the senescent
state in cancer cell populations compared to other

Analyzing the RNA-seq data with the SENCAN
classifier revealed that under AGL control conditions, a
low dose of palbociclib (I pmol/L) yielded lower
transcriptional scores in the early (~0.5) and late (~0.7)
stages compared to a higher dose of palbociclib (5
umol/L), which produced SENCAN scores =>0.9
regardless of stage (Fig. 8). These results confirmed the
previously reported weaker strength and shallower
senescence deepening induced by palbociclib. The
transient senescence-associated maintenance mechanisms
triggered by palbociclib allow cells to reenter the cell
cycle and regain proliferative capacity when the drug is
not continuously provided [101,116—119]. This contrasts
with the more stable, full-blown arrest states triggered by
alisertib and bleomycin. Accordingly, the SENCAN
transcriptional scores of the bleomycin and alisertib TIS
populations were consistently high (>0.9) regardless of
dosage or the timepoint of senescence (Fig. 8).

conventional senescence hallmark gene signatures
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Figure 8. Cosmic silence largely preserves the senescence-like transcriptomic identity of TIS phenotypes. Left. We
applied the SENCAN classifier tool to RNA-seq data obtained from untreated proliferative controls and chemotherapy-treated
cell populations under AGL and DUL radiobiological environments. SENCAN is based on 137 genes, including known
“standard” senescence-associated genes (e.g., CDKNIA and HMGBI) as well as genes involved in mRNA processing and
splicing (e.g., SNRPA and SRSF2), interferon response genes (I[FIT2 and ISG15), and signals derived from transcriptional
readthrough (e.g., AL512306.2, downstream of MDM4) [89]. This makes SENCAN particularly robust for detecting the
senescent state in cancer cells compared to other conventional senescence hallmark gene signatures developed from normal
cells. Right. Figure shows the RNA-seq-derived probability of the presence of a senescence transcriptomic signature
(SENCAN; 0-1) in A549 cells after treatment with palbociclib (1 and 5 pmol/L), alisertib (100 and 500 nmol/L) or bleomycin
(5 and 20 pmol/L) in AGL versus DUL “cosmic silence” for three (fop) and seven (bottom) days. The graph shows the 95%
confidence intervals for the mean SENCAN scores obtained from RNA-seq data of 2 independent biological replicates.
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Figure 9. Differential transcriptomic responses to palbociclib in AGL and DUL environments. Figure shows two-way,
unsupervised, hierarchical heatmaps of DEGs identified in each contrast (rows, genes; columns, samples). The values are z-scores per
gene computed from log2-based expression values. Only genes with a Ifold-changel >2 and a raw p<0.05 were included (n=2
independent biological replicates). The four gene sets comprise PLB 1 pmol/L day 3 (n=296), PLB 5 umol/L day 3 (n=324), PLB 1
pmol/L day 7 (n=255), and PLB 5 pmol/L day 7 (n=233), comparing AGL vs. DUL conditions. The sample labels above each heatmap
indicate the treatment (PLB 1 or 5 pmol/L), the time point (day 3 or 7), and the environment (AGL or DUL). Color keys denote
relative expression (low to high) after z-score normalization. Gene Ontology (GO) enrichment analyses were performed on the DEG
sets and are summarized by the three GO domains: Biological Process, Cellular Component, and Molecular Function. For each
contrast, the most significantly enriched terms within each domain are displayed and ranked by significance within the category.

Slightly decreased SENCAN scores were observed
during the early (3 days) and late (7 days) stages of the
TIS phenotype triggered by a low dose (1 umol/L) of
palbociclib in the muon-less cosmic silence within the
DUL environment. These samples received non-senescent
scores of 0.1 and 0.3 on days three and seven,
respectively, in one of the biological replicates. The
SENCAN score can only classify a sample as senescent if
the majority of cells are senescent [89], thus suggesting
that the muon-less DUL environment reduces the number
of senescent cells in the palbociclib-treated cell
populations. However, the overall decrease was not
statistically significant. Furthermore, these differences
were no longer evident when a higher dose of palbociclib
(5 pmol/L) was wused (Fig. 8). The SENCAN
transcriptional scores of the bleomycin and alisertib TIS
were extremely high and indistinguishable under AGL
and DUL conditions, regardless of dosage or the timepoint
of senescence (Fig. 8).

Together, these data show that cosmic silence does
not qualitatively reprogram the senescence-induced
transcriptome state caused by G2/M-directed stressors
(alisertib and bleomycin) and exerts, at most, a modest

effect on the response to low doses of the G0/G1-directed
stressor (palbociclib). Therefore, reduced SA-B-gal
positivity under DUL conditions does not correspond to a
collapse of canonical senescence transcriptional
signatures. This finding supports the idea that the effect of
cosmic silence on senescent-cell abundance is primarily
quantitative rather than a qualitative shift in senescence
identity.

Cosmic silence alters the coding transcriptome of
palbociclib-induced senescent states

Transcriptome signatures can be associated with specific
senescence-inducing stresses, and different senescent
trajectories can drive a variety of senotypes depending on
cell-cycle arrest pathways [120-126]. Thus, we examined
the impact of muon absence on the entire transcriptional
landscape of the senescence program triggered by
palbociclib, beyond the SENCAN score.

