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ABSTRACT

The DNA replication stress (RS) response is crucial for
maintaining  cellular homeostasis and promoting
physiological longevity. However, the mechanisms by
which long-lived species, such as bats, regulate RS to
maintain genomic stability remain unclear. Also, recent
studies have uncovered noncanonical roles of ribosome-
associated factors in maintaining genomic stability. In this
study, somatic skin fibroblasts from the long-lived big-
footed bat (Myotis pilosus) were examined, with results
showing that bat cells exhibited enhanced RS tolerance
compared to mouse cells. Comparative transcriptome
analysis under RS conditions revealed pronounced
species-specific transcriptional differences, including
robust up-regulation of ribosome biogenesis genes in bat
cells and a markedly reduced activation of the P53
signaling pathway. These features emphasize a distinct
homeostatic strategy in bat cells. Nuclear fragile X mental
retardation-interacting protein 1 (Nufip1), a ribosome-
associated factor highly expressed in bat fibroblasts, was
identified as a potential integrator of ribosomal and P53
signaling via its association with ribosomal protein S27-like
(Rps271). These findings provide direct cellular and
molecular evidence for a noncanonical RS response in
bats, highlighting a deeper understanding of the biological
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characteristics and genomic maintenance mechanisms of
long-lived species.

Keywords: Long-lived species; Myotis pilosus; DNA
replication stress; Ribosome biogenesis; P53 signaling;
Nufip1; Rps27I

INTRODUCTION

DNA replication stress arises when the progression of
replication forks is impeded, resulting in delayed or stalled
DNA synthesis and constituting a primary driver of genomic
instability (Gaillard et al., 2015). To cope with this stress, cells
initiate a coordinated DNA damage response that halts cell
cycle progression, allowing time for repair. However, when
damage surpasses repair capacity, cells undergo terminal
fates such as senescence or apoptosis (Kitao et al., 2018).
Senescence, a state in which somatic cells stop growing after
repeated passaging or oncogenic stimuli (Nishimura et al.,
2015), contributes to organismal aging and is implicated in
many age-associated diseases. Clinical analyses of human
skin biopsies have demonstrated an age-dependent
accumulation of senescent cells, and epidemiological data
have revealed strong correlations between senescence
burden and the incidence of diseases such as osteoporosis,
osteoarthritis,  hypertension, and cerebral infarction
(Heckenbach etal.,, 2022). Despite increasing evidence
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demonstrating the correlation between disease and aging,
effective  therapeutic strategies targeting age-related
degeneration remain limited.

Protein synthesis drives cellular growth, a process that
necessitates stable and efficient ribosome biogenesis within
the nucleolus. This complex process involves the transcription,
modification, and processing of ribosomal RNA (rRNA), the
production of ribosomal proteins (RPs) and associated factors,
and the coordinated assembly of ribonucleoprotein particles
into mature ribosomes. Ribosome biogenesis is the primary
function of the nucleolus and requires the coordinated
utilization of vast resources to maintain fidelity (Deisenroth &
Zhang, 2010). Emerging evidence suggests that beyond its
canonical role, ribosome biogenesis contributes to functions
related to DNA replication stress. Several RPs participate in
the RP-MDM2-P53 stress response pathway, a signaling
cascade that functions as an important regulator of
intracellular homeostasis. Various mitotic and genotoxic
stressors converge on this pathway, inducing P53-dependent
protective stress responses that lead to cell cycle arrest,
apoptosis, DNA repair, and replicative senescence (Levine
etal.,, 2006). The RP-MDM2-P53 signaling pathway is
associated with ribosome biogenesis and serves as a critical
checkpoint for ribosomal protein homeostasis (Franklin et al.,
2023). Disruptions in ribosome biogenesis can trigger
nucleolar stress, thereby activating this surveillance
mechanism (Deisenroth & Zhang, 2010). Nevertheless, how
ribosome biogenesis and P53 pathways are orchestrated
remains unclear, and the identity of factors mediating this
crosstalk is largely undefined.

Many exceptionally long-lived species have emerged as key
models in longevity research, including the naked mole-rat
(Heterocephalus glaber) (Azpurua etal., 2013), bowhead
whale (Balaena mysticetus) (Keane etal., 2015; Liu etal.,
2023), centenarians (Wang et al., 2024a), and various bat
species (Wang etal.,, 2024c). Among these, bats are
particularly noteworthy for their extraordinary lifespan relative
to body size (Healy et al., 2014). Certain species, such as the
litle brown bat, Brandt's bat, mouse-eared bat, and Indian
flying fox, can live up to 30—40 years (Tacutu et al., 2018), far
exceeding the lifespan expected for mammals of similar size.
The sustained preservation of genomic stability is recognized
as a foundational determinant of longevity and a core
mechanism related to aging (Gorbunova et al., 2020, 2007).
Bats exhibit a robust capacity to preserve genome integrity
through lifelong activation of DNA repair and damage
signaling networks (Huang etal., 2016, 2019; Zhao etal.,
2024). Additionally, comparative genomic analyses indicate
that bats exhibit preferential up-regulation of genes involved in
the mitotic cell cycle and DNA repair, enabling efficient
damage recognition and recovery, along with mechanisms
that limit oxidative stress and promote cellular resilience
(Huang etal., 2016). Furthermore, signatures of positive
selection have been detected in bat DNA repair genes (Huang
etal., 2019; Zhang etal, 2013), yet direct experimental
evidence detailing how bats maintain genomic stability
remains limited.

