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Abstract 17 
 18 
 Cellular senescence of brain cell types has become an increasingly important perspective 19 
for both aging and neurodegeneration, specifically in the context of Parkinson’s Disease (PD). 20 
The characterization of classical hallmarks of senescence is a widely debated topic, whereby the 21 
context in which a senescence phenotype is being investigated, such as the cell type, the inducing 22 
stressor, and/or the model system, is an extremely important aspect to consider when defining a 23 
senescent cell. Here, we describe a cell type-specific profile of senescence through the 24 
investigation of various canonical senescence markers in five human midbrain cell lines using 25 
chronic 5-Bromodeoxyuridine (BrdU) treatment as a model of DNA damage-induced senescence. 26 
We used principal component analysis (PCA) and subsequent regulatory network inference to 27 
define both unique and common senescence profiles in the cell types investigated, as well as 28 
revealed senescence-associated transcriptional regulators (SATRs). Functional characterization 29 
of one of the identified regulators, transcription factor AP4 (TFAP4), further highlights the cell type-30 
specificity of the expression of the various senescence hallmarks. Our data indicates that SATRs 31 
modulate cell type-specific profiles of induced senescence in key midbrain cell types that play an 32 
important role in the context of aging and PD. 33 
  34 
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Introduction 35 
 Parkinson’s Disease (PD) is the second most common age-related neurodegenerative 36 
disorder and is characterized by the progressive loss of dopaminergic (DA) neurons in the 37 
substantia nigra pars compacta (SNpc) (1). Although age is the biggest risk factor for PD and the 38 
degeneration of DA neurons is apparent, the exact cause(s) of their loss is unclear and no current 39 
treatment options exist to prevent or slow the DA neuron degeneration or the development of 40 
related symptoms. An emerging view, however, is that cellular senescence pathways are key 41 
mechanisms contributing to DA neuron loss in PD (2). Cellular senescence is a state of irreversible 42 
cell-cycle arrest in mitotic cells resulting from long-term exposure to DNA damage or oxidative 43 
stress (3). Senescence is characterized by a variety of key hallmarks, including proliferation 44 
arrest, increased senescence-associated β-galactosidase (β-gal) activity, elevated levels of 45 
cyclin-dependent kinase (CDK) inhibitors p21/p16/p19, expression of the senescence-associated 46 
secretory phenotype (SASP), senescence-associated heterochromatin foci (SAHF), 47 
mitochondrial and/or lysosomal dysfunction, and morphological changes including increased 48 
nuclear size due to loss of nuclear envelope protein lamin B1 (4-7). Importantly, not all of these 49 
phenotypes are present in every senescent cell or model of senescence, and there are widely 50 
reported differences in the expression of these features based on the method of senescence 51 
induction, the cell type being studied, and the timepoint at which senescence is assayed (8).  52 

Recent advancements have been made to provide a ‘minimum criteria’ to define a 53 
senescent cell in vivo based on observed phenotypes (8), however senescent cells in vivo are 54 
very low in number and transient in their presence as they can be cleared within days by immune 55 
cells (9, 10). In contrast, in vitro models of senescence are advantageous where an unlimited 56 
number of cells can be generated and molecular investigations into the nuanced differences in 57 
the expression of senescent phenotypes across different cell types can be made more accessible. 58 
Additionally, recent investigations have determined that senescence occurs in post-mitotic cells 59 
of the brain, such as cortical neurons in Alzheimer’s Disease (AD) and DA neurons in human and 60 
mouse models of PD, and can spread to other brain cell types in both normal aging and in the 61 
context of neurodegenerative diseases (11-13). Thus, it is plausible that a spreading of 62 
senescence between diverse brain cell types could underlie various neurodegenerative 63 
phenotypes (4).  64 

The characterization of cell type-specific senescence would allow for more precise, 65 
effective, and safe therapeutic interventions, particularly in complex diseases like PD where 66 
evidence suggests that multiple cell types contribute to pathology (14). Additionally, this would 67 
also help to unravel the dual roles of senescence in health and disease, ensuring that therapies 68 
target the harmful nature of senescent cells while preserving their more beneficial functions. 69 
Specifically, a better understanding of the senescence profiles of various midbrain cell types in 70 
vitro would bolster future in vivo investigations of senescence in the context of aging and PD. We 71 
sought to systematically characterize an established method of senescence induction in human 72 
cell lines to delineate a cell type-specific profile of senescence. We utilized chronic 5-73 
Bromodeoxyuridine (BrdU) treatment, which is an established inducer of classical replicative 74 
senescence hallmarks in various cell types (15, 16). This treatment was performed in five human 75 
cell lines to model relevant cell types of the midbrain, including astrocytes, endothelial cells, 76 
microglia, oligodendrocytes, and DA-like neurons. Importantly, our findings highlight cell type-77 
specific profiles of key hallmarks displayed in cellular senescence. Additionally, the transcriptional 78 
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profile of the different senescent cell lines was sufficient to isolate a unifying senescence profile 79 
independent of cell identity. We then utilized regulatory network inference (17)  to reveal 80 
transcriptional regulators of this senescence phenotype across the midbrain cell types (SATRs) 81 
and observed that knockdown of select regulators induced varying senescence hallmarks based 82 
on the cell type being investigated. We then specifically focused on TFAP4 because of its relevant 83 
biological function, where it has been previously shown to suppress senescence in colorectal 84 
cancer cells (18).  We performed siRNA knockdowns (KD) in the five midbrain cell types and 85 
demonstrated that based on the cell type being investigated, there is a specific expression of the 86 
different senescence hallmarks when TFAP4 is repressed. Taken together, we have established 87 
that chronic BrdU treatment of human midbrain immortalized cell lines is a reliable and 88 
reproducible in vitro model of senescence. Additionally, we have isolated a senescence 89 
transcriptional signature that shares common upstream transcriptional regulators (SATRs), which 90 
themselves modulate specific hallmarks of senescence dependent on the cell type. 91 
 92 
Results 93 
 94 
Induction of a canonical senescence phenotype in human midbrain cell lines 95 

To identify a senescence profile in each of the midbrain cell types, we used a common 96 
DNA damage-inducing stressor to characterize hallmarks of senescence. We treated with 100 uM 97 
BrdU (19) or a DMSO control for 7 days in SVG-A (astrocytes), HBEC-5i (endothelial cells), HMC3 98 
(microglia), HOG (oligodendrocytes), and SK-N-MC (neurons with some DA-like features, such 99 
as moderate dopamine-beta-hydroxylase activity) cell lines and analyzed various well-established 100 
and widely accepted hallmarks of a senescence phenotype (Figure 1A). First, we observed a 101 
significant increase in the percentage of senescence-associated β-gal positive cells following 7-102 
day BrdU treatment across all five midbrain cell types (Figure 1B). Next, we characterized the 103 
proliferation arrest of BrdU-treated cells, a defining hallmark of senescence. We measured the 104 
growth rates (divisions/hour) across treatment groups for 48 hours and observed a halt in 105 
proliferation following BrdU treatment in all cell types (Figure 1C, S1A). We went on to measure 106 
gH2AX (pS139) foci (senescence-associated heterochromatin foci; SAHF) as a molecular 107 
senescence-associated marker of DNA damage. We observed a significant increase in the 108 
number of gH2AX foci per cell following BrdU treatment in astrocytes, endothelial cells, and 109 
neurons (Figure 1D, S1B). Next, we characterized nuclear size using staining for lamin B1 and 110 
observed a significant increase in nuclear area with BrdU treatment across all cell types except 111 
microglia (Figure 1E, 2C). Interestingly, staining for CDK inhibitor and canonical early-stage 112 
senescence marker p21 (6) in BrdU-treated cell types showed a specific increase in astrocytes, 113 
endothelial cells, and oligodendrocytes, but no significant p21 upregulation was observed in 114 
microglia or in neurons (Figure 1F, S1B).  115 

