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Abstract

Background: Mesenchymal stem cells (MSCs) hold great promise in cell therapy, but their
effectiveness declines with repeated cell divisions due to senescence. Canines, sharing aging
characteristics with humans, serve as a valuable model to study this process in a translational

context.

Methods: In the present study, we performed an in-depth characterization of senescence in
canine MSCs using a combination of morphological, molecular, and transcriptomic analyses.
Early (P2) and late-passage (P6) canine MSCs were characterized using a combination of
senescence-associated B-galactosidase staining, cell cycle profiling, and both bulk and single-cell

RNA sequencing to capture global transcriptional changes.

Results: By employing a passage-based in vitro approach, the present study demonstrates that
late-passage cells (P6) compared to early-passage cells (P2) exhibit hallmark features of
senescence, including morphological alterations, elevated SA-B-galactosidase activity, and
considerable transcriptional changes. These changes were represented by significant upregulation
of established senescence marker genes, alongside potential novel candidates and
downregulation of genes associated with cell cycle progression and proliferation. Moreover,
single-cell RNA sequencing uncovered heterogeneous distribution of senescent subpopulations,

upregulation of SASP-related genes and reduced proliferation markers.

Conclusions: Our findings demonstrate that combining classical markers with bulk and single-
cell RNA sequencing facilitates senescent cell identification while improving quality control for

clinical MSC samples.
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Background

Accumulating evidence suggests that mesenchymal stem cells (MSCs) present a promising
option for cell-based therapy. This is attributed to their multipotent differentiation potential, self-
renewal capability, extended ex vivo proliferation, paracrine potential, and immunoregulatory
effects[1, 2]. The characterisation of MSCs’ therapeutic features has revealed significant insights
into their regenerative capacity, which has important implications for developing efficient
treatments for a wide variety of degenerative conditions[3, 4]. MSCs’ distinctive characteristics
make them valuable tools in tissue engineering and regenerative medicine; however, the
beneficial functions of MSCs decline with age, a condition which may lead to organ failure and
age-related diseases, due to the loss of tissue homeostasis[5, 6].

Despite the presence of MSCs in various tissues, their abundance in the body is relatively
limited. Typically, cell therapy protocols require a minimum of 20—100 million MSCs per
treatment for autologous transplantation. Consequently, after isolation, in vitro expansion of
MSCs is required for a period ranging from four to eight weeks before transplantation[7].
Therefore, an adequate number of these cells can be acquired for administration only after
expanding them in vitro over several population doublings (PDs)[8, 9]. Unfortunately, the
proliferative capacity of MSCs decreases during culture expansion[10]. A decreasing division
capacity is one sign of 'in vitro aging'. While embryonic stem cells maintain their proliferative
potential in vitro[11] and murine MSCs typically do not exhibit signs of in vitro senescence[12],
human MSCs have shown maximal population doublings of 38-40[13] in vitro. At a certain level
of PD, MSCs reach the Hayflick limit, cease to proliferate, and enter a senescent state[14].

Therefore, cellular senescence might affect a substantial number of cells during prolonged in
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vitro cultivation. This process is characterized by irreversible growth arrest, which arises from a
variety of cellular stresses, such as telomere attrition, DNA damage, oxidative stress, and
activation of oncogenes[15]. Senescent cells display alterations in gene expression, including
increased expression of cyclin-dependent kinase inhibitors, such as p16 and p21. Senescent cells
also exhibit an increase in the lysosomal enzyme senescence-associated-p-galactosidase (SA-f-
gal) activity and reduced expression of the nuclear lamina Lamin B1 (LMNB1)[16]. Moreover,
senescent cells undergo significant changes in their secretome, releasing pro-inflammatory
factors, such as growth factors, cytokines, chemokines, and proteases, collectively known as the
senescence-associated secretory phenotype (SASP)[17][18][19]. Under normal physiological
conditions, SASP factors play a crucial role in tissue repair by orchestrating the recruitment of
immune cells and facilitating the removal of damaged tissues[20]. Nevertheless, these secreted
factors can induce senescence in the surrounding cells through paracrine signalling, creating an
inflammatory microenvironment in their vicinity[21]. MSCs are well-known to exhibit anti-
inflammatory properties, whereas senescent MSCs manifest evident pro-inflammatory effects
attributed to SASP factors[22]. SASP-related inflammation may contribute to the reduced
effectiveness and adverse outcomes of MSC therapies, particularly in elderly patients, driving a
debate over their safety and optimal application[23].

Cellular senescence, as an aging mechanism, is a conserved phenomenon across various
species[24]. Dogs represent a particularly valuable model for human aging research due to their
anatomical and physiological similarities to humans, as well as greater homology in DNA and
protein sequences compared to traditional laboratory animals like mice and rats[25]. In addition,
canine MSCs (cMSCs) exhibit a somewhat faster rate of PD compared to human MSCs

(hMSCs)[26], with a PD time of approximately two days.[27] Research in this area has gained
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significant interest due to the proinflammatory role of cellular senescence in the clinical
application of MSCs, as well as the potential of dogs as an ideal model for identifying novel

senescence biomarkers relevant to human aging.

Efforts to characterize senescence biomarkers have identified several markers and techniques.
These approaches encompass the assessment of phenotypic changes, cytogenetic techniques, and
analyses of genomic and epigenomic profiles[28]. SA-B-gal activity serves as the predominant
biomarker for evaluating replicative senescence under in vitro conditions, although it is not
completely specific[29]. False positive results are caused by confluency, serum starvation, and
operator bias[30].- Despite extensive efforts to characterize senescent cells, the identification of
reliable and specific senescence markers remains challenging, as existing panels require further
optimization to adequately capture the full complexity and heterogeneity of the senescent
phenotype[31]. Cellular senescence has been previously described to occur in a tissue-specific
manner, and the use of a panel of markers, rather than a single marker, has been proposed for
more precise detection of senescent cells. Additionally, high-throughput sequencing methods,
such as single-cell/nucleus RNA sequencing, hold great potential for uncovering heterogeneity

within senescent cell populations[32].

In this study, we employed a passage-based in vitro approach of replicative senescence by
culturing cMSCs until replicative exhaustion. With the advancement of molecular techniques,
such as bulk RNA sequencing and single-cell RNA sequencing, we sought to investigate the
differential gene expression profiles between late-passage cMSCs exhibiting senescent
phenotype and early-passage cMSCs. The study aimed to identify potential novel biomarkers and
provide a comprehensive characterisation of the heterogeneous nature of replicative senescence

at the single-cell level.
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Methods

MSC expansion and sample collection for the targeted assays

cMSCs were extracted from visceral adipose tissue acquired as surgical waste from healthy dogs
that received all routine vaccinations and were regularly examined by a veterinarian. The
surgical waste was provided by the veterinarian, with informed consent obtained from dog
owners, following standard ovariectomy of the clinically healthy female mixed-breed dogs.
Following the isolation of stromal vascular fraction (SVF) according to the methodology
previously described by Kriston-Pél et al.[33], the cells were grown in DMEM/F12 containing
10% foetal bovine serum (FBS) and 50 U/ml penicillin and streptomycin (all provided by
Thermo Fisher Scientific, Waltham, Massachusetts, USA). Replicative senescence was induced
in the cell culture through serial passaging, involving the progressive subculturing of cells from
passage two (P2) through passage six (P6). The cell cultures were grown up to 80% confluence
for the six consecutive passages; a medium replacement was performed every three days. Cells
were collected from each passage and subsequently stored in liquid nitrogen until processing.
Cell samples underwent assessment for mycoplasma contamination in accordance with the
procedures outlined in our prior publication[34]. Proliferating P2-derived cells and P6-derived
cells, which underwent replicative senescence, were selected for the study from a 13- month-old
donor dog. A total of 10° cells from both P2 and P6 were collected in triplicates for bulk RNA
sequencing from the same donor dog. Subsequently, 10° cells derived from P2 and P6 were
subjected to single-cell sequencing. In order to determine inter-donor consistency, another dog
isolate was also collected and subjected to single-cell sequencing utilizing the methods described
above. To evaluate the consistency and generalizability of the observed transcriptomic profiles

of early-passage cells, we also included early-passage cells from five additional dog donors.
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These supplementary samples were used to determine whether the transcriptional signatures
identified in the primary isolate were representative of early-passage cells derived from other
individuals. Demographic information of canine isolates used in the study is presented in

Supplementary Table 1.

Tracking morphological changes and calculating population doubling

The morphological changes of the cells were monitored at each passage stage by observing the
cells under an EVOS FLoid microscope (Thermo Scientific), and images were captured using
transmitted light imaging. PD of each passage was calculated using the formula:

log1 0(N/No)*3.33, where N is the final cell number and Nj is the initial number of cells plated.

Cumulative PD was determined by summing the PDs of each individual passage.

SA-B-gal assay

To evaluate senescence of MSCs, SA-B-gal staining was carried out using the SPIDER-BGal kit
(Dojindo), according to the manufacturer’s recommendations. A total of 10° cells from P2 and P6
were cultured in triplicates in standard 6-well plates containing coverslips. To minimize the risk
of false-positive results caused by confluency, the cells were fixed 24 hours post-culture using
8% paraformaldehyde (diluted in PBS) for 10 minutes at room temperature, followed by three
washes with distilled water. For the detection of SA-B-gal, SPIDER-BGal stock solution was
diluted 2000 times in Mcllvaine buffer (pH 6.0) containing 40 mM citrate-phosphate buffer, 5
mM potassium ferricyanide, 5 mM potassium ferrocyanide, 150 mM sodium chloride, 2 mM
magnesium chloride, and distilled water. The cells were incubated in the SPiIDER-BGal solution
for 40 minutes at 37°C. Nuclei of the cells were stained with DAPI (0.1 mg/ml in PBS) after

washing. Coverslips were removed from the plates, drained briefly, and mounted on standard
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microscope slides using Fluoromount-G antifade mounting medium (Southern Biotech,

Birmingham, USA).

