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Abstract. Senescence, a crucial yet paradoxical phenomenon in cellular biology, acts as a barrier 
against cancer progression while simultaneously promoting aging and age-related pathologies. 
�is duality underlines the importance of precise monitoring of senescence response, especially 
with regard to the proposed use of drugs selectively removing senescent cells. In particular, lit-
tle is known about the role of senescence in neurons and in neurodegenerative diseases. Our 
study investigates the senescence response in neuroblastoma SH-SY5Y cells and human neural 
progenitor ReNcell VM cells exposed to doxorubicin, a chemotherapeutic agent known to induce 
DNA damage and subsequent senescence. �rough a  comprehensive analysis employing the 
most robust senescence markers, we characterized the senescence-associated patterns in these 
neural cell lines including cellular morphological changes, SA-beta-gal, γH2A.X, p21Waf1/Cip1 
and p16Ink4a. Our �ndings indicate that ReNcell VM cells exhibit greater senescence-associated 
response at lower doxorubicin concentrations compared to SH-SY5Y cells. Additionally, we 
observed cell-type-speci�c di�erences in timing and levels of the expression of key cell cycle 
regulators during senescence. Our results emphasize the necessity of cell-type-speci�c strategies 
in senescence research with regard to implications as well as limitations for translation into aging 
and neurodegenerative disorders.
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Highlights

•	 For	 the	first	 time,	we	comprehensively	described	 senescence	 induction-associated	changes	 in	
neural model cell line ReNcell VM commonly used for neurobiological studies.

•	 In	our	study,	we	discovered	that	ReNcell	VM	cells	undergo	senescence	at	lower	doses	of	doxo-
rubicin compared to SH-SY5Y cells. Additionally, we found that the timing of the senescence 
response varies between the two cell lines, with ReNcell VM cells exhibiting a more rapid onset 
of senescence markers. �is di�erential sensitivity and response timing highlight the unique cel-
lular dynamics of senescence in these neural models.
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Introduction

Cellular senescence is a state of cell cycle arrest that occurs 
in response to various stressors, including DNA damage, 
oxidative stress, and oncogenic signals. �is phenomenon, 
while initially identi�ed in �broblasts, has been observed 
in a  variety of cell types, including human neural cells 
(Pawlikowski et al. 2013). �e study of senescence in neural 
contexts is particularly challenging but signi�cant due to its 
implications in the treatment of neurodegenerative diseases 
and decline of brain functions during natural aging (Chou et 
al. 2023). Senescence is characterized by a complex interplay 
of molecular pathways that lead to the cessation of cell divi-
sion, changes in cellular morphology, senescence-associated 
beta-galactosidase activity (SA-beta-gal), upregulation of the 
key cell cycle regulators such as p21Waf1/Cip1 and p16Ink4a 
and the secretion of pro-in�ammatory cytokines, growth 
factors and proteases collectively known as the senescence-
associated secretory phenotype (SASP) (Huang et al. 2022). 
�ese changes can have profound e�ects on the surround-
ing tissue environment, contributing to both protective and 
detrimental outcomes.

Recent advances in the �eld of neurodegenerative dis-
eases have leveraged human neural cell lines to uncover the 
molecular mechanisms of senescence-related pathways in 
neurons (Chou et al. 2023). Human neural cell lines such 
as SH-SY5Y, IMR-32, SK-N-SH, ReNcell VM, LUHMES, 
and NT2 serve as valuable tools for these studies. Each 
cell line has unique features, provides a  controlled and 
reproducible model to study the cellular and molecular 
responses to senescence-inducing stimuli, and is suitable 
for speci�c experimental design and research approach. 
However, conclusions drawn from cellular models have 
inherent limitations. One of the most popular cellular 
models for neurobiology research is the SH-SY5Y neuro-
blastoma cell line. Several studies have utilized SH-SY5Y 
cells to analyze the senescence response using a variety of 
methodologies. Tau protein research revealed its role in 
modulating epigenetic mechanisms of cellular senescence, 
with markers such as SA-beta-gal and SASP (Magrin et al. 
2023). It has been used for the characterization of various 
agents that modulate the senescence response, including 
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), melatonin, 
frataxin and ebselen (Bolinches-Amorós et al. 2014; Wan et 
al. 2014; Nopparat et al. 2017; Mukem et al. 2023). In a more 
mechanistic study, it has been revealed that long intergenic 
non-coding RNA-p21 (lincRNA-p21) promoted senescence 
in SH-SY5Y by down-regulating the Wnt/β-catenin path-
way in neurotoxin 1-methyl-4-phenylpyridinium (MPP+)-
treated cells, increasing p53 and p16Ink4 expression (Zhu 
and Chen 2023). �ese studies highlight the versatility of 
SH-SY5Y cells for investigating cellular senescence and 
potential therapies.