To elucidate the cellular basis of this enhanced genome
maintenance, primary skin fibroblasts derived from the big-
footed bat (Myotis pilosus) (Li etal., 2022) and from mice
(C57/BL6) were compared under DNA replication stress
conditions. Bat cells exhibited greater replication fork stability
and reduced accumulation of single-stranded DNA (ssDNA)
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damage, supporting sustained proliferation and low
senescence under replication stress. Transcriptome profiling
under stress conditions revealed significant interspecies
differences in gene expression in response to replication
stress, particularly in the P53 and ribosomal biogenesis
pathways. Furthermore, we identified ribosome factors Nufip1
and Rps27] in crosslinking P53 and ribosomal biogenesis
pathways. These findings provide novel mechanistic insight
into how bats preserve genomic stability through coordinated
modulation of translational and stress surveillance pathways,
advancing the molecular understanding of longevity in
mammals.

MATERIALS AND METHODS

Cells and culture conditions

Primary skin fibroblasts from big-footed bats and C57/BL6
mice were kindly provided by the Peng Shi Lab at the
Kunming Institute of Zoology, Chinese Academy of Sciences
(CAS). The A549 cell line was purchased from the
Conservation Genetics CAS Kunming Cell Bank (China). All
cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Gibco, Cat. no. C11995500BT, USA) containing
20% fetal bovine serum (FBS) (Alphabio, Cat. no. SA-201-1A,
Australia), 100 U/mL penicillin, and 100 pg/mL streptomycin
(Gibco, Cat. no. 15140-122, USA) under 37°C and 5% CO,
conditions. All cells were expanded through 0.05%
Trypsin/EDTA digestion (Gibco, Cat. no. 25200072, USA). All
cells were authenticated at the Conservation Genetics CAS
Kunming Cell Bank using short tandem repeat DNA profiling.
Regular mycoplasma testing was performed using LookOut
Mycoplasma polymerase chain reaction (PCR) detection
(Sigma, Cat. No. MP0035, USA).

Reagents and antibodies

TRIzol reagent was purchased from Tiangen (Cat. no. DP424,
China). DAPI-Fluoromount-G was purchased from Southern
Biotech (Cat. no. (C1320-P950, USA). 5-Chloro-2'-
deoxyuridine (CldU) was purchased from Sigma (Cat. no.
C6891-100mg, USA). 5-lodo-2'-deoxyuridine (IdU) was
purchased from Sigma (Cat. no. 17125-5G, USA).
Hydroxyurea (HU) was purchased from Sigma (Cat. no.
H8627-5G, USA). Gemcitabine (GEM) was purchased from
Selleck (Cat. no. LY-188011, USA). SYBR™ Green was
purchased from Life Technologies (Cat. no. A25778, USA).
rProtein A/G Agarose Resin was purchased from Yeasen
(Cat. no. 36404ES08, China). Normal melting agarose was
purchased from Tsingke Biotech (Cat. no. TSJ001, China).
Glycine was purchased from Sangon Biotech (Cat. no.
A100167, China). Ribozinoindole-1 (Rbin-1) was purchased
from MCE (Cat. no. HY-100816, USA). Pifithrin-a
hydrobromide (PFT-a) was purchased from MCE (Cat. no.
HY-15484, USA).

The following antibodies were obtained from the indicated
suppliers: rat anti- 5-bromo-2'-deoxyuridine (BrdU) (Abcam,
Cat. no. Ab6326, 1:1000 for immunofluorescence, UK),
mouse anti-BrdU (BD, Cat. no. 347580, 1:500 for
immunofluorescence, USA), rabbit anti-Nufip1 (Proteintech,
Cat. no. 12515-1-AP, 1:1000 for immunofluorescence, 1:2000
for immunoblotting, USA), rabbit anti-Rps27! (Proteintech, Cat.
no. 15871-1-AP, 1:500 for immunofluorescence, 1:1000 for
immunoblotting, USA), mouse anti-Gapdh (Proteintech, Cat.
no. 60004-1-lg, 1:5000 for immunoblotting, USA), and mouse
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anti-B actin (Proteintech, Cat. no. 66009-1-lg, 1:5000 for
immunoblotting, USA). Secondary antibodies used for
immunofluorescence were raised against rat (conjugated with
Cyanine3, Thermo Fisher, Cat. no. A-10522, USA; conjugated
with Alexa 488, Thermo Fisher, Cat. no. A-11006, USA), rabbit
(conjugated with Cyanine3, Thermo Fisher, Cat. no. A-10520,
USA), or mouse (conjugated with Alexa 488, Thermo Fisher,
Cat. no. A11029, USA). Secondary antibodies used for
immunoblotting were raised against rabbit (conjugated with
horseradish peroxidase (HRP), Thermo Fisher, Cat. no.
31460, USA) or mouse (conjugated with HRP, Thermo Fisher,
Cat. no. 31430, USA).

Cell proliferation assay

Cell proliferation was assessed using an Enhanced Cell
Counting Kit-8 (CCK-8) (Beyotime, Cat. no. C0043, China)
following the manufacturer’s instructions. Cells were seeded
into 96-well plates at a density of 3 000-5 000 cells per well.
For each well, 10 pyL of CCK-8 Reagent was added into
100 pL of culture medium. Plates were gently agitated and
incubated at 37°C in a humidified atmosphere with 5% CO, for
0.5 to 4 h. Absorbance at 450 nm was measured using a
microplate reader (Tecan, Switzerland). Absorbance values
were proportional to the number of viable cells.