Confocal laser scanning microscopy

Images of SPIDER-BGal- and DAPI-stained cells were acquired with a Leica Stellaris 5 (Leica
Microsystems CMS GmbH, Germany) confocal laser scanning microscope using 405 nm laser
(DAPI) and 501/525 nm laser lines of white light laser (SPiDER-BGal) with tunable emission
filters set to 420487 nm and 537-614 nm, respectively. Images were taken with an HC PL APO
CS2 20x (N.A. 0.75) objective using the Leica Application Suite version X (LAS-X,
4.4.0.24861) software. Identical microscope settings were used for all intensity comparison
images. Average SPIDER-BGal intensities were measured using FIJI software (Image J).
Fluorescence intensities were measured using ROI manager, employing a macro tool to draw
fixed sized circles according to the code provided by Wayne Rasband on forum.image.sc

(https://forum.image.sc/t/changing-point-tool-to-circle-tool/26035/3, accession date:

24.06.2024). Two 30-pixel radius circles were drawn to measure intensities at two different
regions of the cytoplasm. For each measurement, a corresponding background intensity was
recorded outside the cell, and the actual cellular fluorescence value was normalized to this
background. Fluorescence intensity was quantified from exported images (ten randomly selected
cell images per replicate) using Fiji (ImageJ) software. Quantitative fluorescence intensity data
were collected from 35 cells, with measurements taken from two cytoplasmic regions per cell,

yielding a total of 70 measurements per replicate (Supplementary Table 2).

Assessment of Replicative Potential in BrdU-labelled Cells by Immunofluorescence
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Actively growing MSC cells were seeded onto sterile 22 x 22 mm glass coverslips placed in 6-
well tissue culture plates at a density sufficient to reach approximately 60-70% confluency the
following day. Cells were pulse-labelled with 10 pM 5-bromo-2'-deoxyuridine (BrdU; Sigma-
Aldrich) for 24 h to mark actively replicating cells. After labelling, coverslips were transferred
(cell side up) to new 6-well plates and washed once with phosphate-buffered saline (PBS). Cells
were fixed in freshly prepared methanol:acetic acid (3:1, v/v) for 10 min at room temperature,
followed by two washes with PBS. Permeabilization was performed with PBS containing 0.5%
Triton X-100 (Sigma-Aldrich) for 10 min. To denature DNA and expose incorporated BrdU,
cells were treated with 2.5 N HCI for 1 h at room temperature. Subsequently, cells were washed
with 0.5 ml of 0.1 M sodium tetraborate (Na2B4O-, Sigma-Aldrich; pH 8.5) and incubated for an
additional 30 min in the same buffer to neutralize residual acid. Coverslips were then washed
twice with PBS. Non-specific binding sites were blocked with 5% horse serum and 0.5% Triton
X-100 in PBS for 30 min at room temperature. Cells were incubated with mouse anti-BrdU
primary antibody (B44 clone; Becton Dickinson, #347580) diluted 1:300 in blocking solution
(100 pl per coverslip) and covered with Parafilm to prevent evaporation. The incubation was
carried out for 2 h at room temperature. After incubation, coverslips were washed sequentially
with PBS and with 1% horse serum/0.2% Tween 20 in PBS. The secondary antibody, Alexa
Fluor 488—conjugated goat anti-mouse IgG (Abcam, ab150113), was diluted (diluted 1:400) in
blocking solution and applied for 2 h at room temperature. Cells were then washed with PBS and
PBS containing 0.2% Tween 20. Finally, coverslips were inverted (cell side down) onto
microscope slides using DAPI-containing mounting medium (Fluoromount-G with DAPI;
Thermo Fisher Scientific, #00-4959-52). Samples were imaged using using Axioscope Z2

fluorescent microscope (Zeiss, Germany) with a 10x, 20x 40xobjective. A minimum of 500 cells
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from multiple microscopic fields were analysed, and the mean percentage of BrdU-positive cells

was plotted.
Characterisation of cell cycle stages

After incubation in complete growth medium, cells were trypsinized and washed with phosphate-
buffered saline (PBS). After washing, cells were resuspended in PBS and centrifuged at 500 rcf
for 10 min. After the first centrifugation step, 100% ethanol was added dropwise to the pellet,
which was then resuspended in PBS. After the second centrifugation step at 500 rcf for 10 min,
the cell pellet was resuspended in RNase solution (100 pg/ml) and PBS. Propidium iodide (1
mg/ml) was added to the cell suspension which was then analysed using the CytoFLEX S flow
cytometer (Beckman Coulter). A total of 10000 cells were gated based on forward scatter area
(FSC-A) versus side scatter area (SSC-A) dot plots. Singlets were identified and gated using PE

versus PE-A dot plots.
RNA isolation for bulk RNA sequencing and quantification

RNA was extracted from three parallel samples obtained from passages 2- and 6-derived cells
(10° cells each) using the RNeasy kit (Qiagen, Hilden, Germany), following the manufacturer’s
recommendations. Quantification of extracted RNA was performed using the Qubit® 2.0
Fluorometer (Invitrogen, Milan, Italy) and the Qubit® RNA HS Assay Kits (Life Technologies,
Carlsbad, CA). Total RNA samples were quality checked with a BioAnalyzer 2100 instrument
using the Agilent RNA 6000 Nano Kit (Agilent Technologies USA, Cat. No. 5067-1511). The
RNA integrity number (RIN) values obtained were as follows: passage 2 - replicate 1: 8.60,
replicate 2: 9.50, replicate 3: 9.60; passage 6 - replicate 1: 8.40, replicate 2: 9.30, replicate 3:

8.10.
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Library construction and quality control for bulk RNA sequencing

Next-generation sequencing (NGS) library preparation was carried out on 500 ng RNA for each
sample, using the NEBNext Ultra™ II Directional RNA Library Prep Kit for [llumina (NEB
#E7760) with NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB #E7490).
Sequencing-ready libraries were quality control checked with a BioAnalyzer2100 instrument
using High Sensitivity DNA Chip (Agilent Technologies USA, Cat. No. 5067-4626). NGS was
carried out on the NextSeq 500 sequencing system with NextSeq 500/550 Mid Output Kit v2.5

(150 Cycles) chemistry (Illumina, Inc. USA, Cat. No. 20024904) targeting 20M reads/sample.

Bulk RNA sequencing data processing

The quality of the raw data was assessed using FastQC (v0.11.9)[35]. Adapter sequences and
low-quality reads were removed using FASTP (v0.12.4)[36]. The cleaned paired-end reads were
pseudo-aligned to the Canis lupus familiaris reference transcriptome (CanFam3.1 build, Ensembl
release 99) using kallisto quant (v0.46.1) with default parameters[37]. Quality control of the raw
data and pseudoalignment metrics can be found in the Supplementary Table 3A. The reference
transcriptome index was generated with the kallisto index command. Transcript abundance
estimates were summarized to gene level using the tximport package[38], filtered with the
filterByExpr function (edgeR)[39], and normalized using the trimmed mean of M-values (TMM)
method in edgeR[39]. Differential gene expression analysis was performed using limma-
voom[40], and genes with a log2 fold change (log2FC) > 1 and adjusted p-value < 0.01 were
considered significantly differentially expressed. These genes were used as input for the Gene

Ontology analysis.
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Gene overrepresentation analysis was performed using the enrichGO function from the
clusterProfiler package[41]. Fold enrichment values for each GO term were calculated according
to the formula provided in the clusterProfiler article[41] and then ranked from highest to lowest.
For the KEGG enrichment analysis, the search kegg organismfunction was first used to retrieve
the KEGG abbreviation for Canis lupus familiaris, and the enrichKEGG function was then
utilized to identify enriched pathways in the dataset, with significant pathways determined by a

p-value cutoff of 0.05.

To assess whether the transcriptome profiles of our early-passage-derived (P2) samples are
similar to other early-passage cells from five different dog donors, we performed a Transcripts
Per Million (TPM)-based correlation analysis. The reads from passage 3-derived samples from
five different donors were pseudo-aligned to the reference Canis lupus familiaris transcriptome
(Ensembl release 99) using Kallisto with default settings. The resulting TPM values were then

compared to those from passage 2 and its technical replicates.
Preparation of single-cell suspensions for single-cell sequencing

Cryovials containing 10° cells were removed from liquid nitrogen storage and immediately
thawed in water bath at 37°C for 1 min. Subsequently, cell suspensions were transferred to 10 ml
of warm complete medium (DMEM/F12 containing 10% foetal bovine serum (FBS) and 50
U/ml penicillin and streptomycin) and centrifuged at 300 rcf for 5 min. After discarding the cell
supernatant, cell pellet was resuspended in 10 ml of complete medium. Following another
centrifugation and removal of the supernatant, 1 ml of 1x PBS + 0.04% BSA was gently added to
the cell pellet and resuspended. After centrifugation, a cell concentration of 700 cells/ul was
achieved by resuspending the pellet in 1x PBS + 0.04% BSA. Cell concentration and viability

were assessed following the initial and third centrifugation steps using Biirker chamber by
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diluting the cells with trypan blue. After adjusting the cell concentration of the single-cell
suspension to 700 cells/pl, it was loaded into the Chromium Controller system (10x Genomics,
Pleasanton, CA, USA), targeting 10000 cells/sample. mRNA capture, cDNA amplification, and
library construction were conducted according to the manufacturer’s instructions using Single
Cell 3' GEM, Library & Gel Bead Kit v3.1 (10x Genomics, 1000269). The generated mRNA
libraries were sequenced using the Illumina NovaSeqX Plus system, targeting 20000 read pairs

per cell.

Single-cell read mapping and quantification

Raw single-cell data was processed using the Cell Ranger (v.7.2.0) software by 10x
Genomics[42]. Reads were aligned to the Canis lupus familiaris Cfam3.1 genome (updated on
2019-11-19), retrieved from the Ensembl database[43]. Quality metrics of this process are
accessible in Supplementary Table 3B. The filtered feature-barcode matrices were processed in R
(version 4.4.1)[44] using the Seurat package (version 4.4.0)[45]. To ensure high quality data for
downstream analysis, only those cells with >550 detected genes, >650 unique molecular
identifiers (UMIs), and less than 10% mitochondrial contamination were retained. We then
performed a gene-level filtering to reduce noise from lowly expressed genes. Specifically, we
excluded genes with zero counts, and among the remaining ones, retained only those expressed

in >10 cells for downstream analyses.