To further characterize our BrdU-induced model of senescence, we performed bulk 116 
RNAseq of DMSO and BrdU-treated samples from all five cell lines. Extracting canonical 117 
senescence differentially expressed genes (DEGs), we revealed both common and unique 118 
transcriptional alterations following senescence induction (Figure 1G). Specifically, nuclear 119 
envelope marker LMNB1 was decreased across all cell types with BrdU treatment, but only to 120 
significant levels in astrocytes, endothelial cells, and microglia (Figure 1H). Focusing on genes 121 
encoding CDK inhibitors, we observed that CDKN1A (p21) was significantly increased in all cell 122 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 6, 2025. ; https://doi.org/10.1101/2025.02.06.636893doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.06.636893
http://creativecommons.org/licenses/by-nc-nd/4.0/


types except microglia with BrdU treatment (Figure 1H). Alternatively, microglia – along with all 123 
other cell types – demonstrated a significant increase in the senescence driver CDKN2D (p19) 124 
(20). Surprisingly, CDKN2A (p16) was significantly downregulated in astrocytes, endothelial cells, 125 
and microglia, but was unchanged in neurons and is not expressed in oligodendrocytes (Figure 126 
1H). These transcriptional alterations indicate the induction of an early-stage senescence 127 
phenotype characterized by p21 and/or p19 expression rather than an upregulation of p16, which 128 
contributes to longer term maintenance of senescence (6). We also analyzed SASP marker 129 
expression in DMSO and BrdU-treated cells (Figure S1C) which showed a wide range of 130 
upregulated markers, as well as cell type  differences in up- or down-regulation of various SASP 131 
factors. We went on to further validate p21 expression levels via Western blotting and detected 132 
significant increases in BrdU treated astrocytes, endothelial cells, and oligodendrocytes but not 133 
in microglia, consistent with observed transcriptional alterations. Neurons show upregulated yet 134 
insignificant p21 protein expression with BrdU treatment (Figure S1D). Taken together, these 135 
results demonstrate that BrdU-induced DNA damage was sufficient to induce senescence-136 
associated β-gal activity and proliferation arrest in all five cell types. Investigations into nuclear 137 
size and canonical senescence-associated differentially expressed genes revealed cell type-138 
specific differences, which were further elucidated through investigations into CDK inhibitor p21.  139 
 140 
Induced senescent human midbrain cell lines show mitochondrial and lysosomal 141 
alterations 142 

We continued our investigation into key senescence hallmarks through the 143 
characterization of mitochondrial and lysosomal dysfunction. Analysis of mitochondrial and 144 
lysosomal gene lists based on our RNAseq dataset (Figure 2A) demonstrated a widespread 145 
transcriptional dysregulation of both mitochondrial and lysosomal genes with BrdU treatment (21, 146 
22). We then performed functional assays to unravel the mitochondrial changes in each 147 
senescent cell type using measurements of the oxygen consumption rate (OCR) based on a 148 
Seahorse XF Analyzer and Mito Stress Test (Figure S2A) in DMSO and BrdU-treated cells (Figure 149 
2B). Basal respiration and ATP production were significantly decreased only in senescent 150 
endothelial cells and microglia. Proton leak and spare respiratory capacity (SRC) were 151 
significantly decreased only in senescent microglia and neurons (Figure 2B). Interestingly, 152 
senescent astrocytes and oligodendrocytes showed overall diminished OCR, although the 153 
individual parameters were insignificant. Using MitoTracker Red CMXRos staining (Figure 2C-D, 154 
S2B), we observed a significant increase in mitochondrial mass (mitochondria/cell) in senescent 155 
astrocytes, endothelial cells, and oligodendrocytes (Figure 2D). Quantification of the mean 156 
intensity of MitoTracker Red CMXRos revealed a significant decrease in senescent astrocytes, 157 
oligodendrocytes, and neurons, highlighting a decrease in mitochondrial membrane potential. 158 
However, senescent microglia showed a significant increase in mitochondrial membrane potential 159 
based on MitoTracker Red CMXRos staining intensity. The mitochondria in the senescent cells 160 
also displayed a significantly reduced eccentricity based on their punctate appearance, as 161 
compared to the tubular, elongated mitochondria seen in the control cells (Figure 2D). Overall, 162 
these changes in mitochondrial morphology and dynamics show both similarities and differences 163 
across the senescent cell types. 164 

Lastly, we functionally characterized changes in lysosomal content and function in the five 165 
cell lines following senescence induction. We used LysoTracker Deep Red staining to quantify 166 
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the number of lysosomes per cell and saw a significant increase in senescent endothelial cells 167 
and oligodendrocytes, indicating a lack of lysosomal turnover (Figure 2E, S2C), which is in line 168 
with a characteristic increase in lysosomal mass as seen in other senescent cell models (23). 169 
Additionally, we used a cathepsin D activity assay to monitor lysosomal function and saw a 170 
significant increase in cathepsin D activity in senescent astrocytes, endothelial cells, and 171 
oligodendrocytes, with a trending increase in microglia and neurons (Figure 2F). Considering this 172 
characterization of mitochondrial and lysosomal alterations as well as the previously described 173 
hallmarks of senescence in Figure 1, we further highlight the ability of BrdU-induced DNA damage 174 
to produce both common and cell type-specific senescence phenotypes in midbrain cell types.  175 
 176 
Induced senescent human midbrain cell lines show cell type-specific responses to 177 
senolytic treatment 178 
 As a final investigation of the similarities and differences amongst the cell types in the 179 
context of DNA damage-induced senescence, we characterized the responsiveness of each cell 180 
type to well established senolytic drugs: dasatinib (D) + quercetin (Q) and navitoclax (ABT-263) 181 
(24, 25). We tested viability of all five cell types by exposing senescent cells to either 50 nM or 182 
100 nM D + 10 uM or 20 uM Q and 1 uM, 10 uM, or 20 uM navitoclax for 48 hours. We observed 183 
that senescent oligodendrocytes were the most sensitive to D+Q (Figure 3D), whereas senescent 184 
astrocytes and microglia required a higher D+Q concentration to be effectively targeted (Figure 185 
3A, C). Interestingly, senescent neurons and endothelial cells were relatively resistant to the same 186 
concentrations of D+Q (Figure 3B, E). Senescent astrocytes and oligodendrocytes were the most 187 
sensitive to the tested concentrations of navitoclax (Figure 3F, I), followed by microglia (Figure 188 
3H). Navitoclax treatment in senescent endothelial cells and neurons was generally less effective 189 
(Figure 3G, J), where loss of non-senescent cells began at the same drug concentrations. Overall, 190 
these senolytic treatments emphasize the cell type-specificity in targeting senescent cells with 191 
senolytics, across the five different midbrain cell types. 192 
 193 
Principal component analysis reveals a cell type-specific senescence profile 194 