In our study, we focused on the in-depth characterization 
of senescence-associated changes in two neural model lines, 
SH-SY5Y and ReNcell VM. Most studies involving ReNcell 
VM explore their di�erentiation potential, electrophysiologi-
cal properties, and use in disease models such as Alzheimer’s 
disease (Donato et al. 2007; Kim et al. 2015; Jor� et al. 2018). 
While ReNcell VM cells are frequently used in neurobiologi-
cal and neurodegenerative studies, there is limited direct 
research focused speci�cally on the senescence phenotype 
in these cells. By employing both classical chromogenic and 
modern �uorescence-based SA-beta-gal staining, alongside 
the quanti�cation of DNA damage marker (γH2A.X foci), 
changes in nuclear morphology, and levels of cell cycle 
inhibitors p21Waf1/Cip1 and p16Ink4a through qPCR and 
immunocytochemistry, we are providing a comprehensive 
analysis of the di�erences in senescence-associated response 
in the more frequently used neural cell model SH-SY5Y cells 
compared to ReNcell VM, which is emerging as a relatively 
novel model for neurobiological studies.

Materials and Methods

Cell cultivation

�e SH-SY5Y cell line (Sigma Aldrich, Cat. No. 94030304) 
was cultured in Dulbecco’s Modi�ed Eagle Medium (DMEM, 
Gibco, Cat. No. 11960044), supplemented with 2 mM 
L-glutamine (Gibco, Cat. No. 25030024), 10% heat-inactivat-
ed fetal bovine serum (Biosera, Cat. No. FB-1001B/500), and 
1% penicilin-streptomycin (Sigma-Aldrich P0781-100ML). 
Human neural progenitor ReNcell® VM (CHEMICON, Cat. 
No. SCC008) were maintained in culture dishes coated with 
Matrigel® (Corning, Cat. No. 356234). Cells were seeded in 
ReNcell NSC Maintenance Media (Sigma-Aldrich, Cat. No. 
SCM005) supplemented with 20 ng/ml �broblast growth fac-
tor-2 (Abcam, Cat. No. ab61845), 20 ng/ml epidermal growth 
factor (CHEMICON, Cat. No. GF001), and 1% penicillin-
streptomycin (Sigma-Aldrich, P0781-100ML). Cells were 
incubated at 37°C in a humidi�ed atmosphere with 5% CO2. 
Senescence was induced by doxorubicin (MPBiomedicals, 
Cat. No 159101) solution added to the cultivation media of 
respective cell lines. SH-SY5Y cells were treated with 10 nM 
and 25 nM doxorubicin (diluted in DMSO) concentrations, 
and ReNVM cells with 5 nM and 10 nM concentrations for 
48 h or 72 h. For the negative controls, the media was mixed 
with a corresponding amount of DMSO.

SA-beta-gal activity detection

For chromogenic procedure, the media was removed, and 
cells were washed with 1×PBS before �xation and staining 
using the SA-beta-gal staining kit (Cell Signaling Tech-
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nology, Cat. No. 9860S), according to the manufacturer’s 
instructions. Images were captured under visible light using 
the Zeiss AxioVert A1 microscope at 20× magni�cation, 
equipped with a Zeiss Axiocam 202 mono camera and Zeiss 
ZEN lite so�ware. Using a �uorescence-based procedure cells 
were �xed 10 min at RT in 4% paraformaldehyde, centrifuged 
for 5 min at 250×g, washed with 1% BSA, and centrifuged 
again 5 min at 250×g. Pellets were then resuspended in 
a  staining working solution, consisting of the CellEvent™
Senescence Green Probe diluted at a 1:2000 ratio in CellEv-
ent™ Senescence Bu�er (Invitrogen™, Cat. No. C10840). 
Staining was performed for 1.5 to 2.0 h in a dry incubator 
at 37°C without CO2. Following incubation, cells were 
centrifuged 5 min at 250×g, and the pellet was washed with 
1% BSA followed by another 5 min centrifugation at 250×g. 
For data evaluation, cells were resuspended in 1×PBS and 
analyzed via �ow cytometry. CellEvent™ Senescence Green 
Flow Cytometry Assay Kit (Invitrogen™, Cat. No. C10840). 
In order to obtain representative pictures of the CellEvent™ 
staining, samples were co-stained with Hoechst33258 (Inv-
itrogen, Cat. No. H3569), �xed in mounting media (Sigma-
Aldrich, Cat. No. F6057) and imaged at 40× magni�cation 
using oil immersion on an LSM 710 confocal microscope 
(Zeiss, Jena, Germany).