After filtering, data normalization was performed using the NormalizeData function with default
settings. To identify the principal components (PCs) contributing most to variance, the Seurat
object was scaled with the ScaleData function, followed by principal component analysis (PCA).
The data were then clustered using the FindNeighbours and FindClusters functions, and the

clusters were visualized using the Uniform Manifold Approximation and Projection (UMAP)



293 technique. Multiple resolutions (0.2, 0.4, 0.6, 0.8, 1.0, and 1.4) were tested to determine the
294  optimal number of subclusters, and a resolution of 0.2 was selected following a close visual

295 inspection and consideration of the study's objectives.

296  To identify genes expressed in each cluster from the P2 and P6 samples, the FindAlIMarkers
297  function was used with thresholds of Log fold change (logFC) > 1 and adjusted p-value < 0.05

298  for marker gene selection.

299  Additionally, to ensure reproducibility and allow for cross-donor comparison of the identified
300 markers, a second single-cell RNA-sequencing run was performed on a second dog donor and
301 analysed independently, using the pipeline described above. After data quality assessment, only
302 cells with 2650 UMIs and >550 detected genes were retained for further analysis

303  (Supplementary Table 4). Clustering was performed on the first ten principal components, and

304 UMAP was applied to visualize the separation of cells according to the origin of the sample.

305 Following this analysis, both runs were merged into a single Seurat object and integrated to

306  correct for technical variation using Seurat’s canonical correlation analysis (CCA) framework
307  with SCTransform normalization (3000 variable features). The merged object was split by donor
308 and passage identity: P2-R1 and P6-R1 (Donorl/Runl) and P2-R2 and P6-R2 (Donor2/Run2).
309 Final integration was performed using 30 principal components, which provided optimal

310 alignment between equivalent passages, while preserving clear biological differences between
311  early and late passages. Cells were subclustered at a resolution of 0.2, and the contribution of
312  each passage to the resulting clusters was visualized using barplots. Mitochondrial transcripts
313  were excluded during the preprocessing of the second run; to ensure consistency, mitochondrial

314  genes were also excluded from the filtered object of the first run prior to integration.
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Analysis of publicly available datasets

To investigate the expression patterns of the identified senescence markers across different
organisms, the datasets from Casella et al. (2019)[46] (GEO ID: GSE130727) and Wang et al.
(2022)[47] (GEO ID: GSE179880) from human and mice samples, respectively, were analysed.
The analysis was carried out as previously described in the section “Bulk RNA-sequencing data
analysis”, with significance thresholds set according to the criteria reported in the respective

publications.

An additional single-cell RNA-sequencing dataset from Fard et al.[48] (2023: GEO accession
GSE200157) was included in the analysis. From the available samples, only the TO and T2 time
points were retrieved and compared. Droplets were initially filtered using DropletUtils[49] and
quality control was performed as previously described applying the following thresholds: UMIs
> 600, features > 500 and < 6000, and mitochondrial content < 20%. The filtered data were
normalized using SCTransform and integrated with Harmony[50] based on 30 principal
components. The expression levels of the selected markers were subsequently examined using

dot plots.

Statistical Analyses and Software

The differences in B-gal activity between P2 and P6 were assessed using the Wilcoxon Rank
Sum test. Prior to analysis, data distribution was visually inspected and formally tested for
normality using the Shapiro-Wilk test. As the data do not follow a normal distribution, Wilcoxon
Rank Sum test was selected. All statistical analyses including the Spearman rank correlation
analysis of the TPM expression profiles were performed in R (version 4.4.1). Additionally,

visualizations, including PCA, donut charts, and volcano plots were generated using the
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ggplot2[51] and EnhancedVolcano packages[52]. Heatmaps were generated using the pheatmap
package unless otherwise specified. Workflows and figure panels were assembled using

BioRender.

For the BrdU experiments, statistical differences between P2 and P6 were evaluated using an
unpaired t-test. Prior to analysis, data normality was assessed using the Shapiro—Wilk test, which
confirmed that the samples did not significantly deviate from a normal distribution. Therefore, an
unpaired t-test was applied to determine differences between the samples. The mean values

obtained from microscopic field counts were plotted with standard deviations.

Cell cycle analysis

To determine the cell cycle stage of the cells in both samples, the Cel/CycleScoring function
from Seurat was utilized[45]. The function calculates enrichment scores for the S and G2M
phases, assigning each cell to one of three phases: G2M, S, or G1. Cells with negative scores for
both the G2M and S phases are classified as G1 cells[53]. The list of human cell cycle marker
genes compiled by Tirosh, I. et al. was retrieved from Seurat[54]. For Canis lupus familiaris, the
cell cycle gene list was generated through ortholog searches using the guidelines provided in the
tutorial https://github.com/hbc/tinyatlas. Based on the cell cycle classification, the percentage of

cells in each phase (G1, S, and G2M) was calculated.

Co-occurrence analysis

To identify novel senescence-related markers, we devised a co-occurrence approach based on the
hypothesis that a cell must express key senescence markers (cited in over 20 scientific
publications on cellular senescence) such as CCND1, IGFBP2, CDKN1A, TGFB2, along with at

least one of the top ten genes upregulated in P6 (CDKN2A, IGFBP7, CRYAB, ITGA2, PTN,
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NDUFAA4L2, COL11A1) identified through the FindAlIMarkers function. After identifying these

cells, we calculated the percentage of senescent cells within each subcluster.

Results

c¢MSCs undergoing replicative senescence display altered cell morphology and increased -

galactosidase activity.

Proliferating MSCs from P2 were cultured until P6, where they reached replicative exhaustion,
leading to cellular senescence. P2 cells exhibited a population doubling level (PDL) of 2.7 over a
7-day culture period, whereas P6 cells showed a PDL of 0.75 over a 14-day culture period
(Supplementary Figure 1), reaching a cumulative PDL of 8.67. Proliferating cells derived from

P2 and P6-derived cells undergoing replicative exhaustion were selected for the present study.

We observed that late-passage cells derived from P6 exhibited enlarged and flattened
morphology, characteristic of senescent cells, in contrast to the P2-derived proliferating cells
(Supplementary Figure 2). Cellular senescence was confirmed by investigating the senescent
phenotype of the P6-derived cells; P2 and P6 cells were treated with Spider B-Gal. In P6-derived
cells, an increase in fluorescence signal was observed, indicating replicative senescence.
Representative images can be seen in Figure 1A. A significantly increased -galactosidase
activity was observed in P6 cells compared to P2 cells, increasing from 6.8 in P2 to 40.3 in P6

(Figure 1B).
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Figure 1 SA-B-gal assay. A. Representative images of SA-B-gal staining assay. Scale bar is 50
pm B. Quantitative fluorescence intensity data were obtained from 35 cells, measuring two
cytoplasmic regions per cell, resulting in a total of 70 measurements per replicate. For each
measurement, background fluorescence outside the cell was recorded and used for normalization.
The boxplot whiskers extend from the third and first quartiles to the largest and smallest values,
respectively, within 1.5 x the interquartile range (IQR), where IQR represents the range between

the first and third quartiles.

The observed difference in fluorescence intensity was considered statistically significant, with a

p-value <2.2e-16.

To further validate these observations, we next assessed proliferative capacity using the BrdU
incorporation assay. Analyses were performed at passages 2 and 6, once cultures reached 50—
60% confluence to ensure comparable growth conditions. Consistent with the $-galactosidase
results, BrdU incorporation revealed a pronounced reduction in proliferation with increasing
passage number: 82% of P2 cells incorporated BrdU, compared to only 25% of P6 cells (Figures

2A and 2B).
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2A-B). This sharp decline in DNA synthesis activity confirms that late-passage MSCs undergo

significant proliferative arrest, which might be in line with the onset of replicative senescence.
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Figure 2 Reduced proliferative activity in late-passage cells, determined by BrdU
incorporation. A. Representative immunofluorescence images of cells at passage 2 (top) and
passage 6 (bottom) stained with anti-BrdU antibody (green) and DAPI (red) to visualize the
nuclei. Merged images show BrdU-positive nuclei in yellow. Images were acquired at 20x and
40x magnifications. Scale bars: 100 um. B. Quantification of BrdU-positive cells expressed as a
percentage. Data represents the mean + standard deviation from microscopically counted fields.;

FHdxp < 0.0001.

Comprehensive profiling of differentially expressed genes (DEGs), associated processes,

and pathways in MSC senescence

To evaluate replicative senescence-mediated gene expression changes in MSCs, we initially

carried out bulk RNA sequencing. MSCs were harvested across six consecutive cell passages,
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with cells from passages P2 and P6 chosen for detailed analysis. Bulk RNA sequencing was
performed on P2- and P6-derived cells in triplicates, following RNA extraction and library
preparation, using the Illumina NextSeq 500 platform. The sequencing data were subsequently
subjected to comprehensive bioinformatic analysis (Figure 3A). The gene expression profiles of
MSC:s derived from P6 were compared to those of P2-derived cells using three independent
experimental replicates. Principal Component Analysis (PCA) revealed a clear separation
between the early- and late-passage samples (Supplementary Figures 3A and 3B). A total of
1091 genes were identified as DEGs, including 533 upregulated genes (Supplementary Table 5)

and 558 downregulated genes (Supplementary Table 6 and Figure 3B).