We next set out to determine whether we could isolate a cell type-dependent profile of 195 
senescence in an unsupervised manner. We performed a principal component analysis (PCA) as 196 
a form of dimensionality reduction on the RNA-seq data from our five human brain cell types 197 
(astrocytes, endothelial cells, microglia, oligodendrocytes, and neurons) and treatment groups 198 
(DMSO and 100 uM BrdU). The first three principal components in a PCA dataset have been 199 
previously described to contain biologically relevant information, whereas higher-order 200 
components are typically correlated with irrelevant information or noise (26, 27). PCA was able to 201 
capture 94% of the explained cumulative variance within the first five principal components, and 202 
75.1% within the first three (Figure 4A). We compared the correlation coefficients across different 203 
cell types and treatment groups which showed a strong correlation within cell type groups, 204 
suggesting that cells will predominantly maintain their cell identity even following chronic 205 
treatment with BrdU (Figure 4B). Based on our phenotypical clustering of both cell type and 206 
treatment group, we concluded that PC1 clusters conditions by cell type independent of the 207 
treatment group, whereas PC2 continues to maintain cell type identity yet is influenced by 208 
treatment (Figure 4C). Strikingly, PC3 is capable of unanimously isolating a senescence signature 209 
and separates BrdU samples from DMSO controls, independent of cell types (Figure 4C). When 210 
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observing the genetic contributions to the PCA loadings from PC3, one can identify that the most 211 
enriched positive and negative loadings associated with PC3 are inversely contributing to PC1, 212 
or cell type (Figure 4D). Notably, genes such as SLC7A1, HSP90AB1, PARP4, POMP1, and 213 
ENO1, are all observed to be contributing to the senescence phenotype as described by PC3 214 
(Figure 4D). Combining contributions from PC1 and PC3 allows us to isolate a cell type-specific 215 
signature of BrdU-induced senescence (Figure 4E). To further characterize these cell type-216 
specific contributions, we directly compared treatment groups through PCA and compared the 217 
contribution of those gene loadings across cell types (Figure 4F). Interestingly, the top 10 most 218 
highly enriched genes contributing to senescence in each cell type were specific to that cell type 219 
yet were never inversely observed in other cell types (with the exception of MYH9 in microglia) 220 
(Figure 4G). Altogether, each human brain cell type has its own senescence identity following 221 
senescence induction with BrdU treatment. Despite this, one can isolate a senescence signature 222 
independent of cell type based on the dimensionality reduction of the transcriptomic data. 223 
  224 
Regulatory network inference of induced senescent cells allows for the identification of 225 
SATRs across cell types 226 
  The identification of a common senescence gene expression signature from these 227 
senescent human midbrain cell types prompted investigations into a common regulatory gene 228 
network. To determine specific transcriptional perturbations, we inferred and reconstructed a 229 
transcriptional network utilizing the ARACNe algorithm and a previously established set of human 230 
transcription factors (TF) (17). Based on this reconstructed transcriptional network, we utilized 231 
one- and two-tailed gene set enrichment analysis comparing each treatment group across each 232 
cell type to isolate the regulon activity of each TF. We then further normalized the differential 233 
enrichment scores (NES) for gene set size and unbiasedly took the top enrichment scores for 234 
activated (positive) and repressed (negative) regulators upon senescence induction and found 235 
significantly enriched regulators with both common and cell type-specific enrichment (Figure 5A). 236 
We observed that transcriptional regulators such as FIZ1, SOX12, THAP5, CHCHD3, and CENPA 237 
were the most commonly repressed, whereas MSANTD1, ZNF790, ZBTB40, DPF1, and EGR3 238 
were the most commonly activated (Figure 5A). Other regulators, such as ERF, were significantly 239 
repressed but in a cell type-specific manner (Figure 5A). We further compared the differential 240 
expression of these regulators across cell types and ranked them based on their average 241 
expression (Figure 5B, C). We observed significant differential expression in a subset of 242 
regulators, specifically PA2G4, SOX12, CHCHD3, FIZ1, ERF, and TFAP4 (Figure 5B,C). Other 243 
regulators, such as MSANTD1 and THAP5, were significantly activated in senescence but were 244 
found to not be differentially expressed (Figure 5B,C). From here, we decided to focus on a subset 245 
of transcriptional regulators which met two requirements: the transcriptional regulator is both 246 
significantly enriched and differentially expressed across cell types. The resulting SATRs were 247 
further distinguished by observing the downstream transcriptional targets. We therefore focused 248 
on SOX12, CHCHD3, PA2G4, and TFAP4 (Figure 5D). As a comparison to commonly enriched 249 
regulators, we also included ERF as a regulator that is significantly enriched in most but not all 250 
cell types and is also differentially expressed (Figure 5C,D). We then isolated a list of predicted 251 
transcriptional targets and observed that transcriptional regulators such as CENPA and FIZ1, 252 
which are observed to be significantly repressed, are also downstream targets of PA2G4 (Figure 253 
5E). Other notable transcriptional targets are CDK4 and STMN1 for PA2G4, NHEJ1 for SOX12 254 
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and CHCHD3, and CXCL14 for SOX12 (Figure 5E). Enrichr (28-30) reaction pathway analysis of 255 
these downstream targets highlighted various cell cycle dysregulation pathways for PA2G4 and 256 
TFAP4, defects in vitamin metabolism and cholesterol biosynthesis pathways for SOX12, and 257 
defects in mitochondrial translation pathways for CHCHD3 (Figure 5F). There were no significant 258 
pathways observed for ERF (Figure 5F), which may be a result of the variable transcriptional 259 
activity of this regulator across cell types. Overall, we were able to isolate SATRs which were 260 
predicted to contribute to the senescence signature following BrdU-induced DNA damage across 261 
all five midbrain cell types. 262 
 263 
Functional characterization of SATRs in human midbrain cell lines 264 

To functionally characterize the selected SATRs, we knocked down (KD) ERF, CHCHD3, 265 
SOX12, PA2G4, and TFAP4 in all five midbrain cell types (Figure S6A-E). In addition to their 266 
predicted biological pathways (Figure 5F), each of these selected regulators have been previously 267 
described in the context of cell cycle dysregulation, apoptosis, and cellular senescence (Figure 268 
6A) (18, 31-35). We sought to determine which senescence hallmarks could be recapitulated 269 
solely by the repression of the various regulators as compared to our BrdU-induced senescence 270 
model. First, we examined the percentage of senescence-associated β-galactosidase (SA β-gal) 271 
positive cells following treatment of all five cell types with scrambled control (siSCR) and regulator 272 
KD (siRegulator) for each of the selected regulators. KD of ERF, SOX12, and PA2G4 resulted in 273 
a significant increase in the percentage of SA β-gal positive astrocytes and KD of ERF led to a 274 
significant increase in SA β-gal positive microglia (Figure 6B). We saw no significant changes in 275 
SA β-gal positive endothelial cells, oligodendrocytes, or neurons with KD of any of the selected 276 
regulators, indicating a cell type-specific regulation by SATRs of the elevated senescence-277 
associated β-gal phenotype. Next, we isolated RNA from siSCR and siRegulator-treated cells for 278 
each cell type and ran qPCRs for senescence markers CDKN1A, CDKN2A, CDKN2D, and 279 
LMNB1. With KD of ERF, we observed a significant senescence-like upregulation of CDKN1A 280 
only in neurons and downregulation of LMNB1 in astrocytes and oligodendrocytes (Figure 6C). 281 
Next, siRNA KD of CHCHD3 showed significant upregulation of CDKN1A in astrocytes and 282 
upregulation of CDKN2A in neurons with significant downregulation of LMNB1 only in microglia 283 
(Figure 6D). SOX12 KD resulted in the significant downregulation of LMNB1 in astrocytes and 284 
oligodendrocytes (Figure 6E). KD of PA2G4 showed a significant increase in CDKN1A in microglia 285 
and oligodendrocytes as well as a significant upregulation of CDKN2A in microglia, whereas no 286 
significant changes in LMNB1 levels were seen in any cell type (Figure 6F). Lastly, KD of TFAP4 287 
resulted in a significant upregulation of CDKN1A in astrocytes, oligodendrocytes, and neurons 288 
and an interestingly significant increase of CDKN2D levels in microglia (Figure 6G), which 289 
mirrored what we saw with BrdU treatment (Figure 1H). Additionally, TFAP4-KD astrocytes, 290 
microglia, oligodendrocytes, and neurons all displayed significantly diminished LMNB1 levels 291 
(Figure 6G). Based on the functional characterization of our selected SATRs, we can conclude 292 
that each regulator contributes to a cell type-specific signature of subsets of cellular senescence 293 
phenotypes. Importantly, no single regulator was able to fully recapitulate all the tested hallmarks 294 
in all cell types, suggesting a pathway-specific regulation of senescence hallmarks.  295 
 296 
Knockdown of SATR TFAP4 results in senescence phenotypes in human midbrain cell 297 
lines 298 
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TFAP4 has been well-established as a regulator of p21/p16 expression via MIR22HG (36), 299 
which is a miRNA that we have shown can regulate dopaminergic neuron senescence via PD risk 300 
factor GBA (37). First, PCA of TFAP4 transcriptional targets identified through gene set 301 
enrichment analysis reveals a senescence-associated signature in all cell types (Figure 7A, B). 302 
Based both on our results showing that KD of TFAP4 led to gene expression changes 303 
characteristic of a senescence phenotype and previous findings that loss of TFAP4 and 304 
associated increases in MIR22HG resulted in senescence phenotypes (18), we chose to focus 305 
on TFAP4 to further characterize senescence hallmarks associated with siRNA KD (Figure 7C, 306 
D). First, we looked at MIR22HG levels following TFAP4 KD in all five midbrain cell types and 307 
observed a significant increase in microglia, oligodendrocytes, and neurons with TFAP4 KD 308 
(Figure 7E). We immunostained siSCR and siTFAP4 treated cells for lamin B1 and saw a 309 
significant decrease in lamin B1 intensity with TFAP4 KD in microglia and oligodendrocytes 310 
(Figure 7F, S7A-B). Interestingly, we quantified nuclear area and only saw a significant increase 311 
in TFAP4 KD astrocytes (Figure 7G). Based on our observations of mitochondrial and lysosomal 312 
dysfunction across cell types following BrdU treatment (Figure 2), we used Mitotracker Red 313 
CMXRos and Lysotracker Deep Red staining in TFAP4 KD cells to investigate whether a loss of 314 
TFAP4 led to a disruption or lack of turnover of mitochondria and/or lysosomes in any cell type. 315 
We observed a significant increase in the number of mitochondria per cell (Figure 7H, S7A) and 316 
in the number of lysosomes per cell (Figure 7I, S7B) in TFAP4 KD astrocytes as compared to 317 
control. We further characterized siTFAP4 cells for gH2AX foci as a molecular marker of DNA 318 
damage and showed that astrocytes displayed an increased number of gH2AX foci/cell following 319 
TFAP4 KD (Figure 7J, S7A). Taken together, these results further demonstrate that targeting a 320 
SATR such as TFAP4 can recapitulate senescence hallmarks in a cell type-specific manner. 321 
 322 
  323 
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Discussion 324 
 325 