First, we examined the response of the coding
transcriptome to graded concentrations of palbociclib in
AGL and DUL environments using volcano plots
(Supplementary Fig. 1). Within each environment,
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palbociclib versus proliferative controls yielded robust,
time- and dose-dependent distributions of differentially
expressed genes (DEGs), with broad log. fold change
(log2 FC) dispersion and an elevated false discovery rate
(FDR). Overlaying the AGL and DUL volcano plots at a
matched dose and time revealed that the distributions
generally coincided in terms of effect size and
significance. This cancels out most of the baseline
differences observed when comparing palbociclib-treated
cells to their respective site’s proliferative (untreated)
controls. Minor local asymmetries, particularly at 1
umol/L palbociclib, were visually modest and did not
disrupt the overall overlap. These results suggest that
environment-specific contrasts apparently disappear
when considering palbociclib exposure and duration.

The overlap of volcano plots only determines if the
exact same individual genes pass an arbitrary p-value
value/|log2FC| cutoff in both conditions. Comparing the
two binary DEGs lists (AGL vs. DUL) is not very
powerful and is sensitive to list length, which is
influenced by small shifts around the FDR or log2FC
cutoffs. Therefore, we investigated whether the
radiobiological environment rather affected coordinated
patterns across many genes relative to the expressed
background rather than individual genes. This approach is
more powerful when many genes change modestly yet
coherently, resulting in an aggregate signal that survives
the DEG volcano plots thresholding idiosyncrasies. We
performed an unsupervised hierarchical clustering
analysis of DEGs and classified them into enriched
categories of biological processes (BP), cellular
components (CC), and molecular functions (MF) using
Gene Ontology (GO) analysis (Fig. 9). At the early stage
of senescence (3 days), the top BP clustered categories
that distinguished palbociclib TIS under AGL and DUL
conditions were enriched in genes involved in
transmembrane ion transport and multicellular organismal
processes. The CC categories that were more significantly
enriched and distinctive of palbociclib TIS under AGL
and DUL conditions were cell projection and plasma
membrane. The MF category with the highest enrichment
discriminating palbociclib TIS under AGL and DUL
conditions was calcium ion binding. At the late stage of
senescence (7 days), the BP categories that were more
significantly enriched and distinctive of palbociclib TIS
under AGL and DUL conditions were monoatomic/
inorganic ion transport and positive regulation of lung
ciliated cell differentiation. The CC categories with the
highest enrichment discriminating palbociclib TIS under
AGL and DUL conditions were the cell plasma
membrane, transmembrane transport, and cell projections.

Finally, we used Venn diagrams to identify
transcriptomic features that were uniquely regulated by
the palbociclib TIS phenotype, as compared to the

untreated proliferative counterparts, in the AGL and DUL
environments (Supplementary Fig. 2). Notably, the
number of DEGs that were exclusively and significantly
up- or down-regulated in the cosmic silence of the DUL
environment was consistently lower than in the AGL
control environment. We performed a functional
enrichment analysis of the exclusive DEGs that did not
overlap between the AGL and DUL conditions using the
EnrichR database. Early in the senescence process (3
days), terms related to the p53 pathway and epithelial-to-
mesenchymal transition (EMT) were significantly
enriched in the palbociclib TIS phenotype occurring in
cosmic silence. The enrichment scores were low but
statistically significant. At the late stages of senescence (7
days), the GO terms most significantly depleted in the
palbociclib TIS phenotype occurring in cosmic silence
were related to the G2-M checkpoint and E2F target genes.

DUL conditions without muons do not appear to
drastically alter the core transcriptional program of the
senescent state induced by palbociclib. Rather, they
appear to subtly adjust the expression of genes whose
products are involved in organizing cell membranes and
ion flux in palbociclib-treated cells. This includes binding
of Ca?", transmembrane transport, and factors involved in
cell projection and ciliogenesis. These differences are
mechanistically compatible with senescence biology,
including remodeling of the cell surface, altered
membrane potential, and Ca?" and broader ion
homeostasis modules [127-134]. They likely represent
environmental fine-tuning of the communication interface
rather than a significant departure from the canonical
senescence identity. Indeed, the occurrence of fewer
exclusive DEGs inside the DUL suggests a more
compressed palbociclib-senescence program under muon
depletion. Early DUL-exclusive enrichments are
consistent with the transient activation of stress/epithelial-
plasticity circuits that can prepare cells for eventual TIS
escape if arrest fluctuates or erodes [135-137].

The coding transcriptome of bleomycin-induced
senescent states is largely unresponsive to cosmic
silence

We then explored whether the coding transcriptomes of
senescent states driven by a G2/M arrest trajectory
(alisertib and bleomycin) were impacted as much as those
of senescent states driven by a GO/G1 arrest trajectory
(palbociclib).

We first used Venn diagrams to determine the number
of transcriptomic features that were uniquely regulated by
the TIS phenotypes generated by G2/M-targeting
stressors in the AGL and DUL environments
(Supplementary Fig. 3). As in the case of palbociclib, the
number of DEGs that were exclusively and significantly
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up- or down-regulated in the cosmic silence of the DUL
environment was consistently lower than in the AGL
control environment in response to low- and high-
concentrations of alisertib. While such a trend was
apparent when using the lowest concentration of
bleomycin early in the senescence process (3 days), no
differences were observed in response to the highest of
concentration of bleomycin.