Among the upregulated DEGs, the most prominent were NEFH, VCAM1, LHX1, MECOM,
ADGRBI, CPA4, TIE1, HOXA13, C1QL1, ANKRD1, and NKX2-5, along with two
unannotated transcripts (ENSCAFG00000044398 and ENSCAFG00000031632). Among these,
the NEFH (neurofilament heavy chain) gene exhibited the highest logFC, with a value of 7.12.
CCNDI1 (Cyclin D1), CDKNI1A (Cyclin Dependent Kinase Inhibitor 1A), and CDKN2A (Cyclin
Dependent Kinase Inhibitor 2A) also showed significant upregulation in P6, reflecting cell cycle
arrest. In contrast, BNC1 (Basonuclin Zinc Finger Protein 1) exhibited the most pronounced
decrease in expression levels (logFC = -7), along with GAS7, SELENOP, LSP1, PREX1,
ABCC9, COL24A1, WT1, COL4AS, CD36, FBN2, THSD4, CPXM1, PDGFD, and PAXS,
indicating diminished metabolic and extracellular matrix activity, consistent with loss of
proliferative capacity. The top differentially expressed genes based on log2FC values are
illustrated in Figure 3B, with downregulated DEGs shown on the left and upregulated DEGs on

the right.
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To determine the similarity between the transcriptome profiles of our early-passage-derived (P2)
samples and early-passage cells from five different dog donors, we conducted a correlation
analysis based on TPM values. Spearman rank correlation revealed that the P2 samples show
strong correlations (>0.96) with P3 samples from five different dog donors (Supplementary
Figure 4), suggesting that the transcriptome profiles of early-passage cells are highly similar to
those of passage 3-derived cells. Overall, these results indicate that the transcriptomic profile of
our early-passage-derived (P2) samples is comparable to early-passage cells from other dog

donors, supporting their reliability and consistency for further analysis.

To assess the functional significance of the DEGs, we performed GO and KEGG enrichment
analyses separately for up- and downregulated genes. Downregulated genes showed significant
enrichment in 142 GO terms (Supplementary Table 7), primarily related to cell cycle regulation
and DNA replication, consistent with reduced proliferative capacity (Figure 3C). In contrast, the
178 enriched GO terms for upregulated genes (Supplementary Table 8) were linked to ERK
signalling, hypoxia response, cell differentiation, and neurogenesis, reflecting response to

replicative stress of these cells (Figure 3D).
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Figure 3 Bulk RNA sequencing-based transcriptomic analysis. A. Schematic representation

of the workflow for bulk RNA seq-based assay. MSCs were collected from six consecutive cell

passages. P2- and P6-derived cells were selected for the study. Bulk RNA sequencing of P2- and

P6-derived cells was carried out in triplicates, following RNA extraction and library preparation

using [llumina NextSeq 500, and the results were analysed bioinformatically. Created in

BioRender. Kiss, E. (2025) https://BioRender.com/2i3n4gv. B. Volcano plot highlighting the top

identified DEGs in P6-derived samples, compared to P2 samples. Red data points indicate those

genes that were significantly upregulated (right) or downregulated (left). X-axis=Log>FC,
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horizontal dashed line indicates cutoff for P-value<0.01, while the vertical dashed lines indicate
the cutoff for fold change of 2. C. Results of GO enrichment analysis for the downregulated
differentially expressed genes. X-axis = Fold enrichment values. Y-axis=relevant enriched GO
terms for different biological processes; colour intensity of bars based on p-value. D. Results of
GO analysis for the upregulated DEGs. X-axis = Fold enrichment values. Y-axis=relevant

enriched GO terms for different biological processes; colour intensity of bars based on p-value.

To further examine the functions of the identified differentially expressed genes within specific
pathways, we conducted KEGG pathway analysis. A total of 23 pathways exhibited significant
enrichment, among which 15 were linked to the upregulated DEGs (Supplementary Table 9).
Notably, the most significantly enriched pathways included hypertrophic cardiomyopathy, dilated
cardiomyopathy, and hematopoietic cell lineage. Additionally, the HIF-1 signalling pathway, the
PI3K-Akt signalling pathway, and pathways related to cancer also demonstrated significant
enrichment. The downregulated DEGs were assigned to eight pathways (Supplementary Table
10); among them, DNA replication, cell cycle and progesterone-mediated oocyte maturation

showed the highest representation.

UMAP analysis reveals distinct clustering of early and late passage cMSCs

To investigate the molecular mechanisms underlying the heterogeneity in MSC senescence, we
performed a comprehensive single-cell transcriptomic analysis on cMSCs subjected to
replicative senescence. To characterize the differences between senescent cells from P6 and
actively dividing cells from P2, as well as the heterogeneity within the senescent cell population,
we conducted single-cell gene expression profiling using the specific 10x Single Cell 3' GEM
pipeline, and subsequently caried out sequencing using the [llumina NovaSeqX Plus system

(Figure 4A).
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UMAP analysis of the dataset comprising cells derived from P2 and P6 unveiled the presence of
eight distinct clusters (see Figure 4B) organized in two major cell populations. Subsequent
plotting of cells according to the origin of the sample demonstrated that the two major cell
populations are represented by a distinct separation between early-passage cells and late-passage
senescent cells (Figure 4C). The early-passage cell population (P2) predominantly comprised
clusters 0, 3, 4, and 7, while the late-passage cell population (P6) was dominated by clusters 1, 2,
5, and 6. Cells in clusters 0, 3, 4, and 7 constituted 99.7%, 77.5%, 99.2%, and 100%,
respectively, of the P2-derived cell population. Cells in clusters 1, 2, 5, and 6 comprised 99.3%,
99.6%, 99.3%, and 99.6%, respectively, of the cells derived from P6, suggesting considerable
differences in the transcriptional profile of early- and late-passage cell populations. Details are

shown in Supplementary Figure 5.

The housekeeping genes Actin Beta (ACTB), Beta-2-Microglobulin (B2M), Glyceraldehyde-3-
Phosphate Dehydrogenase (GAPDH), and Phosphoglycerate Kinase 1 (PGK1) were analysed
across the clusters, and all were found to be expressed throughout (Supplementary Figure 6). The
number of cells expressing the abovementioned genes per cluster can be found in Supplementary
Table 11. Expression of established MSC markers — CD44, THY1 (CD90), FN1, ALCAM,
ITGB1 (CD29), and ENG (CD105) — was detected across the clusters, supporting the origin and

identity of the analysed MSC cell populations (Supplementary Figure 7).
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Figure 4 Single-cell RNA sequencing workflow and UMAP clustering analysis of cells
derived from P2 and P6. A. MSCs were collected from six consecutive cell passages, and P2-
and P6-derived cells were selected. Single-cell RNA sequencing was carried out using Single
Cell 3 GEM, Library & Gel Bead Kit v3.1 and sequenced using the [llumina NovaSeqX Plus
system, and the results analysed bioinformatically. Created in BioRender. Kiss, E. (2025)

https://BioRender.com/Incnz90. B. Distribution of the identified clusters. C. Distribution of the

clusters based on the origin of the sample (P2= Passage 2, P6= Passage 6).

Cell cycle stages and proliferative properties of actively dividing and senescent cMSCs at

the single-cell level
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One of the main senescence-associated features includes cell cycle arrest of cells in the G1
phase. To evaluate cell cycle arrest during the emergence of replicative senescence, flow
cytometry was performed. P2- and P6-derived cells were collected and stained with propidium
iodide. The cells were subsequently analysed using flow cytometry. As shown in Figure 5A, P6
cells exhibited a marked increase in G1 phase accumulation (83.2%) compared to P2 cells

(71.5%).

We further employed the CellCycleScoring function in the Seurat package to conduct cell cycle
analysis and identify the distribution of G1-arrested senescent cells across clusters (Figure 5B),
using transcriptomic signatures specific to distinct cell cycle phases. In line with flow cytometry
results, cell scoring estimated that 67.31% of cells derived from P6 were in the G1 phase
compared to 55.2% of cells from P2 (Figure 5C). Consistent with this, the specific late-passage
clusters (clusters 1, 2, 5, and 6) demonstrated diminished expression of transcripts for cell
proliferation markers and division regulators, including PLK1 (Figure 5D), MKI67, and MCM3,
and displayed decreased expression for MCM6, further supporting that subsets within these cell
populations were likely not undergoing active division. Notably, PLK1, MKI167, and MCM3
were expressed exclusively in cluster 3 from the early-passage cell population, while MCM6
exhibited elevated expression relative to clusters 0, 4, and 7 within the early-passage cells,
further underscoring that cluster 3 is characterized by a high proportion of proliferating cells
(Figure SE). These results strongly indicate that P6-derived cells are predominantly G1-arrested,
whereas early-passage P2 cells exhibit elevated expression of the proliferation marker MCM6.
Additionally, early-passage P2 cells include a specific cluster with pronounced expression of cell
proliferation markers and division regulators, supporting the active proliferative status of these

cells from cluster 3.
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532  Figure S Cell cycle stages and proliferation dynamics within the clusters. A. The cell cycle of

533 the sorted cells was assessed by flow cytometry using propidium iodide staining. Representative
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images of P2 (left) and P6 (right) cells are shown, highlighting that P6 cells are represented by a
considerably higher proportion of cells in the G1 phase. B-C. Cell cycle stages of the cell
population and percentages are displayed separately for P2 (left) and P6 (right), as determined by
Cell Scoring analysis using the Seurat package. D. Feature plot representing the expression of
proliferation marker PLK1 among the clusters. Inset on the right highlights cluster distribution E.
Expression of transcripts for cell proliferation markers and division regulators PLK1, MKI167,
MCM3, and MCM6. The clusters are arranged based on the origin of the sample (P2 followed by

P6).

Evaluation of senescence-related pathways in ¢cMSCs

We evaluated the expression of genes associated with the enriched GO terms identified through
bulk RNA sequencing, focusing on three key pathways highly relevant to cellular senescence: the
ERK1 and ERK2 cascade, the integrin-mediated signalling pathway, and response to oxygen
levels. Consistent with the observations from bulk RNA sequencing, the late-passage cell
populations represented by clusters 1, 2, 5, and 6 showed elevated expression of the ERK1 and
ERK2 cascade-related genes APP, EDN1, and CCLS5. Notably, cluster 6 showed reduced
expression of EDN1 and CCL5 compared to other late-passage clusters (Figure 6A). Another
important significantly enriched GO term in P6 samples was the integrin-mediated signalling
pathway. Single-cell analysis revealed elevated expression of the pathway-associated genes
TIMP1, ITGA1, and ITGA2 in specific late-passage clusters. Interestingly, ITGA1 exhibited
higher expression in cluster 7, while ITGA2 was more prominently expressed in clusters 2 and 6
(Figure 6B). Elevated oxygen concentrations frequently trigger the onset of senescence,
underscoring the significance of oxygen level responses in cellular senescence[55]. The

expression profiles of genes associated with the oxygen-response pathway demonstrated elevated
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levels in clusters derived from P6, notably including TGFB2. However, EDN1 exhibited
downregulation in cluster 6. Additionally, CRYAB was most highly expressed in cluster 7

(Figure 6C).
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Figure 6 Evaluation of the significantly enriched GO terms, emphasizing three critical
pathways associated with cellular senescence at the single-cell level. A. the ERK1 and ERK2
cascade: feature plot illustrating the expression of the APP gene (top), violin plots showing the
expression levels of the ERK1 and ERK?2 cascade-related genes APP, EDN1, and CCL5 among

the clusters (bottom). B. Integrin-mediated signalling pathway: feature plot illustrating the
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expression of the TIMP1 gene (top), violin plots showing the expression levels of the integrin-
mediated signalling pathway-related genes TIMP1, ITGAL1, and ITGA2 (bottom). C. Response
to oxygen levels: feature plot illustrating the expression of the CRYAB gene (top), violin plots
showing the expression levels of response to oxygen levels GO term-related genes EDN1,

CRYAB and TGFB2 (bottom). The clusters are arranged based on the origin of the sample (P2

followed by P6).