Through the investigations presented here, we have provided a detailed characterization 326 
of an in vitro senescence profile in various midbrain cell types which further elucidated a cell type-327 
specific profile of senescence. Chronic treatment with BrdU in astrocyte, endothelial, microglial, 328 
oligodendrocyte, and neuronal cell lines was able to induce cellular senescence in all five cell 329 
types based on the expression of several established hallmarks of senescence. However, we 330 
highlight that although the same senescence-inducing stressor was used, each cell type 331 
expressed its own senescence profile based on variability in the hallmarks observed as well as 332 
the degree of their expression. Senescence has been classically defined by key phenotypes, 333 
including proliferative arrest, increased SA β-gal activity, elevated levels of p21/p16/p19, SASP 334 
expression, mitochondrial and/or lysosomal alterations, presence of SAHF, and loss of lamin B1 335 
(4-7). Defining a senescent cell in vivo based on observed phenotypes has been recently 336 
summarized to specifically include (1) quantification of p21 and/or p16 mRNA or protein levels, 337 
(2) verification with additional markers such as LMNB1 downregulation, SASP factors,  SA β-gal, 338 
and DNA damage, (3) targeted removal or elimination of the cells with senomorphics or senolytics, 339 
and (4) confirmation that reduction of the senescent cells is sufficient to ameliorate a given 340 
phenotype (8).  341 

In the data presented here, we observed classical senescence hallmarks including 342 
elevated SA β-gal (Figure 1B) and proliferation arrest (Figure 1C) in all five cell types following 343 
BrdU treatment. However, we observed differences across cell types that highlighted various 344 
interesting patterns in the expression of classically described senescence hallmarks. All cell types 345 
other than microglia displayed both BrdU-dependent increases in the nuclear area (Figure 1E) 346 
and in CDKN1A (p21) mRNA levels (Figure 1H). Interestingly, senescent microglia displayed 347 
elevated CDKN2D (p19) levels, which is in line with reports of p19-positive microglia from P301S 348 
tau mice in the context of AD (38). Interestingly, all other cell types also showed a significant 349 
upregulation of p19 (CDKN2D) expression following BrdU treatment which emphasizes its 350 
potential as a more representative CDK inhibitor driving senescence in this context. Additionally, 351 
classical hallmark p21 protein expression (Figure 1F, S1D) was only significantly increased in 352 
astrocytes, endothelial cells, and oligodendrocytes following BrdU treatment, which aligned with 353 
changes in cathepsin D activity (Figure 2F) and accumulation of mitochondria (Figure 2D). Taken 354 
together, our data emphasizes the importance of assaying multiple phenotypes when defining a 355 
senescent cell, considering not only the cell type under investigation but also the context in which 356 
senescence is being induced and the stressor(s) being manipulated. Importantly, a better 357 
understanding of these cell type-specific profiles of senescence has the potential to inform future 358 
in vivo senescence investigations, whereby detection of senescence phenotypes in each cell type 359 
may be made easier by a high throughput characterization of different cell types across various 360 
contexts. Furthermore, the identification of cell type-specific pathways could lead to the 361 
development of novel senolytics and/or senomorphics. 362 

In the context of BrdU treatment, it is important to note that comparisons of senescence 363 
hallmarks between cell types may differ based on varied baseline levels and the timepoint at 364 
which we are measuring the expression of these hallmarks (i.e. early- vs. late-stage senescence). 365 
One example of this can be seen with our observed CDKN2A (p16) expression levels, where p16 366 
was not detected in oligodendrocytes and was actually decreased with BrdU treatment among 367 
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other cell types (Figure 1H). Additionally, our investigations into CDKN1A (p21) showed variability 368 
based on the method of detection (immunostaining (Figure 1F), RNAseq (Figure 1H), and 369 
Western blotting (Figure S2D)), but also showed cell type-dependent differences. Both control 370 
and BrdU-treated neurons expressed very low levels of p21 and inverse levels of p21 were 371 
observed in BrdU-treated microglia. As we demonstrate in the context of BrdU treatment in the 372 
midbrain cell lines used, neither p16 nor p21 is a universal marker of senescence across cell 373 
types, at least 7-days following BrdU-induced DNA damage. Thus, p21/p16 alone is not sufficient 374 
to define the senescence phenotype across the five cell types, further highlighting the importance 375 
of assaying various senescence hallmarks. In comparison, markers such as senescence-376 
associated β-gal, proliferation arrest, and increased nuclear size and/or decreased LMNB1 were 377 
more universally observed across cell types. This allowed for not only more direct comparisons 378 
across cell types but also defines them as more robust and comprehensive markers of a 379 
senescence phenotype following BrdU treatment.  380 

In the context of mitochondrial and lysosomal dysfunction, we similarly observed variability 381 
amongst the senescence hallmarks we assayed. When determining the oxygen consumption rate 382 
(OCR), all cell types showed a general downward trend following senescence induction, yet when 383 
OCR was compared across cell types, we observed large variations. Specifically, astrocytes 384 
showed a range in basal respiration of 5-60 pmol/min, whereas oligodendrocytes showed a range 385 
of 50-446 pmol/min. We also investigated cell type-specific responsiveness to well-established 386 
senolytic compounds D+Q and navitoclax (24, 25) and observed high sensitivity of senescent 387 
oligodendrocytes and astrocytes to both D+Q and navitoclax (Figure 3), with BrdU-treated 388 
microglia also showing navitoclax sensitivity. The differences we observed in the ability of the two 389 
well-characterized senolytic cocktails to eliminate BrdU-induced senescent cell lines offers an 390 
interesting perspective in the future development of senolytic drugs, which should further consider 391 
varying responsiveness based on the senescence profile of different cell types.  392 

Following our central theme of cell type-dependent expression of senescence phenotypes, 393 
the investigations into unbiasedly isolating a senescence profile of midbrain cell types through 394 
PCA emphasizes our ability to isolate both unique and common senescence signatures from 395 
different cell types (Figure 4). At first glance, comparing all cell types through PC1 reveals clusters 396 
based on cell identity, highlighting that induction of senescence does not alter the primary 397 
transcriptional signature of a given cell type. This is further alluded to by directly comparing the 398 
genes that contribute to the senescence-phenotype following BrdU treatment within a cell type, 399 
which does not positively contribute to this signature in other cell types (Figure 4F,G). However, 400 
further comparisons across cell types through PC3 reveal that there is also a common 401 
senescence signature (Figure 4C-E). Therefore, a common and cell type-specific senescence 402 
profile predicts upstream master regulators of transcription (SATRs), which can functionally 403 
regulate observed senescence responses both within and across these different midbrain cell 404 
types (39). Our investigations into SATRs such as ERF, CHCHD3, SOX12, PA2G4, and TFAP4 405 
highlight that each regulator can recapitulate some hallmarks of senescence, but not all, and does 406 
so in a cell type-dependent manner. For example, the knockdown of PA2G4 (EBP1), which has 407 
been previously implicated in the cell cycle and AD (40, 41), significantly induces β-gal expression 408 
only in astrocytes, resulting in the upregulation of CDKN1A in both microglia and oligodendrocytes 409 
and CDKN2A in microglia, but fails to induce any changes in CDKN2D and LMNB1. Therefore, 410 
examining only β-gal expression or p21/p16 upregulation as a senescence-associated response 411 
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in a given cell type could highlight PA2G4 as a regulator in that context, but only when comparing 412 
all of the phenotypes assayed here can we see that PA2G4 only induces specific responses in a 413 
cell type-dependent manner.  414 

We chose to focus on the SATR TFAP4 based partially on its previous association with 415 
senescence in the context of directly downregulating p16 and p21 in fibroblasts (36) and induction 416 
based on varied c-Myc levels (42). Additionally, and most interestingly, TFAP4 has been shown 417 
to suppress DNA damage and senescence via repression of MIR22HG (miR-22-3p) (18), which 418 
we have recently shown to be connected to PD risk factors SATB1 and GBA in the context of lipid-419 
induced DA neuron senescence (37, 43). Specifically, our functional characterization of 420 
senescence hallmarks in TFAP4 KD cells revealed an upregulation of MIR22HG only in microglia, 421 
oligodendrocytes, and neurons (Figure 7D), which is in line with previous reports of TFAP4-422 
dependent MIR22HG regulation in cancer cells (18). Interestingly, we also observed a significant 423 
decrease in lamin B1 protein levels in microglia and oligodendrocytes and a trending decrease in 424 
neurons (p=0.11, Figure 7E), indicating that the TFAP4-MIR22HG pathway may specifically 425 
mediate the lamin B1 phenotype in senescent cells. Our experiments using BrdU treatment did 426 
not lead to the same pattern of hallmark expression in these three cell types in any of the 427 
phenotypes we assessed (Figures 1-3) which suggests that a cell type-dependent senescence 428 
phenotype can also be dependent on the method of senescence induction and may be regulated 429 
by the concerted action of a subset of SATRs. When we further characterized additional 430 
senescence hallmarks in TFAP4 KD cells, such as DNA damage, mitochondrial and lysosomal 431 
dysfunction, and nuclear size, we only observed significant senescence-associated changes in 432 
astrocytes following TFAP4 KD (Figure 7F-I). In addition to our investigations into specific 433 
senescence phenotypes that may be modulated by these upstream SATRs, it is also possible to 434 
manipulate these inferred regulators in the context of senolytic drug development to specifically 435 
target certain senescent cell types in vitro and in vivo. 436 