We then performed an unsupervised hierarchical
clustering analysis of DEGs and classified them into
enriched categories of BP, CC, and MF using GO analysis
(Supplementary Fig. 4,5). At the early stage of alisertib-
induced senescence (day 3), the transcriptomic
differences between AGL and DUL were primarily
associated with multicellular and developmental
programs, cell adhesion, ciliogenesis and cell motility,
and cell-surface receptor signaling. There was also
enrichment of cell periphery, plasma membrane, and cell
projection CC terms, as well as receptor-regulatory,
cytokine, and growth factor MF categories, particularly at
the highest alisertib concentration. (500 nmol/L). By day
7, a clear shift emerged at the 100 nmol/L alisertib stage,
with the appearance of glucuronidation-related BP and
MF categories, including cellular glucuronidation,
glucuronate/uronic acid metabolic processes, and the
regulation of  glucuronosyltransferase activity
(Supplementary Fig. 4). Together with these, membrane/
cell  periphery/plasma membrane and  passive
transmembrane transport/channel activity terms appeared.
In contrast, the 500 nmol/L alisertib condition was still
dominated by broader multicellular organismal and
membrane-, extracellular-, and cell-projection-related
categories. The late enrichment in glucuronidation-linked
functions is noteworthy because alisertib undergoes both
oxidative metabolism and direct acyl-glucuronidation.
The uridine 5’-diphospho-glucuronosyltransferase 1A1,
1A3, and especially 1A8 enzymes contribute to this
pathway [138]. This may indicate a distinct adaptive
metabolic detoxification response to prolonged alisertib
exposure in AGL vs DUL radiobiological environments,
rather than a change in the senescence program itself.

In contrast to alisertib, bleomycin-induced
senescence showed an almost complete absence of robust
GO enrichments, despite transcriptional differences
between AGL and DUL conditions (Supplementary Fig.
5). Only a few isolated terms emerged —mainly
extracellular region, cell periphery and plasma membrane,
and outward rectifier potassium channel activity, arguing
against a coherent environment-specific functional
rewiring. Mechanistically, this suggests that bleomycin
drivers a more convergent, damage-dominated senescent
state, with little evidence for the layered adaptive
programs seen with alisertib.

Across GO/G1 and G2/M-related senescence
trajectories, cosmic silence appears to shape the coding
transcriptome along a graded continuum rather than
through a uniform effect. Palbociclib exhibits subtle yet
noteworthy remodeling, primarily in membrane, ion
transport, and cell projection programs. Alisertib adds a
robust late adaptive component associated with
glucuronidation-related drug detoxification, while
bleomycin exhibits minimal coherent functional rewiring.
These results suggest that the impact of the muon-
depleted DUL radiobiological environment depends on
the senescence trajectory and the nature of the inducing
stress. This impact is more evident when cells retain
programs associated with proliferation (palbociclib) or
adaptive pharmacologic responsiveness (alisertib) than
when they are in a predominantly damage-dominated state
(bleomycin).

Cosmic silence does not significantly alter the
composition of TIS-associated SASPs

We then assessed whether the composition of TIS-
associated secretomes varied in response to the muon-less
environment of cosmic silence in the LSC-DUL. Cell
culture supernatants were collected simultaneously from
non-senescent (proliferative control) cells and from A549
cells that were made senescent with palbociclib, alisertib,
and bleomycin at the AGL and DUL facilities. We
analyzed the samples using a panel of 96 cytokine,
chemokine, and growth factor biomarkers with a
multiplex bead-based Luminex- immunoassays. We
generated heatmaps of secretomes according to the
AGL/DUL localization, time of exposure, and TIS
inducer concentration, using log, transformed values (Fig.
10). We log, transformed all the concentration values
because the raw values were strongly skewed, ranging
from ~1 pg/mL to > 10,000 pg/mL for a single analyte
within a given dataset. As previously recommended, log
transformation makes the distribution of values much
easier to work with, reduces the likelihood of erroneously
excluding large values as outliers, and generally makes
outlier detection easier [139,140].