Immuno�uorescent staining

After respective treatments, cells were washed with 
1×PBS, and �xed in 4% paraformaldehyde for 15 min at 
RT. Permeabilization was done with 0.1% Triton X-100 
for 30 min at RT. Next, cells were incubated with 2% 
BSA (Sigma-Aldrich, A7906) in 1×PBS for 1 h at RT. Im-
munostaining was performed with primary antibodies: 
rabbit anti-p21Waf1/Cip1 (Cell Signaling Technology, Cat. 
No. 2947S), rabbit anti-Histone γH2A.X (Cell Signaling 
Technology, Cat. No. 9718T), diluted at a ratio of 1:200 in 
0.1% BSA in 1×PBS. �is step was conducted overnight 
at 4°C. A secondary antibody anti-rabbit conjugated with 
Alexa Fluor 488 (Life Technologies, Cat. No. A21206) 
diluted 1:1000 in 1% BSA in 1×PBS was applied 1 h at RT. 
Hoechst33258 (Invitrogen, Cat. No. H3569) in 1×PBS was 
used for DNA staining. Stained samples were imaged on 
an LSM 710 confocal microscope (Zeiss, Jena, Germany) 
at 40× magni�cation using oil immersion.

RNA isolation, cDNA synthesis and gene expression analysis

RNA was isolated with High Pure RNA Isolation Kit 
(ROCHE, Cat. No. 11828665001) following the manufac-
turer’s instructions. For cDNA synthesis, 100 ng of total 
RNA was diluted with nuclease-free water (QIAGEN, Cat. 
No. 129114) and subsequently used in reverse transcription 
reaction performed with High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Cat. No. 4368814) 
following the manufacturer’s instructions. Gene expression 
analysis was conducted via quantitative real-time PCR 
(qRT-PCR) in a 10 μl reaction setup. All samples were ana-
lyzed in triplicates for each transcript target in a 96-well plate. 
Diluted cDNA (20 ng) was mixed with TaqMan probe mas-
ter mix consisting of 1×TaqMan™ Gene Expression Master 
Mix (Cat. No. 4369016), 1×TaqMan probe. TaqMan probes 
Hs04194366_g1, Hs00355782_m1, and Hs00923894_m1 
targeting RPL13, p21Waf1/Cip1, and p16Ink4a, mRNA re-
spectively, were purchased from Applied Biosystems. �e 
qRT-PCR analysis was carried out on QuantStudio 6 Flex 
Real-Time PCR system (Applied Biosystems), following the 
cycling program: hold at 50°C for 2 min, initial denaturation 
at 95°C for 10 min, 40 cycles of denaturation at 95°C for 
15 s and annealing/extension at 60°C for 1 min. Results were 
normalized to the expression of RPL13. Data were evaluated 
using 2−ΔΔCt method. 

Flow cytometry

For data evaluation cells were resuspended in 1×PBS and 
analyzed on LSRFortessa™ (BD Biosciences) �ow cytometry 
analyzer using a 488 nm laser and 530/30 nm �lter. Percent-
ages of SA-beta-gal positive cells were quanti�ed according 
to the median �uorescence intensity of CellEvent Senescence 
Green staining in 10,000 probed cells compared to �xed un-
stained non-treated controls. Data acquisition and analysis 
was performed in FCS Express 7 so�ware.

Imaging data quanti�cation

For chromogenic SA-beta-gal cell positivity quanti�cation 
SA-beta-gal activity was quanti�ed using FIJI (ImageJ 
version 1.54f, Java 1.8.0_322, US National Institutes of 
Health, Bethesda, Maryland, USA, https://imagej.net/ij/, 
1997–2018). To correct for uneven illumination, a Gauss-
ian blur was subtracted from each image. �e ROIs for 
individual cells were selected a�er converting the light-
corrected image to 8-bit, auto-thresholding by Huang2, 
de-noising by de-speckle and median, and watershed. �e 
ROIs were transferred to the blue channel which was de-
convoluted (RGB) from the light-corrected image, inverted, 
and used for white pixel quanti�cation. Data from each 
image were processed in R (version 4.2.2) (Wickham et al. 
2019; R Core Team 2022). �e �uorescence intensities of 
p21Waf1/Cip1 and γH2A.X were quanti�ed using FIJI. �e 
ROIs for individual cells were selected in the Hoechst chan-
nel a�er converting the image to 8-bit, auto-thresholding 
by Huang2, removing outliers, �lling holes, and watershed. 
�e ROIs were transferred to the 8-bit GFP channel and 
used for pixel quanti�cation. Data from each image were 
processed in R.
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Statistical analysis

For each experiment, data were collected from three inde-
pendent repetitions for each condition, and independent 
collection of samples. For qPCR three replicates for each 
condition were analyzed in each independent experiment. 
Group comparisons were calculated using the Kruskal-
Wallis test (non-parametric data) with Dunn’s correction 
for multiple comparisons, with nonsigni�cant p > 0.05 and 
signi�cant * p < 0.05, ** p < 0.01, and *** p < 0.001. For 
graphical expression of acquired data Prism10 so�ware was 
used. Results are displayed using box or violin plots and 
central tendency is represented by horizontal median lines. 
�e frequency distribution data are shown as histograms.