Lastly, our characterization of a cell type-specific senescence profile in these midbrain cell 437 
types informs senescence in the context of neurodegeneration and specifically PD, where DA 438 
neurons of the SNpc have been shown to become senescent (11). Importantly, the cell types 439 
investigated have all been shown to be capable of becoming senescent in the context of aging, 440 
neurodegeneration, or even AD and PD specifically (12, 38, 44-46). Taken together, this leads to 441 
the interesting idea that these five different midbrain cell types may have the potential to become 442 
senescent via the spreading of senescence (via SASP). Thus, it would be important to have 443 
defined a cell type-specific profile of senescence to better understand the mechanisms by which 444 
senescence may spread between distinct cell types both in vitro and in vivo where a given cell 445 
type could be successfully defined as senescent. Based on our results shown here, we have 446 
defined and thoroughly characterized this cell type-specific senescence phenotype as well as 447 
various interesting functional regulators of senescence, here called SATRs, that were inferred 448 
based on our unbiased, systematic approach of inducing a senescence phenotype in various 449 
midbrain cell lines with BrdU-induced DNA damage. Finally, the SATRs identified here could 450 
potentially be used as cell type-specific drug targets for either developing novel senolytics, 451 
senescence biomarkers, or senescence inducers for cancer treatment.  452 
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Methods 453 
 454 
HMC3 (microglia) cell culture 455 
HMC3 microglial cells (ATCC) were cultured according to the vendor’s protocol. In brief, cells 456 
were grown at 37ºC in 5% CO2. The used medium is ATCC-formulated Eagle’s Minimum Essential 457 
Medium (Catalog No. 30-2003) with 1% Pen/Strep and fetal bovine serum to a final concentration 458 
of 10% added. Cells were passaged every 2-3 days with Trypsin-EDTA (0.25%, ThermoFisher 459 
Catalog No. 25200072). 460 
 461 
SK-N-MC (neurons) cell culture 462 
SK-N-MC cells (ATCC) were cultured according to the vendor’s protocol. In brief, cells were grown 463 
at 37ºC in 5% CO2. The used medium is ATCC-formulated Eagle’s Minimum Essential Medium 464 
(Catalog No. 30-2003) with 1% Pen/Strep and fetal bovine serum to a final concentration of 10% 465 
added. Cells were passaged every 2-3 days with Trypsin-EDTA (0.25%, ThermoFisher Catalog 466 
No. 25200072). 467 
 468 
HBEC-5i (endothelial cells) cell culture 469 
HBEC-5i microvascular endothelial cells (ATCC) were cultured according to the vendor’s protocol. 470 
In brief, cells were grown at 37ºC in 5% CO2. The used medium is ATCC DMEM:F12 (Catalog 471 
No. 30-2006) with a Microvascular Growth Supplement (ThermoFisher, Catalog No. S00525) 472 
added, as well as 1% Pen/Strep and fetal bovine serum to a final concentration of 10%. Cells 473 
were passaged every 2-3 days with Trypsin-EDTA (0.25%, ThermoFisher Catalog No. 25200072) 474 
and were plated on vessels coated with 0.1% gelatin (Sigma, Catalog No. G1393) in H2O for 45 475 
minutes at 37ºC.  476 
 477 
HOG (oligodendrocytes) cell culture 478 
HOG cells (Sigma) were cultured according to the vendor’s protocol. In brief, cells were grown at 479 
37ºC in 5% CO2. The used medium is ATCC DMEM (Catalog No. 30-2002) with 1% Pen/Strep 480 
and fetal bovine serum to a final concentration of 10% added. Cells were passaged every 2-3 481 
days with StemPro Accutase (Thermo Fisher, Catalog No. A1110501). 482 
 483 
SVG-A (astrocytes) cell culture 484 
The SVG-A cell line was kindly provided by Dr. Walter Atwood (Brown University, Providence, RI, 485 
USA). These cells were cultured as previously reported at 37ºC in 5% CO2 in ATCC DMEM 486 
(Catalog No. 30-2002) with 1% Pen/Strep and fetal bovine serum to a final concentration of 10% 487 
(47). Cells were passaged every 2-3 days with Trypsin-EDTA (0.25%, Thermo Fisher, Catalog No. 488 
25200072). 489 
 490 
BrdU treatment of human cell lines  491 
Treatment for 7 days with 100 uM 5-bromo-2’-deoxyuridine (BrdU) (Sigma, Catalog No. B5002) 492 
dissolved in DMSO (Sigma, Catalog No. D2650) was used to induce senescence in the human 493 
cell lines. A 0.1% DMSO solution in the appropriate cell line growth media was used as a control. 494 
Previous reports have shown that BrdU treatment activates a DNA damage response and can 495 
induce a senescence phenotype in mammalian cells, regardless of cell type (15, 16, 19, 48-50). 496 
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 497 
Senescence-associated β-galactosidase (SA-β-gal) assay 498 
To test whether BrdU-treated cell lines displayed a lysosomal dysfunction phenotype consistent 499 
with entering a state of cellular senescence, a senescence-associated β-galactosidase (SA-β-500 
gal) assay (Cell Signaling Technology, Catalog No. 9860) was performed according to the 501 
manufacturer’s protocol. In brief, after the respective 7-day treatment, cells were fixed and 502 
incubated over night at 37oC with X-gal as substrate for the SA-β-galactosidase. The following 503 
day, the substrate solution was removed, 70% glycerol (in PBS) was added to the fixed cells, and 504 
wells were imaged with a microscope (Accu-Scope, EXI-410, Skye Color Camera). Analysis and 505 
quantification of images was performed using Fiji and statistical analyses were performed using 506 
Prism (GraphPad). 507 
 508 
RNA isolation and RNAseq of DMSO- and BrdU-treated human cell lines 509 
RNA was isolated from cell lines following 7-day treatment with DMSO or 100 uM BrdU using the 510 
RNeasy Plus Mini Kit (QIAGEN, Catalog No. 74134) and QIAshredder (QIAGEN, Catalog No. 511 
79656) and 500 ng of RNA for each sample was sent to Azenta for bulk RNAseq. In brief, sample 512 
quality control and determination of concentration was performed using TapeStation Analysis by 513 
Azenta, followed by library preparation and sequencing. Computational analysis included in their 514 
standard data analysis package was used for data interpretation. Target genes were pulled from 515 
known lists of genes associated with senescence, senescence-associated secretory phenotype 516 
(SASP) (51), mitochondrial and lysosomal function (21, 22). Samples used in heatmaps were 517 
normalized by z-score. 518 
 519 
Live imaging and growth curve analysis 520 
Following 7-day treatment with DMSO or 100 uM BrdU, cells were passaged and seeded on 24-521 
well plates (Sarstedt, Catalog No. NC0984607) at equal densities amongst conditions. Using the 522 
Agilent LionheartFX Live Imaging System, three regions of interest per well were imaged at 20x 523 
every 15 minutes for 48 hours. Cell growth was standardized by starting cell number. 524 
 525 
Immunofluorescent staining of senescence markers 526 
12 mm round glass coverslips (VWR, Catalog No. 73605-514) were washed in 70% ethanol, 527 
rinsed with PBS, and allowed to air dry for 60 minutes under UV light to sterilize. Coverslips were 528 
then placed into each well of a 24-well plate, 500 uL of 0.1% gelatin in H2O was added to each 529 
well, and the plate was incubated at 37ºC for at least 30 minutes. The gelatin solution was then 530 
removed, and cells were plated onto coverslips for 7-day treatment with DMSO or 100 uM BrdU. 531 
Following treatment, cells were chemically fixed with 4% PFA in PBS for 20 minutes at room 532 
temperature. Cells were then permeabilized with 0.2% TritonX-100 in PBS for 10 minutes at room 533 
temperature followed by 3 5-minute PBS washes and then blocking in 5% NDS/PBS/0.1% 534 
Tween20 at room temperature for 30 minutes. The cells were then incubated with the respective 535 
primary antibody in 5% NDS/PBS/0.1% Tween20 overnight at 4ºC. Primary antibodies used 536 
include gH2AX (pS139) (Abcam, Catalog No. ab303656), lamin B1 (Abcam, Catalog No. 537 
ab16048), and p21 (Abcam, Catalog No. ab109520). The following day, cells were washed 4 538 
times for 5 minutes each in 0.1% Tween20-PBS and then incubated with the respective secondary 539 
antibodies in 5% NDS/PBS/0.1% Tween20 for 2 hours in the dark at room temperature. 540 
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Secondary antibodies used include Alexa Fluor 488 d@ms IgG (Invitrogen, Catalog No. A21202), 541 
Alexa Fluor 488 d@Rb (Invitrogen, Catalog No. A21206), Alexa Fluor 546 d@Rb IgG (Invitrogen, 542 
Catalog No. A10040), and Alexa Fluor 647 d@Rb (Invitrogen, Catalog No. A31573). The cells 543 
were then rinsed again 4 times for 5 minutes each in 0.1% Tween20-PBS and then coverslips 544 
with cells were mounted onto slides (top down) with 20 uL of DAPI Fluoromount-G (Southern 545 
Biotech, Catalog No. 0100-20). Slides were then cured in the dark at room temperature overnight. 546 
Confocal images were taken with an Olympus FV3000 Laser Scanning Confocal Microscope. 547 
Laser settings (laser strength, gain, and offset) and magnification were maintained across 548 
treatment groups. Airyscan imaging was performed using Zeiss LSM 800. Images were taken at 549 
3X zoom with 0.2 AU pinhole size and high resolution Airyscan post-processing. All other settings 550 