First, and in agreement with previous studies, all the
TIS stressors generated SASP landscapes that were
largely dictated by the baseline secretome of the cell-of-
origin (A549) [89,112]. Second, a slightly higher
expression of SASP components was apparent in G2/M
stressors, particularly alisertib, in comparison to
palbociclib. Radiobiological conditions did not appear to
significantly alter the baseline composition of the
secretome in A549 proliferative cells grown for 3, 5, and
7 days in AGL and DUL facilities (Fig. 10A). The
qualitative composition of each SASP and the quantitative
expression of specific SASP components did not exhibit
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highly significant changes when comparing AGL and attenuated in the muon-depleted DUL environment (Fig.
DUL environments. Palbociclib elicited an early, 10B). With alisertib and bleomycin, however, we
compositionally focused SASP that accumulated observed a high-amplitude, environment-insensitive
similarly in AGL and DUL environments. However, SASP landscapes (Fig. 10C).
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Figure 10. Cosmic silence largely preserves SASPs across TIS phenotypes. The qualitative and quantitative
composition of the extracellular secretome in cell-free supernatants collected under above-ground (AGL) and deep-
underground (DUL) conditions across proliferative and specified pharmacological perturbations was characterized using
multiplex bead-based immunoassays on days 3, 5 and 7. For all heatmaps, each cell represents the measured concentration
for a single analyte (row) in the indicated condition (column). Color scale encodes loga-transformed raw abundances (log:
scale of the unnormalized measurements; n=2 independent biological replicates), enabling comparison of composition
(relative factor weighting) across conditions while stabilizing variance and dynamic range. Columns are organized by
environment (AGL, DUL) and time; drug panels additionally stratify by dose. These visualizations allow direct
comparison of environment-dependent basal secretion and treatment-dependent remodeling at matched time points and
doses.
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Taken together with the fact that SENCAN scores
remained unchanged, the data suggest that muon
depletion in the DUL environment does not significantly
interfere with the initiation of early programming of
senescence following chemotherapy. This is evident
because transcriptional senescence modules, as well as the
qualitative composition and quantitative levels of the
diverse SASPs, activate normally and remain globally
similar between the AGL and DUL environments. The
lower background radiogenic stress in the DUL
environment slightly shifts the SA-B-gal+ threshold in
response to palbociclib. This can explain the reduced
effectiveness of the paracrine amplification and the
phenotypic consolidation of SA-B-gal+ phenotypes, as
expected from the feed-forward bystander signaling of the
SASP (e.g., secondary senescence). In contrast, alisertib
and bleomycin generate sufficient intrinsic damage
signaling to overcome this dependency. This results in an
environment-invariant SASP and late SA-B-gal+
senescence. These findings support the notion that cosmic
silence could limit the propagation of TIS phenomena
following low-intensity, GO/G1-arrest-like trajectories
(palbociclib) while remaining largely irrelevant in cases
of high-intensity G2/M arrest.

DISCUSSION

human cells. Our study suggests that muon depletion does
not uniformly suppress the occurrence of senescence
following chemotherapy-induced cellular damage.
Rather, it might preferentially affect the consolidation of
specific senotypes. In the ultra-low CBR environment of
the LSC-DUL, the most consistent finding was a slightly
reduced ability of the GO/G1 arrest stressor palbociclib to
generate robust SA-B-gal-positive states, especially at low
concentrations. Meanwhile, SA-B-gal-positive states
arising from G2/M arrest stressors, such as the mitotic
kinase inhibitor alisertib and the radiomimetic bleomycin,
remained comparatively stable. Highly conserved
transcriptomic senescence scores (i.e., SENCAN) and the
SASP remained largely intact, regardless of the
senescence-induction trajectory. Taken together, these
hypothesis-generating observations argue against a global
failure of senescence induction in the absence of cosmic
ray muons. Instead, they suggest a more selective impact
of cosmic silence on the progression from early
senescence-associated programs to well-established SA-
B-gal-positive senescent states when involving G0/G1
(but not G2/M) cell cycle withdrawal trajectories. These
findings could help us understand how the radiobiological
calibration of senescence programs has evolved to ensure
commitment to terminal senescence under weak, yet
physiologically relevant stresses (e.g., replicative
senescence), while allowing severely damaged cells to

Our study provides the first formal but exploratory transition immediately to hard-locked senescence,
evidence that CBR might be mechanistically incorporated  regardless of the CBR context.
into the operability of cellular senescence programs in
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Figure 11. A model of cosmic background radiation-regulated therapy-induced senescence. A. An energy
landscape based on the Waddingtonian model and incorporating the aforementioned findings can illustrate how
senescence-related SA-B-gal+ status and transcriptomic readouts can be theoretically reconciled. In the palbociclib-
targeted GO/G1-like arrest trajectory, muon depletion minimally alters the rapid entry into the shallow, SENCAN+
transcriptome basin, but significantly reduces the flux into the ultimate SA-B-gal+ basin. Under DUL conditions, the
loss of stochastic CBR “kicks” could lower the barriers to cell-cycle re-entry, thereby reducing progression towards
deeper arrest intensity. This could result in cells remaining SENCAN+ but failing to hard-lock into the deepest,
converging level of SA-B-gal+ attractors. Conversely, those cells following a G2/M arrest trajectory (e.g., alisertib and
bleomycin) can transition directly to an SA-B-gal-positive state, regardless of the muonic environment. Across contexts,
early transcriptional priming (elastic-net SENCAN classifier) occurs similarly before SA-B-gal-positive states are
reached, regardless of the path to arrest. However, the probability of reaching the SA-B-gal-positive state without
completing the proliferation-quiescence-senescence continuum is CBR-sensitive only when cells follow the GO/G1-
arrest path. Nevertheless, although muon depletion does not appear to drastically alter the genes and processes that are
universally changed in senescent cells (e.g., those captured by the SENCAN score), the degree of overlap between the
AGL and DUL senotype transcriptomes varies depending on the stressor. This divergence is more apparent in the GO/G1
senescence trajectory triggered by palbociclib and is almost non-existent in the G2/M trajectory triggered by bleomycin.
(B) Ambient cosmogenic muons at the Earth’s surface introduce a stochastic damage and damage-reinforcing signaling
loops that calibrate the threshold for committing proliferative cells to the late, lysosome-dependent, SA-B-gal+ senescent
state. In muon-depleted settings (deep underground or on the Moon or Mars), this term is absent, and low-DDR inputs
fall below the commitment barrier, decreasing the effective crossing rate. The length of the arrow encodes DDR
amplitude (green for low and red for high) relative to the SA-B-gal threshold. The “CBR calibration” needle denotes the
muon contribution present at the surface and lost underground. Consequently, muons act as an abiotic rheostat that
selectively enables barrier crossing under weak replicative stress (e.g., palbociclib or olaparib in HR-proficient cells),
whereas strong genotoxic stress (e.g., alisertib, bleomycin or olaparib in HR-deficient cells) surpasses the threshold
irrespective of the muon background.