Senescence-associated
staining

SA-B-gal staining was performed using a SA-B-gal staining kit
(Beyotime, Cat. no. C0602, China) in accordance with the
manufacturer’s protocols. Cultured cells were first fixed with -
galactosidase staining fixative for 15 min, followed by three
washes with phosphate-buffered saline (PBS). Cells were then
incubated with staining solution overnight at 37°C, washed
three times with PBS, and examined using an Inverted
microscope (ECLIPSE Ti, Japan).

B-galactosidase  (SA-B-gal)

Immunoblotting

Cells were lysed in RIPA buffer (Beyotime Cat. no. PO013B,
China). Protein concentrations were determined using protein
assay dye (Bio-Rad, Cat. No. #5000006, USA) and NanoDrop
spectrophotometric analysis (Maestrogen, China). Equal
amounts of total protein were resolved using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to polyvinylidene difluoride (PVDF) membranes
(Merck Millipore, USA) at 300 mA for 2 h and 10 min at 4°C.
Membranes were blocked with 5% skim milk in Tris-buffered
saline (TBS) (W/V) containing 0.1% Tween 20 (TBS-T) for 1 h
at room temperature. Primary antibody incubation was carried
out overnight at 4°C in western blot primary antibody diluent
(Beyotime, Cat. no. P0256, China). After three 10 min washes
in TBS-T, membranes were incubated with HRP-conjugated
secondary antibodies for 1 h at room temperature. Following
another three washes in TBS-T at room temperature, protein
bands were visualized using a chemiluminescence image
analysis system (Tanon 5200, China) after incubation with
SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Fisher, Cat. No. 34580, USA).

Quantitative reverse transcription PCR (RT-qPCR)

Total RNA was isolated using TRIzol reagent according to the
manufacturer’s instructions. Extracted RNAs were used for
reverse-transcriptase PCR (RT-PCR) with a Reverse
Transcription kit (Takara, cat. no. RRO047A, Japan).
Quantitative PCR (qPCR) was performed using PowerUp
SYBR Green Master Mix (Invitrogen, Cat. no. A25742, USA)

on the Bio-Rad Real-Time PCR platform (Bio-Rad, CFX
Connect™, USA). Primer sequences used for RT-gPCR are
provided in Supplementary Table S1.

Immunofluorescence

Immunofluorescence assays, including co-localization of
Nufip1 with replication forks, were conducted as described
previously (Tu etal.,, 2022), with modifications for ssDNA
damage. Cells were pulse-labeled with 25 pmol/L CldU for 48
h, fixed in 4% paraformaldehyde (PFA) (Sangon, Cat. no.
C10488-500g, China), permeabilized with 0.2% Triton X-100
(Diamond, Cat. No. A110694-010, China) for 20 min, and
blocked with 1% Bovine Serum Albumin (BSA, MP
Biomedicals, Cat. no. FC0077, USA) for 1 h at room
temperature. Cells were then incubated overnight at 4°C with
rat anti-BrdU primary antibody and labeled with fluorescent
secondary antibodies for 1 h at room temperature. Nuclei were
stained using DAPI and images were captured using a
confocal microscope (Olympus, FV1000, Japan).

DNA fiber assay

Replication dynamics were assessed using DNA fiber labeling.
Cells were sequentially incubated with 50 pmol/L IdU for 20
min, with or without HU or GEM treatment, followed by 50
pmol/L CldU for second labeling. Approximately 4 500 labeled
cells were resuspended in 2.5 pL of suspension and dropped
onto one end of a glass slide (CITOTEST, Cat. no.
10127105P-G, China), followed by 12 pL of lysis buffer (50
mmol/L EDTA, 0.5% SDS, and 200 mmol/L tris-HCI (pH 7.5))
and incubation for 1 min at room temperature. Subsequently,
the slides were tilted to 15° to spread the DNA fibers along the
slide, followed by treatment with 2.5 mol/L HCI and incubation
with rat anti-BrdU (BU1/75) and mouse anti-BrdU monoclonal
antibodies. Secondary antibodies included Alexa Fluor Cy3-
conjugated goat anti-rat and Alexa Fluor 488-conjugated goat
anti-mouse, respectively. Images were captured using a
confocal microscope (Olympus, FV1000, Japan). Imaged
software v.1.8.0 was used to measure DNA fiber length, with
conversion to kilobase pairs using 1 um=2.59 kb.

Constructs and lentiviral infection

Short hairpin  RNA (shRNA) sequences are provided in
Supplementary Table S2. The shRNAs were cloned into
pLKO.1 vectors using enzymatic sites Age I/EcoR |. For
lentiviral production, pLKO.1-shRNA or pLVX expression
plasmids were co-transfected into HEK293T cells with
packaging plasmids pCMVA8.1 and pMD2.G at a ratio of
5:2.5:1 using PEI Transfection Reagent (Sigma-Aldrich, Cat.
no. 408727-100ML, USA). Viral supernatants were harvested
and filtered through a 0.45 pm filter (Millipore, Cat. no.
SLHVO033RB, USA) 48 h post transfection.