were optimized by Airyscan digital processing recommendations.  551 
 552 
Fluorescent dyes for imaging mitochondria and lysosomes 553 
For imaging of mitochondria and lysosomes, cells were plated on sterile 12 mm round glass 554 
coverslips (as previously described) and exposed to 7-day treatment with either DMSO or 100 555 
uM BrdU. Following treatment, cells were washed 1x with Dulbecco’s PBS without calcium and 556 
magnesium (ThermoFisher, Catalog No. 14190094) and then incubated for 15 minutes at 37ºC in 557 
either 500 nM Mitotracker Red CMXRos (Invitrogen, Catalog No. M7512) in PBS or 1 uM 558 
Lysotracker Deep Red (Invitrogen, Catalog No. L12492) in PBS. Following treatment, cells were 559 
chemically fixed, permeabilized, washed, blocked, and stained as described above for additional 560 
senescence markers. Confocal images were taken with an Olympus FV3000 Laser Scanning 561 
Confocal Microscope. Laser settings (laser strength, gain, and offset) and magnification were 562 
maintained across treatment groups. Post-processing of images was performed by ImageJ and 563 
Cell Profiler as described below. 564 
 565 
Image analyses 566 
Images were analyzed in bulk through Cell profiler. Z-projections were taken from each image by 567 
maximum intensity and then separated by fluorophore. Nuclei were identified using DAPI staining. 568 
Mitochondria and lysosomal counts were analyzed by applying a size and intensity threshold in 569 
Cell Profiler utilizing control samples. Counts per image were then standardized by the number 570 
of cells to give an average number of objects per cell. gH2AX foci were analyzed by applying a 571 
size and intensity threshold in Cell Profiler utilizing control samples. These foci were then 572 
associated with each nucleus. Foci per nuclei were then averaged by the number of cells per 573 
image. p21 and lamin B1 intensity were extracted from DAPI labeled nuclei.  574 
 575 
 576 
Western blotting for p21 577 
Western blotting for p21 was performed using the Licor-Odyssey Scanner. In short, protein lysates 578 
were derived from cell cultures using RIPA buffer (Thermo Scientific, Catalog No. 89900) 579 
containing both protease (Roche, Catalog No. 11836170001) and phosphatase (Roche, Catalog 580 
No. 4906845001) inhibitors. To determine the protein concentration of each sample, a Pierce BCA 581 
assay (Thermo Scientific, Catalog No. PI23225) was performed and quantified using a 582 
SpectraMax iD3 (Molecular Devices) plate reader. Equal quantities  (10 μg) of protein were boiled 583 
in 4X Tris-Glycine-SDS sample buffer (Biorad, Catalog No. 1610747) at 95°C for 5 min and 584 
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separated using 4%–15% Tris-glycine (Biorad, Catalog No. 4568084). Proteins were transferred 585 
to PVDF membranes (Biorad, Catalog No. 1620177) using a semi-dry blotting method. Blots were 586 
then blocked in Intercept TBS Blocking Buffer (Licor, Catalog No. 927-60001) for 1 hour at room 587 
temperature and subsequently incubated with the respective primary antibody overnight at 4°C in 588 
TBS Blocking Buffer supplemented with 0.1% Tween-20 (Biorad, Catalog No. 1610781). The 589 
following primary antibodies were used: p21 Rabbit Monoclonal Antibody (Thermo Scientific, 590 
Catalog No. MA5-14949, 1:1,000), β-Actin mouse monoclonal IgG1 (Sigma, Catalog No. A2228). 591 
Primary antibody was detected with 1 hour incubation at room temperature in TBS Blocking Buffer 592 
supplemented with 0.1% Tween-20. The following secondary antibodies were used: IRDye 593 
800CW Goat anti-Rabbit IgG (Licor, Catalog No. 926-32211), IRDye 680RD Goat anti-Mouse IgG 594 
(Licor, Catalog No. 926-68070). An Odyssey Classic Scanner (Licor) was used to visualize protein 595 
bands, which were subsequently quantified with ImageJ software and normalized to the 596 
corresponding β-Actin bands. 597 
 598 
Seahorse XF Mito Stress Test 599 
To measure cellular respiration as a readout for cellular mitochondrial activity, we applied the 600 
Seahorse FX Mito Stress Test and Seahorse XFe96 Analyzer (Agilent) according to the 601 
manufacturer’s protocol. In brief, cells were plated on a 96-well plate (Sarstedt, Catalog No. 602 
NC0506179) and were treated for 7 days with DMSO or 100 uM BrdU as previously described. 603 
The following day, cells were washed with XF Cell Mito Stress Test Assay medium (Agilent) and 604 
incubated for one hour in a CO2-free incubator at 37ºC. During the experimental measurement, 605 
cells were challenged with 1.0 µM Oligomycin (Port A), 0.5 µM FCCP (Port B) and 0.5 µM 606 
Rotenone/Antimycin A (Port C). After the Seahorse run, results were normalized on the protein 607 
concentration of every individual well based on a BCA Assay (ThermoFisher, Catalog No. 23225) 608 
and a SpectraMax iD3 (Molecular Devices) plate reader. Following normalization, Seahorse 609 
results were analyzed using the Wave software (Agilent). 610 
 611 
Cathepsin D enzymatic activity assay 612 
Cathepsin D enzymatic activity was assessed using the Cathepsin D Activity Fluorometric Assay 613 
Kit (BioVision, Catalog No. K143-100) according to the manufacturer’s protocol. In brief, cells 614 
were treated for 7 days with DMSO or 100 uM BrdU as previously described and were then 615 
counted using an EVE Automated Cell Counter (NanoEntek) to normalize cell number for use with 616 
the Cathepsin D assay kit. Lysed cells were incubated with master assay mix for 2 hours at 37ºC 617 
and samples were read with a SpectraMax iD3 (Molecular Devices) plate reader at 328 nm 618 
excitation and 460 nm emission. 619 
 620 
Principal component analysis 621 
Principal component analysis (PCA) was performed using the FactoMineR package in R(52). In 622 
short, RNA-seq expression data was normalized by z-score for each gene list. A correlation matrix 623 
was formed for each sample condition using the built in cor() function from the normalized data 624 
set. The function princomp() was used to isolate the principal component analysis loadings from 625 
the correlation matrix. fviz_eig, fviz_pca_var, and fviz_cos2 were used to visualize the data. The 626 
graphs were constructed in GraphPad Prism.  627 
 628 
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Transcriptional regulator analysis 629 
The transcriptional regulatory networks were inferred using the Bioconductor RTN package in R 630 
(17, 53). A list of known human transcription factors was obtained (54). In short, the reconstruction 631 
of a transcriptional regulatory network (TRN) was inferred from RNA-seq data collected from all 632 
5 cell types (astrocytes, endothelial cells, microglia, oligodendrocytes, and neurons) and from 633 
both treatment conditions (7-day DMSO or 100 uM BrdU). Interactions between regulators (TFs) 634 
and potential targets were computed based on mutual information (MI), removing unstable 635 
interactions by bootstrapping, and then the ARACNe algorithm was applied to remove the 636 
weakest interaction between two TFs and a common target gene. From this TRN, we used a two-637 
tailed gene set enrichment analysis with 1000 permutations to assess the regulon-target gene 638 
interaction, separating them into a positive or negative targets using Pearson’s correlation and 639 
assessing the distribution of the targets across a log2FoldChange ranked gene list. An Enrichment 640 
Score (ES) was calculated by walking down the ranked list of target genes and increasing the 641 
running sum statistic when encountering a gene in the set and decreasing the statistic when 642 
encountering a gene not in the set. The diffferential Enrichment score (dES=posES-negES) was 643 
normalized to the mean enrichment score of random samples of the same gene set size (NES). 644 
P-values were calculated using log-rank statistics. The top 10 positively and negatively enriched 645 
regulons were isolated for each cell type and then further sorted by baseline expression.  646 
 647 
siRNA knockdown of selected transcriptional regulators 648 
Transfection of Silencer Select Pre-Designed Human siRNAs for SOX12 (Life Technologies, 649 
Catalog No. 4392420 (s13315)), ERF (Life Technologies, Catalog No. 4390824 (s4808)), TFAP4 650 
(Life Technologies, Catalog No. 4392420 (s14014)), PA2G4 (Life Technologies, Catalog No. 651 
4390824 (s9978)), and CHCHD3 (Life Technologies, Catalog No. 4392420 (s29771)) was 652 
performed using Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher, Catalog No. 653 
13778150) according to the manufacturer’s protocol. In brief, cells were incubated with 5 pmol 654 
siRNA per well of a 24-well plate for 48-hours, followed by a fresh media change. Cells were re-655 
transfected with an additional 5 pmol siRNA per well of a 24-well plate 72-hours after the initial 656 
transfection and again incubated for 48-hours, with a final media change 120-hours after the initial 657 
transfection. Cells were harvested for experiments 7-days after the initial siRNA transfection. 658 
Control transfections were performed using a scrambled control (SCR).  659 
 660 