The differential effect of cosmic silence can be
preliminarily interpreted as the modulation of

This framework also explains the apparent
discrepancy between preserved transcriptome senescence

commitment along specific senescence trajectories (Fig.
11A). The GO/G1 arrest pathway, which is preferentially
engaged by palbociclib and remains closer to the
quiescence-senescence boundary [126,141,142], may
depend more on weak background inputs, such as
stochastic muonic “kicks”, to gradually progress into
deeper SA-B-gal-positive senescent states. In contrast, the
G2/M arrest trajectory, engaged by alisertib and
bleomycin, rapidly and forcefully propels cells toward an
insurmountable, stable arrest. This trajectory is highly
refractory to muon depletion. Thus, the key effect of muon
depletion may not be the entry into a senescence-like
program per se, but rather the reduction of the probability
that cells traversing a gradual GO/G1 withdrawal route
will fully consolidate into an SA-B-gal-positive senotype.
Background muons may therefore act as weak abiotic
contributors to the signal-to-noise architecture of
senescence commitment. Under above-ground conditions,
chronic environmental radiation may provide a small but
persistent source of background damage or checkpoint
priming that facilitates the transition into deeper senescent
states when the primary arrest stimulus is modest.
Underground, removing the muonic background input
would be expected to most impact trajectories that rely on
gradual proliferative withdrawal (the GO/G1 path). This
would have a much smaller or null effect on trajectories
that are strongly driven into post-replicative or mitotic
arrest by the senescence-inducing stressor (the G2/M
path).

scoring and reduced SA-B-gal-positivity in response to
palbociclib. If early senescence-associated remodeling in
the GO/G1 arrest pathway progressively emerges with a
declining probability of cell-cycle reentry, then
palbociclib-treated cells may still enter a senescence-
leaning transcriptional state while failing to undergo the
lysosomal and phenotypic remodeling associated with
robust SA-B-gal positivity. The selective sensitivity of
low-dose palbociclib to cosmic silence is therefore
consistent with an impairment in senotype consolidation
rather than a complete loss of senescence-associated
transcriptional reprogramming. Muon depletion does not
significantly alter the fundamental transcriptional
architecture of senescence, such as the gene programs
captured by the SENCAN score. However, it modulates
the degree to which AGL and DUL senotypes converge at
the transcriptional level, depending on the stress pathway
that induces them. This stress dependence suggests that
the radiobiological  environment impacts the
transcriptional signatures of AGL/DUL senotypes
initiated through a G0/G1 arrest trajectory more than it
impacts the more convergent, G2/M arrest-driven
transcriptional signatures of AGL/DUL senotypes
induced by alisertib and bleomycin. The SASP behaves in
a manner that follows the same hierarchy as the
senescence-related  transcriptional  signatures. The
qualitative composition of the diverse SASPs is broadly
conserved between AGL and DUL. Palbociclib elicits an
early, focused SASP in both environments, with slightly
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blunted broadening at a later time in DUL. Conversely,
G2/M arrest-related SASPs, on the other hand, are high-
amplitude and environment-insensitive. Thus, the early
senescence transcriptomic program, including the
expression of qualitative SASP components initiates
normally without muons. However, the competence of
neighboring cells to adequately interpret the stress
communication via the SASP diminishes in the absence
of baseline radiation-primed responsiveness. Therefore,
the SASP produced under these muon-depleted conditions
is insufficient for a paracrine propagation of senescence,
even when it is quantitatively and qualitatively
indistinguishable from that activated at the surface. This
could explain why the expected paracrine/bystander effect
of senescence reinforcement via the SASP, which
normally helps consolidate SA-B-gal-positive states under
weak stress, is significantly less effective underground.
Although our data are consistent with a model in
which  cosmic silence fine-tunes stress-specific
senescence outputs rather than the core senescence
backbone, one might argue that the present study did not
identify the precise senescence traits mediating this effect.
Nevertheless, the reduced arrest intensity we observed is
unlikely to result from a single switch-like transcriptional
change. Rather, it likely reflects variation across multiple
senescent traits. Consistent with this idea, none of the
small but significantly enriched GO terms distinguishing
palbociclib-driven TIS in AGL vs DUL environments
mapped directly to well-established senescence
transcriptomic signatures. However, the enrichment of
quiescent/ciliated differentiation, which promotes a cell-
cycle exit overlapping with senescence, and altered ion
homeostasis, which could reflect a reduced lysosomal
mass and acidification while increasing lysosomal
exocytosis, suggests that the absence of CBR shifts some
cell subpopulations toward a less consolidated
senescence-like arrested state [127—-134,143—145]. EMT,
which promotes early palbociclib resistance and prevents
palbociclib-driven long-term E2F-controlled cell-cycle
arrest and senescence [119], was also enriched in the DUL
environment. Thus, muon depletion may alter the
multistep response to palbociclib by shifting the balance
from maintenance of arrest toward resistance
development, ultimately impairing lysosomal remodeling
and favoring long-term escape from senescence
[119,136,137]. An alternative explanation is that the DUL
environment selectively dampens the ATM-dependent
branch of the senescence response [146—148]. This is an
attractive explanation, given recent evidence that ultra-
low CBR in a DUL environment reduces ATM
expression, and that ATM restoration partially rescues the
associated cellular phenotype [149]. ATM is not merely a
component of replicative senescence, but rather a major
upstream determinant. ATM inhibition delays replicative