Co-immunoprecipitation (Co-IP)

Primary skin fibroblasts from big-footed bats and C57/BL6
mice were harvested and washed twice with ice-cold PBS,
then lysed with 1x RIPA lysis buffer (Beyotime, P0013J,
China) containing complete EDTA-free (Roche, 11836170001,
USA) inhibitors. Lysates were treated with DNase | (10 U/mL;
New England Biolabs, Cat. no. M0303, USA) to eliminate
nucleic acid-mediated interactions. Co-immunoprecipitation
was performed using anti-Nufip1 or anti-Rps271 antibodies,
with normal IgG as negative control. Lysates were incubated
with primary antibodies overnight at 4°C, followed by
precipitation with Protein A/G agarose resin (Yeasen, Cat. no.
36404ES08, China) according to the manufacturer’s protocols.
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After sequential washing, immune complexes were resolved
by SDS-PAGE and subjected to immunoblotting.

RNA sequencing and bioinformatic analysis

Total RNA was isolated from the bat and mouse fibroblasts
using TRIzol reagent following the manufacturer’s protocols.
After validation of RNA quality and integrity, RNA libraries
were constructed using a NEBNext Ultra RNA Library Prep Kit
(Mlumina, Cat. no. E7530S, USA). Libraries were sequenced
on an lllumina PE150 platform to generate paired-end 150 bp
reads. Clean data were obtained by removing adapter
sequences, low-quality reads, and low-quality bases using
Trimmomatic v.0.36 with default parameters. Transcript
quantification was conducted using RSEM, and differential
expression analysis of one-to-one orthologous protein-coding
genes was performed using DESeq2 ([fold-change|>2, P-
adjust<0.05). Differentially expressed genes (DEGs) were
subjected to Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO) enrichment analyses using
KOBAS-i.

P53 activation reporter assay

The pp53-TA-luc reporter plasmid was kindly provided by the
Yu-Han Zhao lab at the Kunming Institute of Botany, CAS.
The plasmid was transfected into A549 cells using
Lipofectamine 3000 (Thermo Fisher, Cat. no. L3000015,
USA). At 48 h post-transfection, luminescence was measured
using a Dual-Luciferase Reporter Assay System (Promega,
Cat. no. E1960, USA) and Luminoskan Ascent instrument
(Thermo Fisher, USA).

Statistical analysis and reproducibility

Experiments were repeated three times unless otherwise
stated. All statistical analyses were conducted using
GraphPad Prism v.9 (GraphPad, USA). Student’s t-test was
performed to determine P-values of the raw data unless
otherwise stated, with P<0.05 considered significant.
Representative images are shown unless otherwise stated.
Quantitative data are expressed as meantstandard error of
the mean (SEM) unless otherwise stated. Imaging analyses
were conducted by investigators blinded to experimental
conditions; analyses were not randomized but included
parallel examination of all experimental groups.

RESULTS

Myotis fibroblasts exhibit enhanced resistance to
chemically induced replication stress

Genomic and transcriptomic studies have shown that long-
lived Myotis bats exhibit marked enrichment of gene clusters
involved in DNA replication, suggesting a potential
enhancement in replication stress response mechanisms
(Huang et al., 2016). However, direct experimental validation
has remained lacking. In this study, replication dynamics in
primary skin fibroblasts from the big-footed bat (MySF) were
examined and compared with those from C57BL/6 mouse
fibroblasts (MSF) using the DNA fiber assay, a single-
molecule method for DNA replication kinetics and stability
(Quinet et al., 2017). Replication stress was induced using HU
or GEM (Ercilla etal.,, 2020; Jiang etal., 2023), and key
parameters, including fork velocity, nascent DNA stability, fork
restart efficiency, and fork recovery, were analyzed
(Figure 1A). Under normal culture conditions, MySF exhibited
a slightly reduced fork velocity relative to MSF (Figure 1B, C).
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Following treatment with 1 mmol/L HU, MSF displayed
pronounced destabilization of nascent DNA, while MySF
maintained fork integrity (Figure 1B, D). Comparable
protection was observed under 10 ymol/L GEM treatment
(Figure 1E). Fork restart efficiency (Figure 1F) and recovery
(Figure 1G) under HU treatment revealed no significant
differences between MySF and MSF, indicating that the
primary distinction lies in the enhanced ability of MySF to
preserve nascent strand stability.

Given that impaired protection in nascent DNA may induce
ssDNA breaks and contribute to genomic instability and
cellular senescence (Caldecott, 2024; Wu et al., 2024), ssDNA
breakage was quantified under HU and GEM conditions.
Indeed, both treatments led to elevated ssDNA breaks in
MSF, whereas MySF showed minimal damage accumulation
(Figure 1H-J), consistent with the DNA fiber assay results.
Regarding cell fate determination, the CCK-8 assay was
conducted to evaluate cellular viability. Under untreated
conditions, MySF and MSF displayed comparable proliferation
rates. However, under 0.4 mmol/L HU (Supplementary Figure
S1A) or 1 ymol/L GEM exposure (Supplementary Figure S1B),
MSF growth was markedly inhibited, while MySF showed only
a modest decline. After 24 h of HU treatment, MySF and MSF
showed relative proliferation rates of approximately 80% and
50%, respectively. By 48 h, these declined to 70% in MySF
and 30% in MSF, and at 72 h, to 50% and 27%. At 96 h, MySF
stabilized near 50%, whereas MSF fell to 20% and continued
declining. A similar pattern was observed under GEM
treatment, indicating that MySF maintained superior viability
under replication stress.