Western blotting for transcriptional regulators 661 
Western blotting was performed as previously described (37). In short, protein lysates were 662 
derived from cell cultures using RIPA buffer (Thermo Scientific, Catalog No. 89900) containing 663 
both protease (Roche, Catalog No. 11836170001) and phosphatase (Roche, Catalog No. 664 
4906845001) inhibitors. To determine the protein concentration of each sample, a Pierce BCA 665 
assay (Thermo Scientific, Catalog No. PI23225) was performed and quantified using a 666 
SpectraMax iD3 (Molecular Devices) plate reader. Equal quantities  (10 μg) of protein were boiled 667 
in 2X Tris-Glycine-SDS sample buffer (Thermo Scientific, Catalog No. LC2676) at 95°C for 5 min 668 
and separated using 4%–20% Tris-glycine (Invitrogen, Catalog No. XP04200). Proteins were 669 
transferred to nitrocellulose membranes (Thermo Scientific, Catalog No. 88018) using a wet 670 
blotting method. Blots were then blocked with 5% BSA (Jackson Immuno Research, Catalog No. 671 
001-000-162) for 1 hour at room temperature and subsequently incubated with the respective 672 
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primary antibody overnight at 4°C. The following primary antibodies were used: rabbit polyclonal 673 
ERF (Thermo Scientific, Catalog No. PA5-30237, 1:1,000), rabbit polyclonal SOX12 (Thermo 674 
Scientific, Catalog No. 23939-1-AP, 1:1,000), rabbit polyclonal CHCHD3 (Thermo Scientific, 675 
Catalog No. PA5-60167, 1:1,000), rabbit polyclonal PA2G4 (Thermo Scientific, Catalog No. 676 
15348-1-AP, 1:1,000), and rabbit polyclonal TFAP4 (Thermo Scientific, Catalog No. 12017-1-AP, 677 
1:1,000). Primary antibody was detected with 1 hour incubation at room temperature with HRP-678 
linked goat anti–rabbit IgG (Cell Signaling Technology, Catalog No. 7074S,1:10,000) together with 679 
SuperSignal West Pico Plus Chemiluminescent Substrate (Thermo Scientific,  Catalog No. 680 
34578). For staining of β-Actin, blots were stripped for 15 minutes at room temperature using 1X 681 
ReBlot Plus Strong Antibody Stripping Solution (Millipore Sigma, Catalog No. 2504), re-blocked 682 
with 5% BSA (Jackson Immuno Research, Catalog No. 001-000-162) for 1 hour at room 683 
temperature and subsequently incubated with Direct-Blot HRP anti-β-Actin (BioLegend, Catalog 684 
No. 664803, 1:100,000) for 30 minutes at room temperature followed by SuperSignal West Pico 685 
Plus Chemiluminescent Substrate (Thermo Scientific,  Catalog No. 34578). A ChemiDoc XRS+ 686 
(BioRad) was used to visualize protein bands, which were subsequently quantified with ImageJ 687 
software and normalized to the corresponding β-Actin bands. 688 
 689 
qPCR for senescence markers 690 
RNA (200 ng) was reverse transcribed using the Applied Biosystems High-Capacity cDNA 691 
Reverse Transcription Kit (Thermo Scientific, Catalog No. 4368814) and the output volume of 20 692 
μL was diluted in nuclease-free water to 40μL for a cDNA working concentration of 5ng/μL. Real 693 
time PCR was performed using the Applied Biosystems Power SYBR Green PCR Master Mix 694 
(Thermo Scientific, Catalog No. 4367659) on a Quant Studio 3 (Applied Biosystems) with reaction 695 
specificity confirmed by melt curve analysis. All comparisons (siSCR vs. master regulator 696 
knockdown) for each qPCR reaction were run on the same qPCR plate and run in a triplicate. 697 
Human qPCR primer sequences used (5’ to 3’) are listed in Table 1. 698 
 699 
Senolytic treatment in human cell lines 700 
Human cell lines were plated on 96-well plates and treated for 7-days with DMSO or 100 uM BrdU 701 
as described above. Viability of the cells was then measured (see below) before senolytic drugs 702 
were added. Dasatinib (VWR, Catalog No. 102541-694) was dissolved in sterile DMSO to a stock 703 
concentration of 500 uM. The drug was then diluted to a working stock concentration of 2 uM in 704 
the appropriate culture media based on the cell type being tested before use in final 705 
concentrations of 50 nM or 100 nM. Quercetin (Med Chem Express, Catalog No. HY-18085) was 706 
dissolved in sterile DMSO to a stock concentration of 100 mM. The drug was then diluted to a 707 
working stock concentration of 2 mM in the appropriate culture media based on the cell type being 708 
tested before use in final concentrations of 10 uM or 20 uM. Navitoclax (ABT-263, Med Chem 709 
Express, Catalog No. HY-10087) was dissolved in sterile DMSO to a stock concentration of 20 710 
mM. The drug was then diluted to a working stock concentration of 1 mM in the appropriate culture 711 
media based on the cell type being tested before use in final concentrations of 1 uM, 10 uM, or 712 
20 uM. For all senolytic drugs used, an appropriate DMSO control (with the highest % DMSO 713 
used for each drug) was applied. All senolytics were applied for 48 hours and cells were incubated 714 
at 37°C with 5% CO2. 715 
 716 
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Viability assay 717 
To assess cellular viability, a CCK8 cell viability kit (Dojindo, Catalog No. CK04-05) was used 718 
according to the manufacturer’s protocol. In brief, cell medium was replaced by fresh medium 719 
containing 10% of CCK8 solution in the appropriate serum-containing media based on the cell 720 
type being tested. Using a SpectraMax iD3 (Molecular Devices) plate reader, an initial background 721 
absorbance reading at 450 nm was taken. Cells were then incubated for 2 hours at 37°C with 5% 722 
CO2 before absorbance was read again. The CCK8 assay for assessing viability was first used 723 
after the 7-day DMSO and BrdU treatment. Cells were then washed with PBS and senolytic drugs 724 
were added (as described above) and cells were incubated for 48 hours at 37°C with 5% CO2. 725 
The CCK8 assay was then performed again to assess viability based on treatment with senolytics 726 
and results were normalized to the initial CCK8 assay performed on Day 7 following DMSO or 727 
100 uM BrdU treatment. 728 
 729 
Statistics 730 
Statistical tests were performed using GraphPad’s Prism (v10) software. A threshold of p<0.05 731 
was considered significant. Significance was determined using the test indicated in figure legends. 732 
Results are presented as means ± SD, with individual points representing biological replicates. 733 
 734 
Representative growth curves in Figure S1A are associated with Figure 1C. Representative 735 
images in Figure S1B are associated with Figure  1D-F. A representative diagram in Figure S2A 736 
is associated with Figure 2B. Representative images in Figure S2B,C are associated with Figure 737 
2D,E. Representative western blots of knockdowns in each cell type in Figure S6A-E are 738 
associated with knockdowns for Figure 6B-G and Figure 7C. Representative images in Figure S7 739 
are associated with Figure 7F-J.   740 
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Figures 743 
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Figure 1: Induction of a Canonical Senescence Phenotype in Human 
Midbrain Cell Lines
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Figure 1: Induction of a canonical senescence phenotype in human midbrain cell lines. A) 746 
Timeline of treatment of human cell lines with DMSO control or 100 uM BrdU for 7 days. Features 747 
of senescence were analyzed 8 days total after initial plating of cells. B) Representative images 748 
of senescence-associated ß-galactosidase (β-gal) staining in oligodendrocytes after 7-day 749 
treatment with either DMSO control or 100 uM BrdU. Quantification of percentage of β-gal positive 750 
cells (blue) in astrocytes, endothelial cells, microglia, oligodendrocytes, and neurons following 7-751 
day treatment with DMSO control (grey) or 100 uM BrdU (red) (n=3-8). C) Growth rates 752 
(divisions/hour) of DMSO (grey) and 100 uM BrdU (red) treated human cell lines (n=3). D) 753 
Quantification of immunofluorescence staining of DNA damage marker gH2AX in DMSO (grey) 754 
and 100 uM BrdU (red) treated human cell lines (n=9). E) Quantification of nuclear area based on 755 
immunofluorescence staining of lamin B1 in DMSO (grey) and 100 uM BrdU (red) treated human 756 
cell lines (n=9).  F) Quantification of immunofluorescence staining of canonical senescence 757 
marker p21 in DMSO (grey) and 100 uM BrdU (red) treated human cell lines (n=9). G) Z-score 758 
heatmap showing canonical senescence marker expression in all cell types (astrocytes – green, 759 
endothelial cells – orange, microglia – purple, oligodendrocytes – yellow, neurons – brown) based 760 
on bulk RNAseq of DMSO (blue) and BrdU (pink) treated human cell lines. H) TPM expression 761 
values of highlighted senescence markers LMNB1, CDKN1A, CDKN2D, and CDKN2A in DMSO 762 
(grey) and BrdU (red) treated cell lines. (n=3). Data was analyzed by two-way ANOVA with Šídák's 763 
multiple comparisons test. All graphs show mean with error bars depicting standard deviation (ns, 764 
p>0.05, * p<0.05, ** p<0.01, *** p<0.001).  765 
 766 
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Figure 2: Induced Senescent Human Midbrain Cell Lines Show 
Mitochondrial and Lysosomal Alterations
A