senescence, reduced ATM responsiveness extends
proliferative lifespan by increasing tolerance to
dysfunctional telomeres [150], and ATM loss can bypass
replication stress-induced senescence by attenuating DDR
signaling while restoring the metabolic support for DNA
synthesis [146,151]. In this framework, the selective
reduction of palbociclib-induced senescence under DUL
conditions may reflect the greater dependence of this
senescence trajectory on an ATM-controlled replication
surveillance axis. Reduced ATM abundance or signaling
competence in cosmic silence would raise the threshold
for full senescence engagement, allowing a subset of cells
to evade or fail to consolidate the senescent state.
Conversely, other forms of TIS may rely on damage
inputs or effector circuits that are less ATM-dependent
and therefore remain comparatively resistant to partial
ATM attenuation. Additionally, ATM suppression
restores vacuolar ATPase dimerization and steady-state
lysosomal pH to enhance the autophagy-lysosome
pathway function [152—154]. The latter phenomenon has
been reported under growth stress in low-radiation DUL
conditions, which could alleviate senescence phenotypes
[155]. Together, the convergence between DUL-induced
ATM downregulation and ATM’s established role in
replication stress-associated senescence provides a
parsimonious explanation for why palbociclib-induced
senescence, rather than senescence in general, is
selectively ~ vulnerable to the muon-less DUL
environment. This mechanism remains to be tested
directly in future LSC-DUL expeditions.

Cells deprived of the radiation noise from ionizing
muonic tracks may undergo subtle shifts in the thresholds
and signal-to-noise calibration that govern how they
sense, interpret, and respond to damage and self-
reinforcing feedback. Such maladaptive resetting could
increase basal molecular damage while paradoxically
weakening its conversion into the high-fidelity signaling
amplitude required to cross the threshold for irreversible
commitment to  SA-B-gal-positive  senescence.
Longitudinal experiments in which cells are maintained in
the DUL for months and then briefly re-primed with
surface-level background radiation, or with calibrated
low-dose ionizing radiation, as well as protocols that cycle
cohorts between the DUL and the surface, could help
determine whether this proposed loss of calibration
remains reversible after long-term underground
accommodation or instead becomes stably fixed.
Available evidence from DUL studies suggests that
cellular responses to deep-underground, low-background-
radiation environments are both time- and cell type-
dependent. In short-term experiments, measurable
responses can arise quickly. Non-cancer hamster
fibroblast V79 cells show distinct transcriptomic
remodeling after only 2 days underground, and both V79
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cells and FD-LSC-1 laryngeal squamous carcinoma cells
exhibit reduced proliferation together with coordinated
changes in redox pathways, RNA processing,
ribosome/spliceosome  programs, and  organelle
homeostasis within 2-4 days of underground culture
[156-159]. Over a somewhat longer interval, V79
fibroblasts maintained for 23 days under below-
background conditions displayed reduced viability
beginning on day 5, suggesting that early molecular
response can progress into sustained phenotypic
divergence over subsequent weeks [160]. By contrast,
older focused on much longer exposures, maintaining
V79 fibroblasts for 9-10 months and TK6 lymphoblastoid
cells for 6 months. These studies generally reported
modest effects on bulk growth but reproducible changes
in antioxidant defenses, stress responsiveness and
mutation-related endpoints, consistent with chronic
remodeling of cellular homeostasis under prolonged sub-
background radiation conditions [161-164]. Similarly,
long-term culture of human hybrid CGL1 cells for 16
weeks, with measurements every 4 weeks, revealed few
changes in growth, survival, or basal DNA damage, yet
showed progressively increased alkaline phosphatase
activity,  suggesting  that  transformation-related
phenotypes may emerge even when conventional viability
endpoints remain comparatively stable [165]. More
recently, NP69 nasopharyngeal epithelial cells cultured
underground showed reduced proliferation and migration
over 36-96 h, together with transcriptomic enrichment in
extracellular-matrix remodeling and post-transcriptional
regulatory programs [166]. Within this framework, our 9—
16-day underground culture window lies in an
informative intermediate range between the acute
responses observed during the first few days and the more
stabilized phenotypes seen after weeks or months
underground. This interval may therefore be particularly
well-suited to resolving the transition from early stress
sensing to longer-term compensatory adaptation.