Morphological analysis revealed that HU- or GEM-treated
MSF displayed enlarged, flattened phenotypes characteristic
of stress-induced senescence (Sikora etal., 2021). To
investigate this further, a long-term low-dose exposure
protocol (1 pmol/L HU or 10 nmol/L GEM for 15 days) was
implemented. Quantification of SA-B-gal-positive cells
revealed that more than 60% of MSF became senescent after
15 days HU treatment, compared to only around 18% of MySF
(Supplementary Figure S1C, D). Similar results were observed
under GEM treatment (Supplementary Figure S1E, F).
Collectively, these findings demonstrate that MySF possess
superior intrinsic capacity to tolerate chemically induced
replication stress compared to MSF.

Ribosome biogenesis is selectively enriched in MySF
during replication stress

To determine the transcriptional mechanisms underlying the
enhanced stress resilience observed in MySF, bulk RNA
sequencing was performed on MySF and MSF following
treatment with or without 1 mmol/L HU for 4 h (Figure 2A).
Principal component analysis (PCA) confirmed the reliability of
the transcriptomic data (Supplementary Figure S2A, B).
Differential expression analysis identified distinct
transcriptional responses to HU exposure between the two cell
types. Genes exhibiting >2-fold change were quantified
(Supplementary Figure S2C). Volcano plots of DEGs revealed
that Tgfbi, Mical2, and Lrrc32 ranked highest among the up-
regulated genes in MySF (Supplementary Figure S2D), while
Sema7a, Btg2 and Cdknia ranked highest among the up-
regulated genes in MSF (Supplementary Figure S2E). These
genes are involved in oncogenesis (e.g., Tgfbi (Wang et al.,
2024b), Mical2 (Makiuchi etal., 2024), Sema7a (Ochman
etal., 2024), and Cdkn1a (Alshamrani etal., 2024)), the
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Figure 1 Myotis fibroblasts exhibit enhanced nascent DNA protection compared to mouse cells

A: Schematic of DNA fiber assay. B: Representative images of nascent DNA stability in MySF and MSF under 1 mmol/L HU treatment. Scale bar:
10 um. C: Quantification of fork velocity. D, E: Quantification of nascent DNA stability in MySF and MSF under 1 mmol/L HU (D) and 10 pmol/L
GEM (E) treatment, calculated as the ratio of CldU to IdU tract lengths. At least 200 single forks were calculated per sample. F, G: Quantification of
fork restart rate (F) and stalled fork recovery length (G) in MySF and MSF following 1 mmol/L HU exposure. At least 200 single forks were
calculated per sample. H-J: Representative images (H) and statistical results (I, J) of ssDNA generation induced by 4 mmol/L HU (H, I) and 5
pmol/L GEM (J) in MySF and MSF. ssDNA was labeled and detected under nondenaturing conditions. At least 200 cells from three independent

experiments were analyzed. Scale bar: 10 ym.

nervous system (e.g., Bfg2 (Li etal., 2024)), and immune
modulation (e.g., Lrre32 (Lubin et al., 2022)).

Given previous reports linking ribosomal activity and P53
signaling in stress-induced cellular senescence (Nishimura
et al., 2015; Deisenroth & Zhang, 2010; Franklin et al., 2023),
functional enrichment analysis of DEGs was conducted using
KEGG and GO frameworks. Under replication stress, MySF
displayed significant up-regulation of genes associated with
ribosome biogenesis (Supplementary Figure S2F, G),
alongside suppression of genes related to mitotic nuclear
division and axon guidance (Supplementary Figure S2H, 1). In
contrast, MSF showed up-regulation in pathways related to
cytokine-cytokine receptor interaction and muscle cell

proliferation (Supplementary Figure S2J, K), and down-
regulation in pathways involved in the cell cycle and mitotic
nuclear division (Supplementary Figure S2L, M). These
findings indicate that MySF cells respond to replication stress
by preferentially activating genes related to ribosome
biogenesis, whereas MSF cells exhibit a marked impairment in
proliferation. Integrated pathway analysis further revealed that
ribosome-associated pathways were up-regulated in MySF,
while P53 signaling was more strongly induced in MSF
(Figure 2B). To validate these observations, representative
genes from both pathways were selected for analysis.
Heatmap and gPCR data confirmed the elevation of ribosome
pathway-related genes in MySF, as well as greater up-
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Figure 2 Enrichment of ribosome biogenesis pathway in MySF under replication stress

A: Schematic of sample collection and RNA-seq. B: Top enriched pathways based on GO and KEGG analyses of highly expressed genes in MySF
versus MSF (FPKM fold-change>2), ranked by Rich factors. C, D: Heatmap showing differential expression of genes associated with the ribosome
biogenesis pathway (C) and P53 signaling pathway (D) in MySF and MSF. E, F: RT-qPCR detection of ribosome biogenesis pathway (E) and P53
signaling pathway genes (F) in MySF and MSF with or without 1 mmol/L HU treatment. Data represent meantSEM. n=3 biologically independent
experiments. P-values were calculated using a two-tailed t-test.
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regulation of P53 pathway-related genes in MSF in response
to replication stress (Figure 2C-F).