Results

�e evaluation of senescence-associated SA-beta-gal activ-
ity and changes in cellular morphology in SH-SY5Y and 
ReNcell VM neural cell lines a�er doxorubicin treatment

To evaluate the senescence response of SH-SY5Y and 
ReNcell VM neural cell lines we treated cells with well-
described senescence-inducing drug doxorubicin. First, we 
optimized doxorubicin concentrations based on induced 
cellular morphology changes and survival rate (data not 
shown). ReNcell VM cells appeared to be more responsive 
to senescence induction even in lower concentrations of 

Figure 1. Representative images of chromogenic senescence-associated beta-galactosidase (SA-beta-gal) chromogenic staining in SH-SY5Y 
cells (A) and ReNcell VM cells (B) a�er doxorubicin (DOXO) treatments. Cells were treated with DOXO at various concentrations (10, 
25 nM or 5, 10 nM) for 48 h and 72 h or remained untreated as controls (NT). SA-beta-gal activity is visualized by blue staining. Scale 
bars correspond to 40 µm. C. Quanti�cation of SA-beta-gal staining. Graphs are showing the mean blue values of SA-beta-gal staining per 
image for SH-SY5Y and ReNcell VM under di�erent treatment conditions. Imaging data were quanti�ed using ImageJ. Group compari-
sons were calculated using the Kruskal-Wallis test with Dunn’s correction for multiple comparisons, with ** p < 0.01, and *** p < 0.001 
vs. NT. Central tendency is represented by horizontal median lines. D. Population distribution based on staining intensity. Histograms 
displaying the relative frequency of mean blue values per cell for SA-beta-gal staining in SH-SY5Y and ReNcell VM with indicated treat-
ment conditions. �e distribution shi�s towards higher staining intensities in treated cells compared to controls corresponds to increased 
SA-beta-gal activity. (For color �gure see online version.)
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doxorubicin compared to SH-SY5Y cells. In order to describe 
chronic e�ects (72 h) and possibly subtle di�erences (48 h) 
in senescence-associated read-outs between analyzed neural 
cell lines we continued the experiments with 10 nM and 
25 nM doxorubicin concentration for SH-SY5Y and 5 nM 
and 10 nM doxorubicin for ReNcell VM.

Next, we evaluated the levels of SA-beta-gal activity 
with two di�erent methods, traditional chromogenic and 

novel fluorescence-based assays. Representative images 
(Figs. 1A,B and 2A,B) show increased SA-beta-gal activity in 
both SH-SY5Y and ReNcell VM cell lines a�er doxorubicin 
treatment. Quantitative analysis of SA-beta-gal staining in-
tensity using ImageJ (Fig. 1C) and �ow cytometry (Fig. 2C) 
provided consistent results. In both approaches, the intensity 
of SA-beta-gal staining following doxorubicin treatments 
did not reveal a substantial increase in SH-SY5Y cells while 

Figure 2. Evaluation of senescence-associated beta-galactosidase (SA-beta-gal) activity together with cell size and granularity in SH-SY5Y 
and ReNcell VM f cells following doxorubicin (DOXO) treatments and �uorescence-based staining with �ow cytometry analysis. A, B. 
Representative images of �uorescence-based SA-beta-gal staining. Cells were treated for 48 h and 72 h with DOXO at 25 nM for SH-SY5Y 
cells or 10 nM for ReNcell VM cells or remained untreated as controls (NT). SA-beta-gal activity is visualized by green �uorescence, with 
Hoechst (blue) used for nuclei staining. Scale bars correspond to 20 µm. C. Quanti�cation of SA-beta-gal positive cells by �ow cytometry. 
Box graphs show the percentage of SA-beta-gal positive SH-SY5Y and ReNcell VM cells quanti�ed by �ow cytometry under di�erent 
treatment conditions. D. Population distribution based on staining intensity. Histograms displaying the relative frequency of SA-beta-gal 
positive cells based on �uorescence intensity for SH-SY5Y and ReNcell VM cells. Treatment conditions include 25 nM (for SH-SY5Y cells) 
or 10 nM (for ReNcell VM cells) DOXO for 48 h. �e distribution shi�s towards higher intensities in treated cells compared to controls 
indicate increased SA-beta-gal activity. E, F. Evaluation of the cell size and granularity. Violin plots displaying data on cell size and granu-
larity using data recorded by �ow cytometer from (E) forward scatter (FSC-A) and (F) side scatter (SSC-A) for SH-SY5Y and ReNcell VM 
cells populations. Group comparisons were calculated using the Kruskal-Wallis test with Dunn’s correction for multiple comparisons, with 
* p < 0.05 and *** p < 0.001. Central tendency is represented by horizontal median lines. (For color �gure see online version.)
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it showed a signi�cant increase in ReNcell VM compared 
to their respective non-treated controls. Next, we analyzed 
the distribution of staining intensity across the analyzed 
cell populations (Figs. 1D, 2D). Histograms of the mean 
blue values per cell for SA-beta-gal staining illustrated in 
SH-SY5Y cells a slight shi� towards higher intensity values 
a�er doxorubicin treatment. A more pronounced shi� was 
observed in ReNcell VM suggesting a  greater proportion 
of cells with elevated SA-beta-gal activity. Overall, these 
results demonstrate that doxorubicin induces signi�cant 
senescence-related changes in ReNcell VM neural cell line 
at lower concentrations compared to SH-SY5Y cells.