To further address adaptation to reduced damage cells
caused by diminished muon exposure, and the timescales
over which such adaptation occurs, we are developing an
evolutionary computational model. The model contains
two basic components: a heterogeneous cell population,
where each cell is defined by a damage threshold (DT),
and an external damage level (DE) imposed on the
population. The model’s dynamics rest on two
assumptions. First, transition to cell-cycle arrest or
senescence occurs randomly when DE exceeds DT; the
probability of arrest increases as DE rises further above
DT. Second, cells that do not arrest continue to proliferate,
but incur a fitness cost that penalizes low damage
thresholds. This reflects the metabolic burden of
maintaining damage-response machinery when external
damage is low. This framework will allow us to test how

and whether cells adapt to prevailing damage levels. After
a shift in DE, we can also test how rapidly the population
adapts to the new regime and how drugs or other
physiological perturbations modify that process. One
possible outcome is that the GO/G1 arrest trajectory
results in a more heterogeneous distribution of how close
individual senescent cells are to the SA-B-gal-positivity
threshold within TIS populations. This makes the
regulatory role of muons more easily detectable inside the
DUL. However, our current approach cannot distinguish
changes in cell-state fraction from changes in per-cell
intensity. This approach employed mRNA-focused RNA-
seq at the cell population (sample) level and whole SASP
profiling in extracellular environments. Thus, testing
whether DUL environmental conditions chiefly alter
commitment heterogeneity or state depth would require
multi-omics at the single-cell level across G0/G1 and
G2/M arrest trajectories, ideally in clonal fibroblasts and
oncogene-induced senescence systems [125, 167-171].
The previously unrecognized role of muons in
regulating some aspects of the senescence response
supports the idea that modern mammalian cells can sense
background cosmic rays as part of their defense
mechanisms. Our results are consistent with —and build
upon— earlier work suggesting that natural radiation at
Earth’s surface acts as a constant, low-level stressor that
prepares cells to respond quickly to sudden damage.
When apoptosis or senescence is not efficiently activated,
the absence of this priming may allow the damage to
propagate further [125,164,172]. Human cancer cells
appear to retain a vestigial, muon-tuned damage
checkpoint that becomes evident in the absence of this
abiotic calibrator even during short periods of cosmic
silence. Based on these observations, one might speculate
that GO/G1-like senescent trajectories, which require a
continuum of cell-cycle withdrawal and could commonly
operate in replicative aging, have evolutionarily exploited
the omnipresent muon flux of CBR as a radiobiological
gauge of replication fidelity. This process would spare
cells that are merely proliferatively arrested, as quiescent
cells in this path represent a reversible intermediate
between proliferation and senescence. This allows
apoptosis or senescence programs to eliminate or stably
contain damaged cells in response to low-to-middle
intensity damage. The G2/M pathway rapidly commits to
and ensures senescence irrespective of the ambient muon
background to preserve cellular and tissue integrity in
response to a high-intensity damage that compromises
genomes during cell division. Palbociclib serves as a
tractable pharmacological proxy for the first pathway,
whereas alisertib and bleomycin recapitulate the second
pathway, which is crisis-like and dominated by mitotic
and DNA damage stress. From a basic biology
perspective, our findings suggest that natural CBR is a
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hidden physiological cofactor that maintains genomic
surveillance by fine-tuning senescence programs, rather
than merely being a hazard. We acknowledge that these
results further dispute the traditional linear no-threshold
(LNT) model of radiation dose-damage risk [173—-177].

Muons are produced in large quantities on Earth when
primary cosmic rays interact with the atmosphere. In
addition to ionizing the atmosphere, the secondary, high-
energy muons generated in the air showers reach the
ground and contribute to surface exposure. Muons are the
most penetrating form of ionizing radiation and dominate
the dose at ground level [177]. Therefore, although our
findings should not be viewed as claims of altered
organismal physiology in space but rather as specific,
testable predictions about the senescence commitment
barrier derived from our AGL-to-DUL delta analysis, they
could have implications for habitats with low muon
counts, such as the Moon and subsurface Mars (Fig. 11B)
[178]. Lunar environments with negligible atmospheric
pion production, and Martian habitats buried under meters
of regolith to mitigate meteorite and high-energy hadron
hazards recreate a DUL-like scarcity of muons. Our data
suggest that the commitment to senescence in tissue
repair, developmental growth arrest, tumor suppression,
and other functions, may be altered depending on the path
followed by the primary arrest stimuli. If our mechanism-
informed and exploratory findings are mechanistically
validated, two translational avenues for space and aging
biomedicine emerge. On the one hand, we should identify
tissues or drugs whose function or safety relies on muon-
tuned senescence, safeguarded them, and retune them in
extraterrestrial settings. This could involve localized
“radiobiological priming” using tightly titrated, low-dose
proton-beam “muon generators” or alternative abiotic
stress analogs that can restore the fidelity of
physiologically relevant senescence trajectories without
incurring harmful doses. On the other hand, if our findings
extend to a significant impact of cosmic silence on
replicative senescence onset in the aging process, earlier
studies showing that reduced CBR favors lifespan
extension over reproductive output might be revisited
under the lens of CBR-regulated functional senescence in
vivo [179].