Functional analysis of ribosomal gene Nufip1 in MySF
and MSF under replication stress

Transcriptome profiling revealed that Nufip1, a gene
associated with ribosome function, was markedly up-regulated
in MySF in response to chemically induced replication stress,
while remaining minimally expressed in MSF. Given its known
roles in rRNA processing (McKeegan etal, 2007),
ribonucleoprotein (RNP) assembly, and ribophagy, Nufip1 was
identified as a candidate effector mediating replication stress
resilience in bat cells. Both qPCR and immunoblotting
confirmed significantly higher expression of Nufip?7 in MySF
relative to MSF under both basal conditions and upon
exposure to 1 mmol/L HU or 10 umol/L GEM (Figure 3A, B;
Supplementary Figure S2N).

To investigate the functional contribution of Nufip1, targeted
knockdown was performed in MySF using three specific
shRNAs (Figure 3C). Knockdown of Nufip1 led to substantial
accumulation of ssDNA breaks under HU or GEM treatment,
reaching levels comparable to those observed in MSF
(Figure 3D, E). In addition, knockdown of Nufip1 significantly
inhibited cell proliferation under both HU (Figure 3F) and GEM
exposure (Figure 3G), and markedly increased SA-B-gal
activity in treated MySF (Figure 3H, I). To determine whether
this protective phenotype was dependent on passage number,
early-passage (<10) and late-passage (>50) MySF were
compared. Results showed that both early and advanced
MySF cells displayed similar phenotypes in terms of nascent
DNA protection under replication stress (Figure 3J, K). For
further validation, the Nufip?1 coding sequence (CDS) was
ectopically expressed in MSF to generate Nufip1-
overexpressing cells (Figure 4A, B). Following puromycin
selection, DNA fiber assays revealed that Nufip1
overexpression enhanced nascent strand protection in MSF
under replication stress (Figure 4C, D). To clarify the
functional roles of ribosome biogenesis in fork stability, MSF
cells were treated with the ribosome biogenesis inhibitor Rbin-
1, followed by DNA fiber assays to determine nascent DNA
stability under replication stress induced by HU (Figure 4C) or
GEM (Figure 4D) exposure. Rbin-1 treatment abolished the
protective effect of Nufip1 on nascent DNA stability, confirming
the functional link between Nufip1 activity and ribosome-
dependent fork stability. Consistently, overexpression of
Nufip1 reduced ssDNA damage and preserved cell
proliferation under HU treatment (Figure 4E-G), supporting its
role in replication stress response and cellular fitness.
However, subcellular localization analysis via
immunofluorescence showed that Nufip1 was predominantly
nuclear, with no significant co-localization with BrdU-labeled
DNA replication foci (Figure 4H), suggesting an indirect mode
of action in replication stress response. To assess whether
sequence divergence in Nufip1 contributes to functional
differences between species, a comparative analysis of the
CDS (Supplementary Figure S3) and amino acid sequences
(Supplementary Figure S4) was conducted for mouse and bat
Nufip1. The bat Nufip1 protein featured a longer C-terminal,
which may participate in replication stress adaptation,
although its precise role remains unclear.

Proteomic interactome analysis reveals potential link
between Nufip1 and Rps271-Mdm2-P53 pathway
To determine the molecular mechanism by which Nufip1

contributes to replication stress tolerance, an
immunoprecipitation-mass  spectrometry  strategy = was
employed. MySF and MSF samples, treated with or without 1
mmol/L HU or 10 pymol/L GEM for 4 h, were processed in
parallel for analysis (Figure 5A). Isotype IgG was included as
a non-specific binding control. The total number of specific
Nufip1-associated proteins identified under each condition is
summarized in Figure 5B. Functional enrichment analysis of
Nufip1-interacting proteins was conducted (Huttlin et al.,
2017). Under normal culture conditions, Nufip1-associated
networks in MySF were enriched in glutathione metabolism,
while MSF were enriched in proteasome-related pathways
(Figure 5C, D). Upon HU exposure, MySF and MSF exhibited
enrichment in the ribosome biogenesis and Vviral
carcinogenesis pathways, respectively (Figure 5E, F). In
response to GEM exposure, MySF and MSF were enriched in
the coronavirus disease and ribosome pathways, respectively
(Figure 5G, H). Notably, both the coronavirus disease and
ribosome pathways were consistently enriched in MySF under
HU and GEM treatment but were absent in MSF. These
patterns suggest that drug-induced replication stress disrupts
ribosomal homeostasis in MSF cells.

Among the identified interactors, Rps27| displayed stable
interaction with Nufip1, which was slightly enhanced under HU
and GEM treatment (Figure 6A, B). Co-immunoprecipitation in
MySF confirmed the interaction between Nufip1 and Rps27I
(Figure 6C, D), with Gapdh serving as a negative control.
Rps27] is a known modulator of the Mdm2-P53 pathway,
promoting P53 stabilization by antagonizing Mdm2 binding
(Xiong et al., 2014). To assess whether Nufip1 influences this
regulatory node, immunofluorescence staining experiments
were performed to examine Nufip1 subcellular localization.
Results showed that knockdown of Nufip1 increased nuclear
accumulation of Rps27! in MySF under replication stress
(Figure 6E, F). To evaluate the functional consequence of
Nufip1 modulation on P53 activity, a pp53-TA-luc reporter was
delivered into A549 cells, with subsequent exposure to 10
pumol/L etoposide to activate the P53 pathway (Figure 6G, H).
Results demonstrated that NUFIP1 knockdown led to a
pronounced increase in P53 activity (Figure 6l1), suggesting
strong inhibitory effects of NUFIP1 on P53. Conversely,
pharmacological inhibition of P53 using PFT-a diminished
nuclear enrichment of NUFIP1 in etoposide-treated A549 cells
(Supplementary Figure S5A), suggesting mutual regulation of
P53 and NUFIP1. Furthermore, RT-qPCR revealed that
Nufip1 knockdown reduced Mdm2 expression in MySF cells
(Figure 6J, K). Expression of the downstream effector p21 was
markedly lower in MySF compared to MSF (Figure 6L),
consistent with the observed capacity of bat fibroblasts to
maintain cell proliferation in genotoxic conditions. To
determine the conservation of this function across cell types,
NUFIP1 knockdown was performed in non-fibroblast human
A549 cells. Results showed that NUFIP1 knockdown in A549
cells also impaired nascent fork stability under both HU- and
GEM-induced replication stress conditions (Supplementary
Figure S5B, C). Collectively, these results suggest that Nufip1
may promote cell tolerance to replication stress by inhibiting
P53 signaling, with P53 signaling a determinant of nuclear
enrichment of NUFIP1.