To quantify differences in cellular morphology we 
analyzed the �ow cytometry data of measures recorded by 
forward scatter (FSC) and side scatter (SSC) as area values. 
In both cell lines doxorubicin treatment signi�cantly af-
fected both cell size and granularity as shown by the shi� in 
horizontal median lines and increased spread in the violin 
plots (Fig. 2E,F).

�e comparison of diversity in DNA damage induction 
and changes in nuclear morphology between SH-SY5Y and 
ReNcell VM neural cell lines a�er doxorubicin treatment

To evaluate the DNA damage induced by doxorubicin treat-
ment in SH-SY5Y and ReNcell VM, we analyzed γH2A.X 
foci formation using confocal microscopy. Representative 
images (Fig. 3A,B) show γH2A.X signals in both cell lines 
following doxorubicin treatment. Quantitative analysis of 
the mean �uorescence values of γH2A.X foci per cell showed 
signi�cant increases in SH-SY5Y as well as ReNcell VM 
a�er 72 h of treatment with 25 nM or 10 nM doxorubicin, 
respectively (Fig. 3C,D).

Data acquired from �ow cytometry (Fig. 2C) and quan-
titative analysis of the mean �uorescence values of γH2A.X 
foci (Fig 3C,D) uncovered ongoing changes in cellular and 
nuclear morphology. Analogously as in the analysis of cell 
morphology, we displayed the distribution of nuclear sizes 
in SH-SY5Y and ReNcell VM cells following doxorubicin 
treatment (Fig. 3E,F). In SH-SY5Y cells, doxorubicin treat-
ment signi�cantly decreased nuclear size a�er 72 h of treat-
ment (Fig. 3E). ReNcell VM cells showed the opposite trend, 
with a signi�cant increase in nuclear size a�er doxorubicin 
treatment (Fig. 3F).

�e analysis of p21Waf1/Cip1 and p16Ink4a-mediated response 
to doxorubicin treatment in SH-SY5Y and ReNcell VM 
neural cell lines

To further elucidate the senescence response in SH-SY5Y and 
ReNcell VM neural cell lines a�er doxorubicin treatment, we 
analyzed the expression of senescence markers p21Waf1/Cip1 
and p16Ink4a using qPCR (Fig. 4A,B). �e relative mRNA 

expression levels of p21Waf1/Cip1, normalized to non-treated 
controls, increased in both cell lines. However, a signi�cant 
increase was observed only in ReNcell VM cells a�er 72 h of 
treatment with 10 nM doxorubicin. Interestingly, data showed 
a decrease in relative mRNA expression levels of p16Ink4a 
in both cell lines with a signi�cant decrease in ReNcell VM 
treated with 10 nM doxorubicin for 72 h (Fig. 4B).

Representative confocal microscopy images (Fig. 4C,D) 
showed dynamic changes of p21Waf1/Cip1 levels in both 
SH-SY5Y and ReNcell VM a�er doxorubicin treatments. 
Although not signi�cant, the quanti�cation of the mean 
�uorescence values of p21Waf1/Cip1 staining per cell showed 
a gradual increase in SH-SY5Y as a response to doxorubicin 
treatment followed by its decrease in conditions of 25 nM 
doxorubicin treatment for 72 h (Fig. 4E). ReNcell VM treated 
with 10 nM doxorubicin for 48 h showed a signi�cant in-
crease in mean �uorescence values of p21Waf1/Cip1 signal 
compared to non-treated control (Fig. 4F).

Discussion

�e speci�c triggers of neural senescence, the long-term con-
sequences of persisting senescence in the brain, and the po-
tential for therapeutic interventions to modulate senescence 
in neural cells are currently areas of active investigation. 
Analyzing these aspects is crucial for developing strategies 
to mitigate the potential adverse e�ects of senescence in ag-
ing and neurodegenerative diseases (Sikora et al. 2021; Melo 
Dos Santos et al. 2024). �e human-derived neuroblastoma 
SH-SY5Y cell line has become a popular model widely used 
in neurobiological research and for investigating neural se-
nescence. �eir ability to di�erentiate into neuron-like cells 
makes them relevant for studying neural aging and associated 
diseases. Previous studies conducting senescence-related 
analyses on SH-SY5Y cells are highly variable.