Characterisation of the unique transcriptional profiles of clusters and identification of

shared senescence-associated and SASP-related signatures

To characterize the transcriptional profiles of the clusters, we employed the ‘FindAllMarkers’
function to identify genes with the highest representation uniquely associated with each cluster
(details are shown in Supplementary Table 12). Remarkably, cluster 3 exhibited a distinct
transcriptional signature, characterized by the top five highly expressed genes that showed
diminished expression in the other clusters. These included CDC20, a key regulator of the
metaphase-to-anaphase transition during cell division, DIAPH3, which influences cell motility
and adhesion, STMN1, which modulates signals of the cellular environment, and RRM2 and
HMGB?2, involved in cell proliferation, demonstrating that cells from cluster 3 are engaged in
active cell division and proliferation. Late-passage cell clusters 1, 2, 5, and 6 exhibited
transcriptomes associated with cellular senescence. These clusters demonstrated elevated
expression of several components of SASP, including IGFBP2, IGFBP7, and PAPPA, as well as
the senescence-related genes CCND1 and CRYAB. However, the expression of IGFBP2 was
reduced in cells from cluster 6, whereas IGFBP7 displayed prominent expression in cluster 1
derived from P6, with notably high levels of these SASP factors also detected in cluster 7.

CCNDI1 exhibited strong expression in P6 clusters 1, 2, 5, and 6, while CRYAB showed



590 prominent expression in clusters 1 and 5, with particularly high levels observed in cluster 7.
591 Interestingly, OGN (Osteoglycin), described as a negative regulator of cellular senescence[56],
592  exhibited elevated expression across all late-passage clusters (1, 2, 5, and 6). The top five

593 identified marker genes are represented in Figure 7A.
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Figure 7 Characterization of cluster-specific markers and assessment of transcriptional
patterns of genes associated with cellular senescence. A. Heatmap showing the top five highly
expressed marker RNAs in each cluster (based on LogFC). Cluster6*: Genes KRT3 and IL1RL1
appear in the top five marker list for both cluster 4 and cluster 6. To avoid redundancy and
potential confusion, the expression values of these genes were visualized under cluster 4 and
were excluded from the visualization for cluster 6. Median expression levels were plotted for
cells in each cluster. Colour represents expression intensity (based on LogFC value). The clusters
are arranged based on the origin of the sample (P2 followed by P6), whereas the genes are
arranged based on cluster order from cluster 0 to 7. B. Dotplot depicting markers commonly
associated with cellular senescence, with dot colour representing the average RNA expression
levels scaled across all clusters. The size of each dot indicates the percentage of cells expressing
a specific RNA within each cluster. The clusters are arranged based on the origin of the sample
(P2 followed by P6). C. Violin plot depicting the expression of LMNBI. D. Feature plot
depicting the expression of CCND1. E. Violin plot showing the expression level of CCND1 for

each cluster. The clusters are arranged based on the origin of the sample (P2 followed by P6).

We further evaluated the expression of several genes commonly associated with the hallmarks of
cellular senescence. Notably, senescence-associated genes encoding the proteins p21
(CDKNIA), p16 (CDKN2A), and cyclin DI (CCND1) were overexpressed in the late-passage
cell clusters. The SASP factors IGFBP2 and IGFBP7 displayed increased expression in cluster 7;
however, IGFBP2 was downregulated in the other P2-derived clusters, while IGFBP7
demonstrated consistent expression across all remaining clusters. Additionally, the newly

identified robust senescence marker CRYAB was also significantly overexpressed in cluster 7.
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Furthermore, CAV1, a gene known to play a critical role in cellular senescence, exhibited marked
upregulation in cells from cluster 6 (Figure 7B). Loss of LMNB1 was proposed to be associated
with cellular senescence[57, 58], and, in line with this, our study revealed a pronounced
downregulation of LMNBI expression in late-passage cell clusters; interestingly, with a similar
reduction in early-passage-derived clusters 0, 4, and 7. However, as shown in Figure 7C,

LMNBI expression remained consistently high in cluster 3, a population of actively proliferating
cells. Among these identified genes, CCND1 was one of the core genes exhibiting elevated
expression levels in all late-passage clusters compared to early-passage clusters (Figures 7D and

E).

Inter-cluster comparison reveals distinct gene expression profiles of late-passage cMSCs

To gain deeper insight into the transcriptomic profiles of late-passage-derived senescent cells and
their distribution, we conducted an inter-cluster comparison between early-passage and late-
passage cell clusters. Specifically, transcriptional profiles of early-passage clusters (0, 3, 4, 7)
were compared to those of late-passage clusters (1, 2, 5, 6) to identify differential gene
expression patterns associated with cellular senescence. This approach allowed us to explore the
distinct transcriptional signatures potentially contributing to the onset and progression of
senescence, providing a clearer understanding of the molecular shifts that occur during cellular
aging at the single-cell level. The comparison yielded a total of 3,319 differentially expressed
genes; among these, the ten genes exhibiting the highest expression levels (as determined by
logFC values), along with the ten most significantly downregulated genes (Supplementary Table
13), are presented in Figure 8A. Commonly recognized markers of cellular senescence including
CCND1, IGFBP2, CDKN1A, CDKN2A, and TIMP1 were considerably overexpressed in the

late-passage clusters. Moreover, CRYAB, an important senescence-related gene and novel
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senolytic target[59, 60], also showed elevated expression in the late-passage clusters.
Interestingly, CRYAB, along with IGFBP2, presented considerable enrichment in cluster 7,
suggesting that the early-passage-derived cells constituting this cluster may also be in a

senescent state.

We also evaluated the expression levels of the genes most significantly downregulated in P6,
identified by their lowest logFC values, and from the top five marker genes of cluster 3, four
were among them: CDC20, DIAPH3, STMNI1, and RRM2, indicating that cluster 3 also plays an
important role in driving the differences between early and late-passage cell populations. Several
key genes involved in fundamental cellular processes were also downregulated in the late-
passage clusters. These include FBLN1, which promotes osteogenesis[61]; MYBL2, a critical
regulator of cell cycle progression; RACGAPI1, a gene that regulates cytokinesis, cell growth,
and differentiation; TK 1, essential for DNA replication; the transcription factor ZNF608; and
HPCALI, which has been shown to promote glioblastoma cell proliferation[62] (Figure 8A). We
further investigated the expression profiles of the novel senolytic target, CRYAB and its
interacting partners across the cell clusters. As previously highlighted, CRYAB exhibited marked
overexpression in the late-passage clusters, but with cluster 7 showing the most pronounced
upregulation. Additionally, CRYAB's interacting partners APP and HSPB1 were also
overexpressed in late-passage clusters relative to early-passage ones. Notably, APP demonstrated
elevated expression in cluster 2, while HSPB1 showed substantial overexpression in cluster 1.
Interestingly, HSPB2 expression was upregulated in cluster 7, further supporting the senescence-

associated phenotype observed in this cluster (Figure §B).
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genes in late-passage cell populations. Each line represents a single cell, the colour indicates the
expression level (pink — downregulated, yellow — overexpressed). The clusters are arranged
based on the origin of the sample (P2 followed by P6). B. Ridge plot of CRYAB expression and
its interacting partners APP, HSPB1, and HSPB2. C. Bar graph displaying the percentage of
putative senescent cells across clusters, based on gene co-occurrence analysis. The analysis
includes both established senescence markers and newly identified genes that may serve as
potential novel markers of cellular senescence. The clusters are arranged based on the origin of

the sample (P2 followed by P6).

Building on these results, we aimed to assess our approach by quantifying the proportion of
candidate senescent cells within each cluster. Therefore, a gene co-occurrence analysis was
performed under the hypothesis that a cell must express core senescence markers — specifically
CCNDI, IGFBP2, CDKNI1A, and TGFB2 — alongside at least one of the top ten genes
(CDKN2A, IGFBP7, CRYAB, ITGA2, PTN, NDUFA4L2, COL11A1) upregulated in P6 as
identified through inter-cluster comparison of early- and late-passage cell clusters. The gene co-
occurrence analysis revealed a pronounced increase in the proportion of putative senescent cells
within late-passage clusters compared to early-passage ones (Figure 8C). Specifically, clusters 0,
3,4, and 7 in early-passage cells contained 2.4%, 8.7%, 3.6%, and 17% senescent cells,
respectively. In contrast, the late-passage clusters 1, 2, 5, and 6 showed markedly higher
proportions of these cells, with 48.4%, 52.6%, 60.8%, and 25.5%, respectively (Supplementary

Table 14).