DISCUSSION

Myotis bats represent a notable exception among mammals,
exhibiting remarkable longevity relative to body size and
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Figure 3 Functional analysis of ribosomal gene Nufip1in MySF under replication stress
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A: RT-gPCR analysis of Nufip1 expression in MySF and MSF with or without 1 mmol/L HU or 10 pmol/L GEM. B: Immunoblotting of Nufip1 protein
levels in MySF and MSF with or without 1 mmol/L HU or 10 pmol/L GEM. Gapdh was used as a loading control. C: Immunoblotting of Nufip1
expression in MySF with or without knockdown. B-actin was used as a loading control. D, E: Quantification of ssDNA generation induced by
4 mmol/L HU (D) and 5 pmol/L GEM (E) in MySF with and without Nufip7 knockdown and in MSF. F, G: Relative proliferation rates of MySF with or
without Nufip7 knockdown and of MSF cells under 0.4 mmol/L HU (F) and 1 pmol/L GEM (G) treatment at 0, 24, 48, 72, and 96 h, measured by
CCK-8 assay. H, I: Quantification of SA-B-gal-positive MySF and MSF under 1 ymol/L HU (H) and 10 nmol/L GEM (I) treatment at 0, 5, 10, and
15 days. J, K: Quantification of nascent DNA stability in MySF and MSF between early (<10) and advanced passages (>50) under 1 mmol/L HU (J)
and 10 ymol/L GEM (K) treatment, calculated as the ratio of CldU to IdU tract length. At least 200 single forks were calculated per sample.
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Figure 4 Nufip1 coordinates nascent DNA strand stability under replication stress and supports cell proliferative capacity

A, B: RT-gPCR (A) and immunobilot (B) analysis of Nufip1 expression in MSF with or without Nufip1 overexpression. C, D: Quantification of nascent
DNA stability in MySF and MSF with or without Nufip1 overexpression under 1 mmol/L HU (C) and 10 pmol/L GEM (D), as well as 1 pymol/L Rbin-1
treatment, calculated as the ratio of CldU to IdU tract length. At least 200 single forks were calculated per sample. E, F: Quantification of ssDNA
generation induced by 4 mmol/L HU (E) and 5 ymol/L GEM (F) in MySF and MSF with or without Nufip1 overexpression. G: Relative proliferation
rates of MySF and MSF with or without Nufip71 overexpression under 0.4 mmol/L HU treatment at 0, 24, 48, 72, and 96 h, measured by CCK-8
assay. H: Immunofluorescence detection of subcellular localization of Nufip1 and its co-localization with replication forks. Scale bar: 5 ym. Data
represent mean+SEM. n=3 biologically independent experiments. P-values were calculated using a two-tailed t-test.

metabolic rate. While recent genomic and transcriptomic
investigations have provided preliminary clues regarding their
biological characteristics (Hua et al., 2024; Seim et al., 2013;
Tyshkovskiy et al., 2023; Zhang et al., 2013), experimental
evidence at the cellular level remains limited. Previous studies
have highlighted the capacity of Myotis species to resist
cellular senescence (Gorbunova etal.,, 2020; Wang etal.,
2024c) and maintain genomic stability throughout their

lifespan (Gorbunova et al., 2020; Huang et al., 2016, 2019).
Nevertheless, current conclusions are largely based on
speculative omics data and lack mechanistic validation. MySF
demonstrated enhanced preservation of nascent DNA strands,
reduced single-stranded DNA accumulation, and sustained
proliferative capacity under replication stress. These
phenotypes indicate that MySF possess intrinsic mechanisms
that actively stabilize replication forks and maintain genome
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Figure 5 Endogenous Co-IP analysis of Nufip1-interacting proteins
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A: Schematic of Co-IP and liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis of MySF and MSF with or without 1 mmol/L HU
or 10 pmol/L GEM exposure, using anti-Nufip1 antibody. Isotype IgG served as a negative control. B: Summary table showing number of Nufip1-
interacting proteins identified in each group. C, D: KEGG pathways analysis of Nufip1-interacting proteins under normal culture conditions in MySF
(C) and MSF (D). E, F: KEGG pathways analysis of Nufip1-interacting proteins under 1 mmol/L HU treatment in MySF (E) and MSF (F). G, H:
KEGG pathways analysis of Nufip1-interacting proteins under 10 pmol/L GEM treatment in MySF (G) and MSF (H).

integrity. Transcriptomic analysis further revealed significant
differences in gene expression profiles in MySF and MSF
under replicative stress, especially in the up-regulation of
ribosomal biogenesis and P53 signaling. This divergence
suggests that Myotis cells possess a unique homeostatic
regulatory mechanism. Among the ribosome-related genes
up-regulated in MySF, Nufip1 emerged as a key effector.
Functional assays —via knockdown in bat cells and
overexpression in mouse cells —confirmed that Nufip1
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contributes to replication stress resilience and intracellular
homeostasis in Myotis. Proteomic analysis through
immunoprecipitation and mass spectrometry identified
species-specific interaction protein profiles of Nufip1 and
established Rps27] as a putative binding partner. In
conclusion, these findings provide direct cellular and
molecular evidence of the biological characteristics of Myotis.