A study exploring the impact of insulin-like growth fac-
tor-binding protein 3 (IGFBP3) in Tau-knockout SH-SY5Y 
cells revealed that Tau depletion leads to the upregulation of 
IGFBP3, promoting cellular senescence through epigenetic 
mechanisms involving the Polycomb repressive complex 2. 
�is study analyzed the levels of IGFBP3, SA-beta-gal activ-
ity, p16Ink4a, and lysosomal number and size (Magrin et al. 
2023). Another study revealed that TCDD induces premature 
senescence in SH-SY5Y cells through a reactive oxygen spe-
cies mechanism, highlighting the role of oxidative stress in 
activating senescence pathways. �is was evidenced by the 
increased levels of senescence markers such as SA-beta-gal, 
γH2A.X foci, p21Waf1/Cip1, p16Ink4a, and F-actin reorganiza-
tion (Wan et al. 2014). Finally, a research evaluating the role 
of lincRNA-p21 in MPP+-treated SH-SY5Y cells concluded 
that this non-coding RNA promotes senescence by modu-
lating the Wnt/β-catenin pathway and increasing oxidative 
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stress. �e senescence markers monitored here include p53, 
p16Ink4a, telomere length and activity, and levels of reactive 
oxygen species. Silencing the lincRNA-p21 reversed the 

MPP+-induced senescence features (Zhu and Chen 2023). 
Experimental approaches, methods, and read-outs used in 
the mentioned studies highlight the variety of agents and 

Figure 3. Analysis of γH2A.X foci and nuclear size in SH-SY5Y and ReNcell VM neural cell lines a�er doxorubicin (DOXO) treatment. 
Representative confocal microscopy images showing γH2A.X foci immunocytochemistry staining in (A) SH-SY5Y and (B) ReNcell VM 
cells treated with indicated concentrations of DOXO for 48 h and 72 h, as well as untreated controls (NT). γH2A.X activity is visualized 
by green �uorescence, with Hoechst used for nuclear staining (blue). Scale bars correspond to 20 µm. C, D. Quanti�cation of γH2A.X 
foci intensity in SH-SY5Y and ReNcell VM cells. Graphs are showing the mean �uorescence values of γH2A.X staining per image for (C) 
SH-SY5Y and (D) ReNcell VM cells under di�erent treatment conditions. Imaging data were quanti�ed using ImageJ. E, F. Nuclear size 
distribution in analyzed SH-SY5Y and ReNcell VM populations. Violin plots displaying the distribution of nuclear sizes in (E) SH-SY5Y 
and (F) ReNcell VM cells a�er DOXO treatment. Group comparisons were calculated using the Kruskal-Wallis test with Dunn’s correc-
tion for multiple comparisons, with * p < 0.05, ** p < 0.01, *** p < 0.001 vs. NT. Central tendency is represented by horizontal median 
lines. (For color �gure see online version.)
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mechanisms for inducing and investigating cellular senes-
cence in SH-SY5Y cells, re�ecting the complexity and mul-
tifaceted nature of senescence-related pathways. However, 
these �ndings raise questions about the general relevance 
of these mechanisms to neural senescence, suggesting that 
the observed responses may be speci�c to this cell line with 
limited translation to understanding neural senescence in 
the brain.

�us, our study is focused on side-by-side analysis of 
senescence-associated changes in two neural cell lines which 
serve as models in various areas of neurobiological research. 
Besides SH-SY5Y cell line we analyzed the senescence re-
sponse in ReNcell VM, an immortalized neural progenitor 
cell line derived from the ventral mesencephalon region 
of the human fetal brain, which retains a normal diploid 
karyotype even a�er prolonged passaging. ReNcell VM cells 
have been used in neurobiological research for their capac-
ity to di�erentiate into multiple neural subtypes, including 
dopaminergic neurons, which is particularly relevant for 
studies on neurodegenerative diseases such as Parkinson’s 
disease. Studies have shown that ReNcell VM cells can be 
di�erentiated into electrophysiologically active neurons 
capable of �ring action potentials and expressing voltage-
gated sodium channels (Donato et al. 2007). �e ReNcell VM 
cell line o�ers a signi�cant advantage over other commonly 
used cell lines due to its non-cancerous origin, making it 
particularly suitable for research of the pathological mecha-
nisms and treatment implications of senescence induction 
in age-related neurodegenerative diseases. Furthermore, its 
diploid karyotype renders it an attractive tool for subsequent 
genetic manipulation approaches.