Our findings are subject to significant limitations that
will require dedicated future campaigns at the LSC-DUL,
as the logistical complexity of deep-underground facilities
precludes immediate iteration with new experiments.
First, a major limitation of the current study is the use of
a transformed epithelial cell lines rather than primary non-
transformed human cells. A549 cells were deliberately
selected for this pilot study because our primary aim to
determine whether DUL conditions can differentially
reshape mechanistically distinct senescence programs in a
controlled human cellular background. A549 cells have

several advantages for this initial approach. They are a
well-established lung epithelial/type II alveolar-like
model that retains wild-type 7P53 and an inducible p53-
p21 response. They have also been extensively validated
as a senescence-competent system in response to diverse
stressors  [60,89,99-102]. Notably, AS549 cells were
among the core models used to develop the elastic-net
SENCAN senescence classifier, where A549 senescent
cells were used to train a transcriptomic predictor that
subsequently generalized beyond cancer cells, correctly
classifying several normal senescent fibroblasts and
endothelial samples, while also discriminating senescence
from quiescence in A549 cells. Furthermore, senescent
phenotypes in cancer cells are highly context-dependent,
often influenced as much by cellular lineage and genetic
background as much as by the inducing stimulus itself.
Using a single, well-characterized A549 background
therefore enabled us to compare multiple senescence
modalities while minimizing confounding factors such as
donor variability, baseline replicative capacity, and the
heterogeneous stress sensitivity of primary cultures. In
fact, using a transformed but senescence-competent
background provides conservative proof of the principle
that any DUL-dependent modulation detected in A549
cells is unlikely to arise from the intrinsic fragility of
primary cultures alone. In this study, A549 cells are not a
definitive surrogate for healthy human tissues, but rather
as a reproducible experimental platform to reveal whether
the DUL environment selectively affects particular
senescent  trajectories (e.g.,  palbociclib-driven
senescence). However, validation in primary epithelial
and stromal models is necessary to determine the extent
to which this selectively applies to non-transformed
backgrounds. Second, we did not conduct in sifu rescue
experiments within the DUL by reintroducing precisely
measured “CBR mimetics” (e.g., ultra-low dose protons
or helium ions) during palbociclib treatment. This would
have allowed us to determine whether restoring a muon-
like term could recross the SA-B-gal barrier causally.
Implementing titratable radiation “spikes” together with
[TH2AX/ATM kinetics and real-time lysosomal readouts
would provide stringent mechanistic validation. Third,
relying on SA-B-gal as a late senescence marker raises the
question of whether muon depletion directly alters
lysosomal mass or acidification. A significant decrease in
the oxidative tone of DUL cultures could result in fewer
lysosomes acidifying enough to hydrolyze X-gal,
although this scenario seems implausible because it would
affect all TIS inducers equally. However, one could argue
that this peculiarity is particularly relevant when using
lysosomotropic drugs such as palbociclib, because their
senescence-driving activity may partially depend on
lysosome content and expansion [142,180-182].
Complementary LysoTracker or CI12-FGD flow
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cytometry, together with lysosomal biogenesis reporters,
could determine whether palbociclib’s sensitivity to
distinct radiobiological environments is dictated by the
distinct behavior of the lysosomal compartment.
Additionally, we did not perform palbociclib “wash”
experiments (palbociclib withdrawal) to test whether the
reduced fraction of SA-B-gal positive cell at the DUL truly
reflects a less severe, potentially reversible senescent
state, rather than a simply delay in acquiring the SA-B-gal
phenotype. Although SA-B-gal quantifications were
robust, with large cell counts and multiple technical
replicates, the logistical constraints of underground work
limited the sample size (n=2), the range of assays, and
number of time points. Thus, despite the stringent
matching and monitoring of AGL/DUL experimental
conditions, the findings from our hypothesis-generating
study should be viewed as largely descriptive and
exploratory. They must be replicated in longer campaigns
at the LSC-DUL and in other independent DUL facilities
worldwide before a definitive causal relationship can be
established between CBR and the control of senescence
programs in human cells can be established.

Conclusion

In conclusion, this exploratory study provides initial
evidence that deep-underground, muon-depleted
conditions do not disrupt senescence globally, but may
subtly modulate the consolidation of specific senescence
trajectories, most evidently those associated with GO/G1-
targeted cell cycle withdrawal. The overall preservation
of proliferative arrest, SENCAN scores and the general
structure of the SASP argues against a complete
reprogramming of senescence in cosmic silence.
However, the palbociclib-biased effects suggest a certain
degree of senescence sensitivity to muon depletion that
depends on stress nature (replicative) and trajectory
(GO/G1). These findings should be interpreted cautiously
given the hypothesis-generating nature of the study, and
replication and mechanistic validation are required across
longer exposures, additional cell systems, and
independent DUL facilities. If confirmed, they would
support the view that CBR has acted as an overlooked
environmental parameter in the evolutionary tuning of
senescence programs. More broadly, DUL-based studies
could provide a useful experimental framework for
investigating how senescence operates in extraterrestrial
environments lacking Earth’s muon flux and examining
the effects of cosmic silence on aging.
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