Comparative analysis of senescent and actively dividing subpopulations reveals distinct

proliferative and secretory signatures
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To further examine the heterogeneity among senescent subpopulations, we focused on clusters 3
and 7, which differ in both cellular composition and senescence-associated gene expression.
Cluster 3 contains a mixture of early- and late-passage cells, whereas cluster 7 is composed
primarily of early-passage cells that nevertheless display pronounced SASP activity and
senescence signatures. To elucidate the molecular distinctions between these cell groups and
their relationship to senescence progression, we performed an inter-cluster comparison. This
analysis revealed that cluster 3 exhibits strong expression of proliferation-associated genes (e.g.,
MYBL2, RRM2, HMGB2, CDC20, STMN1), consistent with an actively dividing population. In
contrast, cluster 7 showed marked upregulation of CRYAB, IGFBP7, FRZB, DCN, and SASP-
and extracellular matrix-related genes, along with decreased expression of proliferative markers,
features characteristic of a senescent, secretory phenotype (Supplementary Figure 8).
Furthermore, to gain a deeper understanding of the mixed composition of cluster 3, which
contained both early- and late-passage cells, we conducted a subclustering analysis. UMAP
visualization revealed that cluster 3 could be further subdivided based on passage number and
the expression of proliferation-related genes. Cells from passage 2 and passage 6 formed largely
distinct subgroups with minimal overlap, indicating that passage number is a major contributor to
the heterogeneity observed within cluster 3 (Supplementary Figure 9A-D). Within these
subclusters, the differential expression of proliferation-associated genes PLK1, MKI67, and
MCM3 was evident. Certain subpopulations exhibited high expression of these markers, whereas
others showed lower expression levels, suggesting reduced proliferative activity. This refined
subclustering thus underscores the intrinsic heterogeneity within cluster 3 (Supplementary

Figures 9A-E).
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Evaluation of inter-donor and inter-species consistency of the senescence-related

characteristics and identified potential marker genes

To further assess inter-donor consistency and characterize cellular phenotypes, we conducted
additional analyses on a second canine isolate, including morphological examination, BrdU
incorporation to evaluate proliferative capacity, and single-cell RNA sequencing combined with
cell cycle analysis. Similarly to the primary samples, this isolate exhibited a marked decline in
proliferation, decreasing from 84% at passage 2 to 56% at passage 6 (Supplementary Figures
10A and 10B), accompanied by an enlarged, flattened morphology characteristic of senescent
cells (Supplementary Figure 11). Overall, both isolates demonstrated a pronounced reduction in
replicative potential by passage 6, reflecting consistent senescence-associated phenotypes across

donors.

The transcriptomic profile was further examined using single-cell sequencing. UMAP clustering
revealed ten distinct cellular clusters (Supplementary Figure 12A). When coloured by sample
origin (Supplementary Figure 12B), cells from passage 2 and passage 6 showed partial
separation, indicating some transcriptional divergence between passages, though mixed clusters
were also observed, suggesting overlap in cell states. Cell cycle phase analysis was also
conducted and further demonstrated differences in the distribution of cells across G1, S, and
G2/M phases between the two passages, with a pronounced enrichment of passage 6 cells in the
G1 phase (76.38%) compared to passage 2 cells (43.50%) (Supplementary Figures 12 C and D).
To minimize technical variation between samples, the cells from both single-cell RNA
sequencing datasets were integrated for downstream analysis. Following integration, the UMAP
visualization (Supplementary Figure 13A) revealed that cells from passage 2 and passage 6 each

formed distinct and well-defined clusters, with cells from the two sequencing runs of the same
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passage grouping together. This indicates strong consistency between replicates. A limited
overlap was observed between passages, which originated from the second canine isolate.
Clustering analysis (Supplementary Figure 13B) identified nine major cell populations, and the
distribution of cells across clusters (Supplementary Figure 13C) confirmed this observation,
highlighting transcriptomic differences between passages while showing reproducibility across
sequencing runs and between different donors. Next, the marker genes identified in the present
study were evaluated in the integrated dataset. As illustrated, the expression patterns of the
downregulated genes (Supplementary Figure 13D) CDC20, FBLN1, MYBL2, DIAPH3,
STMNI1, RRM2, RACGAPI1, TK1, ZNF608, and HPCAL1 and upregulated genes
(Supplementary Figure 13E) CCND1, IGFBP2, CDKN1A, TGFB2, CDKN2A, IGFBP7,
CRYAB, ITGA2, PTN, NDUFA4L2, COL11A1, and TIMP1 were consistent with those observed
in the first single-cell sequencing run. Specifically, the downregulated genes showed diminished
levels, while the upregulated genes showed elevated expression levels in the cell populations.
These consistent expression trends across independent sequencing runs and independent canine

isolates further support the inter-donor reproducibility and robustness of the findings.

To evaluate interspecies consistency of the identified candidate markers, we performed a
literature search to determine publicly available datasets suitable for comparison. We specifically
sought studies aligning with our experimental context of replicative senescence. Accordingly,
publicly available mouse and human replicative exhaustion datasets were analysed to assess the
expression patterns of the proposed marker genes. Differential gene expression analysis of the
mouse dataset, comparing late-passage (P7) to early-passage (P1) cells, demonstrated that
CCNDI, IGFBP2, CDKN1A, CDKN2A, IGFBP7, PTN, NDUFA4L2, and TIMP1 were

significantly upregulated in P7 cells, consistent with the described senescence-associated
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transcriptional profile. In contrast, ITGA2 showed downregulation, while TGFB2 and CRYAB
were not detected among the differentially expressed genes. Examination of the downregulated
markers revealed that CDC20, MYBL2, DIAPH3, STMNI1, RRM2, RACGAPI1, and TK1 were
also significantly reduced in expression, whereas FBLN1, ZNF608, and HPCALI1 did not show

significant differential expression between passages (Supplementary Table 15).

Furthermore, differential gene expression analysis of the human dataset, comparing proliferative
cells to cells undergoing replicative senescence, revealed that CCND1, TGFB2, IGFBP7, and
ITGA2 were upregulated, whereas PTN, NDUFA4L2, and COL11A1 were downregulated.
Among the proposed downregulated markers, FBLN1, MYBL2, STMN1, RRM2, and TK1 also
showed decreased expression, while HPCAL1 was the only gene displaying increased expression

in senescent cells (Supplementary Table 16).

Comparative analysis across these species revealed a total of nine genes that were significantly
differentially expressed in dog, human, and mouse datasets. Among these, six genes displayed
consistent expression patterns (either upregulated or downregulated) across all three species,
indicating strong interspecies conservation of senescence-associated transcriptional responses.
Additionally, nine genes were shared between the dog and mouse datasets, suggesting a high
degree of overlap in their senescence-related gene expression profiles. Detailed gene lists and

overlap are provided in Supplementary Figure 14.

In addition, single-cell RNA sequencing data from a recent study by Taherian Fard et al.
(2024)[48] investigating human MSC replicative senescence were analysed independently. We
selected all replicates corresponding to two time points: TO (day 23) representing proliferative
cells and T2 (day 63) representing cells undergoing replicative senescence. This comparison

identified 16 genes exhibiting expression patterns consistent with our dataset, with CCNDI,
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CDKNI1A, CDKN2A, CRYAB, ITGA2, NDUFA4L2, COL11A1, and TIMP1 showing
upregulation (Supplementary Figure 15A), while CDC20, FBLN1, MYBL2, DIAPH3, STMNI,
RRM2, RACGAPI, and TK1 were markedly downregulated in T2 samples (Supplementary

Figure 15B).

Discussion

In the rapidly advancing field of cell therapy, MSCs have captured considerable interest due to
their unique biological properties, stemness, and immunomodulatory abilities[63, 64].
Nevertheless, their efficacy can diminish due to replicative senescence. While a variety of
biomarkers and techniques have been explored to identify and characterize senescent MSCs, the
lack of a universally accepted, specific marker complicates reliable detection and
characterisation of these cells. Our study contributes to solving this issue by providing a detailed
analysis of the transcriptional changes associated with replicative senescence of MSCs in dog, a
model organism known for its key physiological similarities to humans and recognized as a

valuable platform for aging research[25][65-67].

cMSCs exhibit both conserved and species-specific characteristics of senescence, reflected by
fundamental differences in telomere biology and cellular stress responses. In humans, replicative
senescence is characterized by enlarged, flattened cell morphology, strong SA-p-gal
accumulation, and upregulation of p16 and p21, accompanied by a broad transcriptional shift
toward a SASP-related phenotype[28]. On the other hand, murine MSCs may exhibit similar
morphological and -gal changes but progress more slowly toward senescence, largely due to
their long telomeres and sustained telomerase activity[68]. Moreover, Fehrer et al. (2006)

observed that murine MSCs lack the classical indicators of in vitro senescence, showing no
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growth arrest or SA-f-gal activity, although cells with abnormal morphology emerge at higher
passages[12]. However, studies have shown that the transcript for p16, encoded by the CDKN2A
gene, exhibits a similar age-associated increase in expression in humans and rodents[69], [70].
cMSCs exhibit classical features of senescence similar to human MSCs, including altered
morphology, reduced proliferation, and increased [-galactosidase activity[71] and also tend to
enter senescence more rapidly[72]. However, studies examining gene expression changes during
cMSC senescence remain limited. Therefore, cMSCs closely reflect human senescence and
support longitudinal studies in a large-animal system, positioning the dog as a highly relevant
model for investigating MSC senescence. In this study, we employed a passage-based in vitro
approach of replicative senescence by culturing cMSCs until they reached replicative exhaustion.
To this end, we compared early passage P2 and late passage P6 cells exhibiting markedly distinct

proliferative capacities, as clearly reflected by their respective PDLs.

Replicative senescence in cMSCs was first indicated by distinct morphological alterations, with
late-passage P6 cells exhibiting the characteristic enlarged and flattened morphology, elevated
SA-B-gal activity, and significantly reduced BrdU incorporation, confirming the senescent
phenotype, consistent with previously reported senescent phenotypes[73, 74]. Employing bulk
RNA sequencing to assess gene expression changes associated with replicative senescence, we
identified a set of significantly upregulated and downregulated genes in P6 cells compared to
early-passage P2 cells. Among the significantly upregulated genes, we detected well-established
senescence markers, including CCND1, CDKNIA, and CDKN2A. Moreover, we identified
genes with the highest levels of overexpression in P6 MSCs, some of which correspond to
known senescence-associated signatures, while others point to potentially novel associations. For

instance, VCAMI1, which was previously described as being overexpressed in senescent
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endothelial cells[75, 76], was significantly upregulated in our study. Among other notable genes,
ANKRDI1 has been reported as aging-related[77] and senescence marker gene[78], while
MECOM has been associated with pathways relevant to senescence, cell cycle, and p53
signalling, as highlighted by a former study by KEGG analysis[79]. Moreover, it is important to
highlight that other genes such as NKX2-5, LHX1, ADGRBI, and CPA4 displayed significant
upregulation but lack prior associations with cellular senescence. Additionally, TIE1, shown to
exhibit age-independent upregulation in vascular contexts[80], and HOXA13, described as a key
participant in Erk1/2 activation[81, 82], may offer unique insights into cellular aging
mechanisms, while NEFH, a biomarker of neuronal differentiation[83], which demonstrated the
highest overexpression, and C1QL1, a senescence-associated gene with potential roles in

neuronal differentiation[84, 85], suggest potential new directions for exploration.