For senescence induction, we selected the widely used 
chemotherapeutic agent, doxorubicin, which causes persist-
ing DNA damage leading to senescence. It has been shown 
that doxorubicin-induced DNA damage in SH-SY5Y cells 
results in persistent DNA damage response activation, con-
tributing to the senescence phenotype. �e concentration of 
doxorubicin used to induce senescence in SH-SY5Y varies, 
depending on the speci�c experimental setup and treatment 
durations. In our study, we aimed to identify a concentra-

tion overlap where doxorubicin induces senescence in both 
SH-SY5Y and ReNcell VM. We evaluated the concentration 
range based on observed changes in cellular morphology and 
survival rates. To capture more subtle di�erences in early se-
nescence induction (48 h) as well as chronic e�ects at longer 
time points (72 h), we selected two treatment concentrations 
for each cell line; 10 and 25 nM for SH-SY5Y cells, and 5 
and 10 nM for ReNcell VM, with a shared overlap at 10 nM. 
Our results demonstrated that ReNcell VM cells exhibit 
higher sensitivity to doxorubicin treatments compared to 
SH-SY5Y cells. �is di�erential response is evident from 
the lower concentrations of doxorubicin required to induce 
signi�cant senescence-related changes in ReNcell VM cells. 
�e observed di�erences may be attributed to intrinsic vari-
ations in cellular pathways, drug metabolism, or the baseline 
expression levels of senescence markers between the two cell 
lines. Previous studies have shown that di�erent neural cell 
lines, including SH-SY5Y, exhibit variable drug sensitivities, 
which could be linked to the neural di�erentiation stage and 
speci�c cellular attributes (Strother et al. 2021). �e timing 
and expression levels of key senescence markers, such as 
SA-beta-gal, γH2A.X, p21Waf1/Cip1, and p16Ink4a, varied 
signi�cantly between SH-SY5Y and ReNcell VM cells. �is 
could be due to di�erences in the activation of DNA dam-
age response pathways or the e�ciency of cell cycle arrest 
mechanisms. �e di�erential expression of these markers 
highlights the unique dynamics of senescence in neural 
models and underscores the importance of evaluating se-
nescence in a cell-type-speci�c manner (Ogrodnik 2021).

Our study revealed diverse changes and several key 
features of senescence in these cell lines: (i) we observed 
aberrant cellular and nuclear morphology, which are the 
key hallmarks of senescent cells in vitro, a�er doxorubicin 
treatments in both cell lines. Senescent cells o�en exhibit 
an enlarged and �attened shape with increased granular-
ity, which is associated with changes in gene expression, 
cell function, and metabolism. Additionally, alterations 
in nuclear morphology can re�ect changes in chromatin 
organization and nuclear structure, which are common 
aspects of ongoing senescence (Huang et al. 2022). �us, 

 Figure 4. Analysis of senescence markers p21Waf1/Cip1 and p16Ink4a in SH-SY5Y and ReNcell VM neural cell lines a�er doxorubicin 
(DOXO) treatment. qPCR Analysis of senescence markers in (A) SH-SY5Y and (B) ReNcell VM cells. Dot plots showing the relative 
mRNA expression levels of senescence markers p21Waf1/Cip1 and p16Ink4a. �e expression levels were normalized to RPL13 and presented 
as fold changes relative to the untreated control. Dots represent three independent experiments, for each was performed independent cell 
treatment and RNA isolation. Statistical signi�cance was determined using the Kruskal-Wallis test with Dunn’s correction for multiple 
comparisons, with * p < 0.05. Central tendency is represented by horizontal median lines. C, D. Representative confocal microscopy 
images showing p21Waf1/Cip1 immunocytochemistry staining in (C) SH-SY5Y and (D) ReNcell VM p21Waf1/Cip1 cells is visualized by 
green �uorescence, with Hoechst used for nuclear staining (blue). Scale bars correspond to 20 µm. E, F. Quanti�cation of p21Waf1/Cip1 
intensity in SH-SY5Y and ReNcell VM cells. Graphs are showing the mean �uorescence values of p21Waf1/Cip1 staining per image for (E) 
SH-SY5Y and (F) ReNcell VM cells under di�erent treatment conditions. Imaging data were quanti�ed using ImageJ. Group comparisons 
were calculated using the Kruskal-Wallis test with Dunn’s correction for multiple comparisons, with ** p < 0.01 vs. NT. Central tendency 
is represented by horizontal median lines. (For color �gure see online version.)