Several aspects of the current study are worthy of further
discussion. First, Nufip1 was significantly up-regulated in
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Figure 6 Proteomic interactome analysis reveals potential link between Nufip1 and Rps271-Mdm2-P53 pathway

A, B: Heatmap of Nufip1-interacting proteins with increased binding under 1 mmol/L HU and 10 uymol/L GEM treatments using non-normalized (A)
and normalized data (B). C, D: Immunoprecipitation combined with immunoblotting verification of Nufip1 interaction with Rps27I (C) and Rps27I
interaction with Nufip1 (D) in MySF. Gapdh served as a negative control. E, F: Representative images (E) and statistical results (F) of relative
fluorescence intensity of Rps27I in the nucleus of MySF with or without Nufip1 knockdown, as well as in the nucleus of MSF. Scale bar: 5 ym. G:
Validation of NUFIP1 knockdown in A549 cells by immunoblotting. GAPDH served as a loading control. H: Schematic of P53 activity reporter
system. I: Quantification of luciferase activity in A549 cells with or without etoposide-induced P53 induction. J-L: RT-qPCR detection of Nufip1 (J),
Mdm2 (K), and p21 (L) expression in MSF and MySF with or without Nufip7 knockdown under 1 mmol/L HU or 10 ymol/L GEM treatment. Data

represent mean+SEM. n=3 biologically independent experiments. P-values were calculated using a two-tailed t-test.
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MySF at both the mRNA and protein levels, although its
upstream transcriptional regulatory mechanisms remain poorly
understood. It is also unclear whether Nufip1 expression is
universally elevated in other bat species or unique to Myoltis,
raising questions about the evolutionary conservation and
lineage specificity of this regulatory mechanism. Second, the
stronger protection of nascent DNA in bat cells compared to
mouse cells is consistent with previous findings showing up-
regulation of DNA replication and repair pathways in bats
(Huang etal., 2016, 2019), as well as improved telomere
protection (Li et al., 2023). Collectively, these findings suggest
that bat cells may possess enhanced genomic stability
pathways, including higher DNA repair efficiency, preferential
selection of high-fidelity DNA repair pathways, and efficient
chromosome stability during mitosis, each deserving of
targeted functional validation. Third, although Nufip1 clearly
contributes to DNA replication stress resistance, it does not
localize directly to replication forks. Indeed, a very recent
study by Ming etal. (2025) reported that NUFIP1 mediates
cross-talk between amino acid sensing and DNA damage
response in intestinal inflammation, reinforcing the
multifunctional nature of this protein in cellular stress
adaptation. Given the unique ability of Myotis cells to protect
nascent DNA, it is plausible that such cells may possess
unique replication fork-associated proteins. Future studies
employing nascent DNA-targeted proteomic techniques, such
as isolation of proteins on nascent DNA (iPOND), may reveal
novel fork-specific binding proteins in Myotis and uncover
mechanisms that contribute to their extraordinary longevity (Tu
et al., 2022).

DNA replication stress and the resulting genomic instability
are considered major drivers of cellular senescence and
organismal aging. In addition to performing classic protein
translation functions, the ribosome biogenesis pathway plays
an important role in cellular responses to external stressors,
including senescence (Cheng et al., 2024; Nishimura et al.,
2015), nucleolar stress regulation (Mende & Muller, 2021),
and tumor initiation and progression (Orsolic etal., 2016;
Pelletier et al., 2018; Truitt & Ruggero, 2016). These findings
suggest a complex association between ribosome biogenesis
and P53 signaling. Investigating this regulatory mechanism
may provide strategies for effectively addressing cellular and
organ aging driven by DNA replication stress response. The
present study highlights the potential of Myotis cells as a new
model for replication stress resistance and cell senescence
research. Despite this promise, several technical challenges
remain in the experimental development of bat cell systems,
such as the isolation and culture of primary cells and
incomplete genomic annotation. Moreover, our findings
indicate that Myotis cells are particularly resistant to lentiviral
infections, complicating routine gene knockdown and
overexpression experiments. Optimization of delivery methods
and the development of bat-specific genetic tools will be
critical for unlocking the full potential of this model system.
Interestingly, KEGG enrichment analysis revealed activation of
the coronavirus disease pathway in Myotis cells under
replication stress (Figure 5E, G). Indeed, many viruses,
including coronaviruses, have been identified across bat
species globally (Cui etal., 2019; Liang etal., 2021; Zhao
etal.,, 2022, 2023). Despite this, no comprehensive studies
have explored the interplay between ribosome biogenesis and
the P53 signaling pathway in bats. The transcriptomic dataset
generated in this study offers a valuable resource for future
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investigations into bat-specific mechanisms of stress

adaptation and viral tolerance.
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