Furthermore, numerous genes linked to cell proliferation and cell cycle regulation appear
markedly downregulated in senescent P6 cells compared to early-passage P2 cells. Among the
most significantly downregulated were BNC1, a transcription factor predominantly expressed in
proliferative keratinocytes and germ cells[86]; SELENOP, which plays a role in Wnt pathway
activation and cellular proliferation[87]; LSP1, involved in the negative regulation of
proliferation[88]; and PREX1, which supports homeostatic proliferation[89]. Several other genes
including critical regulators of cell proliferation and cell cycle progression were also observed to
be downregulated in the senescent P6 samples, namely, TOP2A, MYBL2, MKI167, DPT, WTI,

and PIMREG[90-95].

Another defining feature of senescent cells is stable cell cycle arrest, characterized by the loss of
proliferative capacity. The downregulation of these genes potentially facilitates the advancement

of cellular senescence. The loss of LMNBI, a critical constituent of the nuclear lamina, has been
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shown to represent another important characteristic and marker of senescent cells[16]. Consistent
with this, our results showed a clear and significant downregulation of this gene in the senescent

P6 samples.

Moreover, GO and KEGG enrichment analyses provided deeper insight into the biological
relevance of the identified DEGs in the context of senescence. Downregulated genes were
primarily associated with cell division and cell cycle-related processes — such as mitotic spindle
assembly checkpoint signalling, G2/M phase transition, and DNA replication — highlighting a
functional shift away from proliferation. Additional GO terms, such as regulation of the mitotic
cell cycle, mitotic checkpoint signalling, and cell cycle regulation, further emphasize this pattern.
These findings are consistent with prior research demonstrating that senescent cells commonly
undergo stable cell cycle arrest and reduced proliferative activity[96—98]. This evidence further
supports the hypothesis that late-passage P6 samples are not actively dividing and are likely in a

state of cell cycle arrest.

The analysis also highlighted significantly enriched GO terms for the upregulated DEGs
corresponding to biological processes closely related to and previously associated with aging and
cellular senescence, such as the ERK1 and ERK2 cascade[99], the integrin-mediated signalling
pathway[100], and response to hypoxia[101]. Moreover, the KEGG pathway analysis identified
key pathways that are actively studied in the context of cellular senescence, such as the HIF-1
signalling pathway, which is essential for response to hypoxia[102], and the PI3K-Akt signalling
pathway[103]. These pathways are well-established in the literature as key players in cellular
aging and senescence, often contributing to both cell survival and the pro-inflammatory features
of senescence. These findings suggest that senescence is not merely a state of arrest, but an

actively regulated process with significant implications for tissue homeostasis and aging.
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However, during replicative senescence, cells with critically shortened telomeres trigger a DNA
damage response resulting in cell cycle arrest[104]. The cyclin-dependent kinase inhibitors p21
and p16 play crucial roles in this process by orchestrating proliferative arrest. These proteins
have been widely recognized as hallmark markers of senescent cells[105]. In our study, flow
cytometry using propidium iodide labelling, followed by single-cell analysis with
CellCycleScoring, revealed a pronounced accumulation of P6 cells in the G1 phase. This
approach provided a more sensitive and precise identification of cell cycle phases, utilizing gene
expression markers of proliferation. Furthermore, the expressions of the proliferation- and cell
division-specific markers MCM3, MCM6, MKI167, and PLK1 were assessed for the clusters. All
these markers were found to be downregulated in the P6 clusters. Interestingly, among P2
clusters, only cluster 3 showed marked expression of MCM3, MKI167, and PLK1, further
supporting that P6-derived cells are no longer capable of sustained division, while early-passage

cells, such as those in cluster 3, remain proliferatively active.

The development of single-cell sequencing technologies enabled us to uncover that the gene
expression changes identified in our study demonstrate considerable heterogeneity at the level of
individual cells. Therefore, the expressions of genes associated with important identified GO
terms — representing pathways involved in senescence, including the ERK1/ERK?2 signalling
cascade, the integrin-mediated signalling pathway, and the cellular response to oxygen levels —
were also evaluated at the single-cell level. In accordance with bulk RNA sequencing results,
late-passage cell populations from clusters 1, 2, 5, and 6 expressed elevated levels of APP,
EDNI1, and CCL5. However, cluster 6 demonstrated reduced expression of EDN1 and CCL5
compared to the other P6-derived clusters, suggesting potential differences in the activation of

the ERK1/ERK2 pathway within specific subpopulations. The integrin-mediated signalling
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pathway, another significantly enriched GO term in P6 cells, showed upregulation of key genes,
including TIMP1, ITGA1, and ITGA2, across late-passage clusters. Interestingly, ITGA1 was
more highly expressed in cluster 7, while ITGA2 was prominently expressed in clusters 2 and 6.
Furthermore, genes involved in the cellular response to oxygen levels, a critical factor in
senescence induction[106], were generally upregulated in P6-derived clusters. However,
similarly to the pattern observed in the ERK1/ERK2 pathway, EDN1 — also included in the

oxygen levels GO term — was downregulated in cluster 6.

Kawamura et al. recently reported upregulation of TGFB2 in old MSCs compared to younger
MSCs[107]. Similarly, our study identified a marked upregulation of TGFB2 across all clusters
derived from late-passage MSCs, further supporting these observations. Furthermore, Caveolin 1
(CAV1), a key regulator of cellular senescence[108], which has also been shown to be
upregulated in response to oxidative stress[60], exhibited significant upregulation in cluster 6.
CRYAB also exhibited elevated expression in all P6 clusters compared to P2; intriguingly, it also
showed particularly high expression in cluster 7 of the P2 population. This finding further
supports the involvement of oxygen-related stress in senescence, as CRYAB is known to be
upregulated in response to oxidative stress conditions[109]. Collectively, these findings
underscore the complexity and heterogeneity of cellular senescence, highlighting the distinct

activation of senescence-related pathways across different late-passage cell populations.

UMAP analysis of the dataset from P2- and P6-derived cells revealed eight transcriptionally
distinct clusters. Visualization by cell origin demonstrated near-complete segregation between P2
and P6 populations; however, cluster 3 stands out as less well-defined, consisting predominantly
of P2-derived cells but also including a notable subset from P6, suggesting partial overlap in

gene expression profiles. Differences in transcriptional profiles were also observed among the
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identified clusters. To characterize the clusters based on their expression profiles, we employed
the ‘FindAllMarkers’ function to identify genes that were most prominently expressed in each
cluster. This approach revealed considerable variation in the transcriptional patterns across the
clusters, offering important insights into their unique gene expression signatures. Notably, cluster
3 exhibited a distinct transcriptional profile, characterized by the expression of genes that play
crucial roles in cellular processes, including those involved in cell division and proliferation.
This suggests that cluster 3 comprises primarily actively dividing cells, while also containing a
subset of active cells from P6, further highlighting its role as a proliferative population. In
contrast, clusters associated with late-passage P6 cells exhibited a high representation of key
senescence and SASP-related genes, including TIMP1, CRYAB, CCNDI1, IGFBP2, IGFBP7, and
PAPPA. Interestingly, cluster 7, derived from P2 cells, displayed the most pronounced expression

of IGFBP7 and CRYAB.

The induction of cell cycle arrest and the onset of senescence were corroborated by evaluating
the expression of the cyclin-dependent kinase inhibitors p21 (CDKN1A) and p16 (CDKN2A),
which play critical roles in regulating proliferative arrest at the single-cell level. CCND1 is well
known to promote progression through the G1/S checkpoint, and its overexpression can
stimulate cell cycle progression or bypass arrest[110]. However, in certain contexts, CCND1
overexpression can paradoxically induce cell cycle arrest or senescence-like phenotypes.
Sustained CCND1 accumulation may result in aberrant CDK activity, activate checkpoint
pathways such as the p21 signalling cascade, or disrupt regulatory feedback, ultimately
reinforcing growth arrest rather than promoting proliferation[111]. Additionally, acute
overexpression of cyclin D1 (CCND1) has been demonstrated to drive cell cycle arrest in the G1

phase[112]. However, previous studies showed downregulation of CCND1 in senescent human
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MSCs[113] and that its expression can counteract senescence, whereas loss of CCND1
accelerates senescence in certain cancer cell models[114]. This apparent discrepancy may reflect
context- or tissue-dependent regulation, which may account for the observed upregulation of

CCNDI1 in senescent cMSCs, despite their persistent G1 arrest.