48 Macova et al.

assessing these parameters provides a more comprehensive 
evaluation of the senescence-associated read-outs and helps 
to validate the �ndings from diverse molecular markers such 
as SA-beta-gal activity, p21Waf1/Cip1, and p16Ink4a. (ii) �e 
quanti�cation of SA-beta-gal staining revealed relatively high 
basal SA-beta-gal activity in SH-SY5Y cell line (especially 
using the �uorescent method) compared to ReNcell VM 
leading to relative absence of signi�cancy in the SA-beta-
gal staining increase. �is e�ect might not be captured by 
other studies using higher concentrations of doxorubicin. In 
comparison, the increase in SA-beta-gal activity evaluated by 
both methods was signi�cant in ReNcell VM. (iii) Our results 
revealed that DNA damage was more prominent in SH-SY5Y 
cells compared to ReNcell VM cells, as evidenced by the 
quanti�cation of γH2A.X signals. Speci�cally, SH-SY5Y cells 
exhibited γH2A.X foci intensity of around 15,000, whereas 
the maximum intensity in ReNcell VM cells reached 5,000. 
�is signi�cant di�erence suggests that SH-SY5Y cells ex-
perience more extensive DNA damage upon doxorubicin 
treatment. Possible explanations for this observation could 
be the inherent di�erences in the DNA repair mechanisms, 
the susceptibility to doxorubicin-induced DNA damage, or 
the polyploid nature of neuroblastoma cells, which further 
ampli�es the detected signal due to the increased number of 
formed DNA damage foci. Upregulation of γH2A.X in SH-
SY5Y cells indicates a robust activation of the DNA damage 
response pathway, which is a critical aspect of senescence 
induction. (iv) In contrast to the DNA damage response, 
p21Waf1/Cip1 expression was stronger in ReNcell VM cells 
compared to SH-SY5Y cells under the same conditions. �e 
intensity of p21Waf1/Cip1 staining reached around 150,000 
in ReNcell VM cells, while it was approximately 100,000 
in SH-SY5Y cells. Since p21Waf1/Cip1 is a key regulator of 
cell cycle arrest during senescence, its higher expression in 
ReNcell VM cells suggests a more pronounced activation of 
senescence through this pathway. �e di�erential expression 
may be attributed to variations in the signalling pathways that 
regulate p21Waf1/Cip1 transcription and stability.  Stronger 
p21Waf1/Cip1 response in ReNcell VM cells highlights their 
increased sensitivity to doxorubicin-induced senescence, 
which is consistent with the observed lower threshold for 
senescence induction in these cells. (v) Interestingly, our 
study also revealed a  decreasing trend in p16Ink4a levels 
following doxorubicin treatments. �is observation was 
unexpected, as p16Ink4a is o�en involved in the later stages 
of the senescence process. One possible explanation for 
the downregulation could be related to the speci�c regula-
tory mechanisms in neural cells. It is known that p16Ink4a 
expression can be in�uenced by various factors, including 
epigenetic modi�cations, transcriptional regulation, and 
protein stability. In the context of neural cells, it is possible 
that compensatory mechanisms or feedback loops are in 
place to modulate p16Ink4a levels during senescence. In ad-

dition, the interplay between p16Ink4a and other cell cycle 
regulators, such as p21Waf1/Cip1, might contribute to the 
observed decrease. Notably, a study by Verma et al. (2021) 
on the e�ects of α-synuclein preformed �brils in Parkinson’s 
disease models found that p16Ink4a levels can decrease in 
certain contexts of cellular stress and senescence initiation, 
suggesting complex regulation mechanisms in neural cells. 
Further investigation is needed to elucidate the precise 
mechanisms underlying this phenomenon and its implica-
tions for neural cell senescence.

�e �ndings from this study have important implications 
for utilizing SH-SY5Y and ReNcell VM cells as models in 
neural senescence research. Our results suggest that ReNcell 
VM cells, which are not frequently used for senescence stud-
ies, may provide a more sensitive model for studying senes-
cence-related changes in neural cells (Kim et al. 2015; Jor� 
et al. 2018). Although this study provides valuable insights 
regarding di�erential senescence dynamics in SH-SY5Y and 
ReNcell VM cells, several limitations including the choice 
of inducing stimulus (e.g. bleonycin), selected markers, or 
analytical methods should be considered. Additionally, it is 
important to further investigate the downstream e�ectors of 
neural senescence including components of SASP.

The differential senescence responses observed in 
SH-SY5Y and ReNcell VM cells may have signi�cant implica-
tions for understanding the role of senescence in neurode-
generative diseases. Senescent cells accumulate in the nerv-
ous system with aging and neurodegenerative conditions, 
contributing to disease progression. Our �ndings suggest 
that ReNcell VM could serve as a more relevant model for 
studying the mechanisms of senescence in neurodegenera-
tive diseases, potentially leading to the identi�cation of novel 
therapeutic targets (Kritsilis et al. 2018; Si et al. 2021). �e 
development of senolytic therapies, which selectively elimi-
nate senescent cells, holds promise for treating age-related 
neurodegenerative disorders (Ribierre et al. 2024). Our study 
provides a foundation for evaluating the e�cacy of senolytic 
drugs in neural cell models. �e higher sensitivity of ReNcell 
VM cells to senescence induction suggests that they may 
be particularly useful for screening senolytic compounds.
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