Our results showed a considerable overexpression of the CDKN1A and CDKN2A genes across
all P6-derived clusters, as compared to P2 cell clusters. Surprisingly, SASP factors, such as
IGFBP2, IGFBP7, and CRYAB, which were described as an oxidative stress-related genes[109]
and potential senolytic target[59], exhibited substantial overexpression specifically in cluster 7.
The presence of these markers in a cluster originating from early-passage cells suggests that a
subset of P2 cells may already be undergoing stress responses or entering a pre-senescent state.
This observation points to a potential heterogeneity in senescence susceptibility within cluster 7,
originating from early-passage populations. Interestingly, we observed elevated OGN expression
across all late-passage cMSC clusters, despite previous reports of OGN downregulation in
senescent human MSCs[115] and its link to reduced osteogenic capacity in aged MSCs[116].
This upregulation may reflect a compensatory mechanism in cMSCs to preserve osteogenic
potential during senescence, also highlighting possible species- or context-dependent differences
in OGN regulation. Additionally, previous studies have described that the loss of LMNBI, a key
component of the nuclear lamina, is a prominent marker of senescent cells[16]. In line with our
bulk RNA sequencing results, P6 samples exhibited a clear downregulation of LMNBI.
Interestingly, within the P2 cell populations, only cluster 3 displayed marked expression of
LMNBI, a finding that further supports the proliferatively active status of the cells in this cluster.
Interestingly, while LMNBI1 expression was downregulated across P6-derived cells, as expected

due to its known downregulation during senescence, its lack of pronounced expression in cluster
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7 compared to cluster 3 further suggests that cluster 7 may be diverging from the proliferative
state and adopting a distinct phenotype. This intermediate or transitional state between
proliferation and senescence is particularly intriguing and may have significant implications for

understanding the onset of cellular senescence.

In late-passage cells, inter-cluster comparison revealed upregulation of established senescence
markers (CCND1, CDKNIA, CDKN2A) alongside genes previously linked to senescence
(IGFBP2, TGFB2, IGFBP7, ITGA2, PTN, COL11A1, TIMP1, CRYAB), while NDUFA4L2
appeared as a potentially novel association. Among the downregulated genes, FBLN1, DIAPH3,
and ZNF608 represent previously unreported candidates that may have unexplored roles in the
process of cellular senescence. We also showed that CRYAB’s interacting partners were
upregulated in P6 clusters, except for HSPB2, which exhibited particularly notable
overexpression in cluster 7, providing additional evidence that cluster 7 might also present a
senescence-related phenotype. Comparative analysis of senescent and proliferative
subpopulations revealed distinct transcriptional patterns underlying their divergent phenotypes.
Cluster 3, composed of both early- and late-passage cells, showed strong expression of
proliferation-associated genes (e.g., MYBL2, RRM2, HMGB2, CDC20, STMN1), indicating
that a subset of late-passage cells also retained proliferative activity. Moreover, subclustering of
cluster 3 revealed that passage number was a key driver of intracluster heterogeneity, with
distinct subgroups emerging based on differential expression of proliferative markers. In
contrast, cluster 7 was characterized by marked upregulation of CRYAB, IGFBP7, and other
SASP- and ECM-related genes, reflecting a senescent, secretory phenotype. Notably, the

presence of senescence-associated markers in early-passage cluster 7 suggests that pre-senescent
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features can emerge prior to replicative exhaustion, highlighting the intrinsic heterogeneity and

gradual onset of senescence within MSC populations.

To evaluate the reproducibility and biological relevance of these findings, we performed cross-
species comparisons using publicly available human and murine MSC senescence datasets. This
analysis revealed strong conservation of transcriptional trends across independent canine isolates
and consistency among species, confirming the robustness of the proposed marker panel. Gene
co-occurrence analysis further demonstrated a substantially higher proportion of senescent cells

in late-passage clusters, validating the transcriptional indicators identified.

Beyond providing a molecular map of MSC senescence, our findings have important
translational implications. The identified gene panel could guide the development of platforms
for monitoring MSC quality in therapeutic manufacturing. In particular, these markers could be
integrated into prospective quality control assays to detect early transcriptional indicators of
senescence before the functional decline occurs. However, translating transcriptomic signatures
into practical diagnostic assays will require further validation. Overall, this study provides a
comprehensive characterization of replicative senescence in cMSCs, revealing distinct molecular
states that capture the transition from proliferation to senescence. By defining both conserved
and novel markers and proposing their combined use as a panel of up- and downregulated genes
for MSC manufacturing and quality control, our findings bridge the gap between mechanistic
discovery and clinical translation, offering a foundation for improved standardization and

efficacy in MSC-based therapies.
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Figure 1 Senescence-associated p-galactosidase assay. A. Schematic representation of the
workflow for the detection of senescence-associated B-galactosidase. P2 and P6 cells (10°) were
cultured in triplicates in 6-well plates for 24 hours, fixed with 8% paraformaldehyde for 10
minutes, and washed with distilled water. Cells were stained with SPIDER-BGal solution (diluted
1:2000 in Mcllvaine buffer, pH 6.0). Nuclei were then stained with DAPI, and cells were
observed using a Leica Stellaris laser scanning confocal microscope. B. Representative images of
senescence-associated-B-galactosidase (SA-B-gal) staining assay. Scale bar is 50 pm C.
Quantitative fluorescence intensity data were obtained from 35 cells, measuring two cytoplasmic
regions per cell, resulting in a total of 70 measurements per replicate. The boxplot whiskers
extend from the third and first quartiles to the largest and smallest values, respectively, within 1.5
x the interquartile range (IQR), where IQR represents the range between the first and third

quartiles.

The observed difference in fluorescence intensity was considered statistically significant, with a

p-value <2.2e-16.

Figure 2 Bulk RNA sequencing-based transcriptomic analysis. A. Schematic representation
of the workflow for bulk RNA seq-based assay. MSCs were collected from six consecutive cell
passages. P2- and P6-derived cells were selected for the study. Bulk RNA sequencing of P2- and
P6-derived cells was carried out in triplicates, following RNA extraction and library preparation
using Illumina NextSeq 500, and the results were analysed bioinformatically. B. Volcano plot
highlighting the top identified DEGs in P6-derived samples, compared to P2 samples. Red data
points indicate those genes that were significantly upregulated (right) or downregulated (left). X-
axis=Log2FC, horizontal dashed line indicates cutoff for P-value<0.01, while the vertical dashed

lines indicate the cutoff for fold change of 2. C. Results of GO enrichment analysis for the
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downregulated differentially expressed genes. X-axis = Fold enrichment values. Y-axis=relevant
enriched GO terms for different biological processes; colour intensity of bars based on p-value.

D. Results of GO enrichment analysis for the upregulated differentially expressed genes. X-axis
= Fold enrichment values. Y-axis=relevant enriched GO terms for different biological processes;

colour intensity of bars based on p-value.

Figure 3 Single-cell RNA sequencing workflow and UMAP clustering analysis of cells
derived from P2 and P6. A. MSCs were collected from six consecutive cell passages, and P2-
and P6-derived cells were selected for the study. Single-cell RNA sequencing of the cells was
carried out using Single Cell 3" GEM, Library & Gel Bead Kit v3.1 with the generated mRNA
libraries sequenced using the Illumina NovaSeqX Plus system, and the results analysed
bioinformatically. B. Distribution of the identified clusters. C. Distribution of the clusters based

on the origin of the sample (P2= Passage 2, P6= Passage 6).

Figure 4 Cell cycle stages and proliferation dynamics within the clusters. A. The cell cycle of
the sorted cells was assessed by flow cytometry using propidium iodide staining. Representative
images of P2 (left) and P6 (right) cells are shown, highlighting that P6 cells are represented by a
considerably higher proportion of cells in the G1 phase. B-C. Cell cycle stages of the cell
population and percentages are displayed separately for P2 (left) and P6 (right), as determined by
Cell Scoring analysis using the Seurat package. D. Feature plot representing the expression of
proliferation marker PLK1 among the clusters. Inset on the right highlights cluster distribution E.
Expression of transcripts for cell proliferation markers and division regulators PLK1, MKI167,
MCM3, and MCM6. The clusters are arranged based on the origin of the sample (P2 followed by

P6).
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Figure 5 Evaluation of the significantly enriched GO terms, emphasizing three critical
pathways associated with cellular senescence at the single-cell level. A. the ERK1 and ERK?2
cascade: feature plot illustrating the expression of the APP gene (top), violin plots showing the
expression levels of the ERK1 and ERK2 cascade-related genes APP, EDN1, and CCL5 among
the clusters (bottom). B. Integrin-mediated signalling pathway: feature plot illustrating the
expression of the TIMP1 gene (top), violin plots showing the expression levels of the integrin-
mediated signalling pathway-related genes TIMP1, ITGA1, and ITGA2 (bottom). C. Response
to oxygen levels: feature plot illustrating the expression of the CRYAB gene (top), violin plots
showing the expression levels of response to oxygen levels GO term-related genes EDN1,
CRYAB and TGFB2 (bottom). The clusters are arranged based on the origin of the sample (P2

followed by P6).

Figure 6 Characterization of cluster-specific markers and assessment of transcriptional
patterns of genes associated with cellular senescence. A. Heatmap showing the top five highly
expressed marker RNAs in each cluster (based on LogFC). Cluster6*: Genes KRT3 and ILIRL1
appear in the top five marker list for both cluster 4 and cluster 6. To avoid redundancy and
potential confusion, the expression values of these genes were visualized under cluster 4 and
were excluded from the visualization for cluster 6. Median expression levels were plotted for
cells in each cluster. Colour represents expression intensity (based on LogFC value). The clusters
are arranged based on the origin of the sample (P2 followed by P6), whereas the genes are
arranged based on cluster order from cluster O to 7. B. Dotplot depicting markers commonly
associated with cellular senescence, with dot colour representing the average RNA expression
levels scaled across all clusters. The size of each dot indicates the percentage of cells expressing

a specific RNA within each cluster. The clusters are arranged based on the origin of the sample
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(P2 followed by P6). C. Violin plot depicting the expression of LMNBI. D. Feature plot
depicting the expression of CCND1. E. Violin plot showing the expression level of CCNDI1 for

each cluster. The clusters are arranged based on the origin of the sample (P2 followed by P6).

Figure 7 Analysis of top marker genes in late-passage cell populations and characterisation
of CRYAB interacting partners. A. Heatmap showing the expression of the top ten marker
genes in late-passage cell populations. Each line represents a single cell, the colour indicates the
expression level (pink — downregulated, yellow — overexpressed). The clusters are arranged
based on the origin of the sample (P2 followed by P6). B. Ridge plot of CRYAB expression and
its interacting partners APP, HSPB1, and HSPB2. C. Bar graph displaying the percentage of
senescent cells across clusters, based on gene co-occurrence analysis. The analysis includes both
established senescence markers and newly identified genes that may serve as potential novel
markers of cellular senescence. The clusters are arranged based on the origin of the sample (P2

followed by P6).