B

Mitochondrial Genes

D

Lysosomal Genes

C

E

En
do

th
el

ia
l C

el
ls

M
ic

ro
gl

ia
O

lig
od

en
dr

oc
yt

es
N

eu
ro

ns
A

st
ro

cy
te

s

DMSO BrdU

Lamin B1
Mitotracker CMXRos

Lamin B1
Mitotracker CMXRos

Lamin B1
Mitotracker CMXRos

Lamin B1
Mitotracker CMXRos

Lamin B1
Mitotracker CMXRos

Astrocytes
Endothelial Cells
Microglia
Oligodendrocytes
Neurons

DMSO
BrdU

-2

-1

0

1

2

-2

-1

0

1

2

0.00

0.01

0.02

0.03

0.04

M
ea

n 
In

te
ns

ity
 (A

.U
) ✱✱✱ ns ✱✱✱ ✱✱✱ ✱

Astr
ocy

tes

Endotheli
al 

Cell
s

Micr
oglia

Olig
oden

dro
cy

tes

Neu
ro

ns
0.60

0.65

0.70

0.75

0.80
Ec

ce
nt

ric
ity

 (A
.U

)
✱✱✱ ✱ ✱ ✱✱ ✱✱✱

F

DMSO control 100 uM BrdULegend:

0
20
40
60
80

100

1000
2000
3000

M
ito

ch
on

dr
ia

/C
el

l

✱✱ ✱✱✱ ns ✱✱✱ ns

Astr
ocy

tes

Endotheli
al 

Cell
s

Micr
oglia

Olig
oden

dro
cy

tes

Neu
ro

ns
0

2

4

6

C
at

he
ps

in
-D

 R
FU

 / 
# 

of
 c

el
ls ✱✱ ns ✱✱✱ ns✱

-20
0

20
40
60
80

Astrocytes

O
C

R
 (p

m
ol

/m
in

)

nsnsns ns

-50

0

50

100

Endothelial Cells

O
C

R
 (p

m
ol

/m
in

)

✱✱✱✱ ✱

0
50

100
150
200

Microglia

O
C

R
 (p

m
ol

/m
in

)

✱✱✱✱✱ ✱✱

-200
0

200
400
600

Oligodendrocytes

O
C

R
 (p

m
ol

/m
in

)

nsns ns ns

Bas
al 

Res
pira

tio
n

ATP Pro
ducti

on

Pro
ton Lea

k
SRC

-40
-20

0
20
40
60
80

Neurons

O
C

R
 (p

m
ol

/m
in

)

✱✱✱nsns ✱

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 6, 2025. ; https://doi.org/10.1101/2025.02.06.636893doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.06.636893
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 2: Induced senescent human midbrain cell lines show mitochondrial and lysosomal 768 
alterations. A) Z-score heatmaps showing altered expression of mitochondrial and lysosomal 769 
genes following BrdU treatment  (pink) as compared to DMSO control (blue) in human cell lines 770 
(astrocytes – green, endothelial cells – orange, microglia – purple, oligodendrocytes – yellow, 771 
neurons – brown). B) Quantification of alterations in oxygen consumption rate from Seahorse XF 772 
Mito Stress test following 7-day treatment with DMSO (grey) or 100 uM BrdU (red) showing ATP 773 
production, proton leak, basal respiration, and spare respiratory capacity (SRC) across 774 
astrocytes, endothelial cells, microglia, oligodendrocytes, and neurons (top-bottom, n=5-6). C) 775 
Airyscan confocal images of human cell lines following DMSO and BrdU treatment with staining 776 
for lamin B1 (green) and Mitotracker Red CMXRos (red). D) Quantification of Mitotracker Red 777 
CMX Ros staining including mitochondrial mass (top), eccentricity (indicative of increased 778 
mitochondrial fission) (middle), and mitochondrial membrane potential (based on intensity of 779 
Mitotracker staining) (bottom) from 7-day DMSO control (grey) and 100 uM BrdU treated (red) 780 
(n=9-12).  E) Quantification of Lysotracker Deep Red staining (n=9-12). F) Cathepsin D activity 781 
following 100 uM BrdU treatment (red) in all cell types as compared to DMSO control (grey) (n=3). 782 
Data from (B) analyzed by multiple unpaired two-tailed t-tests. Data from (D-F) analyzed by two-783 
way ANOVA with Šídák's multiple comparisons test. All graphs show mean with standard deviation 784 
(ns, p>0.05, * p<0.05, ** p<0.01, *** p<0.001). Scale bars are 5 um. 785 
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Figure 3: Induced senescent human midbrain cell lines show cell 
type-specific responses to senolytic treatment
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Figure 3: Induced senescent human midbrain cell lines show cell type-specific responses 788 
to senolytic treatment. A-E) Normalized percent cell survival of astrocytes (A), endothelial cells 789 
(B), microglia (C), oligodendrocytes (D), and neurons (E) following 7-day DMSO (grey) and 100 790 
uM BrdU (red) treatment with 48-hour dasatinib (D) + quercetin (Q) treatment at concentrations 791 
of 50 nM D + 10 uM Q and 100 nM D + 20 nM Q (n=3). F-J) Normalized percent cell survival of 792 
astrocytes (F), endothelial cells (G), microglia (H), oligodendrocytes (I), and neurons (J) following 793 
7-day DMSO (grey) and 100 uM BrdU (red) treatment with 48-hour navitoclax treatment at 794 
concentrations of 1 uM, 10 uM, and 20 uM (n=3). Data analyzed by two-way ANOVA with Šídák's 795 
multiple comparisons test. All graphs show mean with standard deviation (ns, p>0.05, * p<0.05, 796 
** p<0.01, *** p<0.001). 797 
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Figure 4: Principal Component Analysis Reveals a Cell-Type Specific 
Senescence Profile
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Figure 4: Principal component analysis reveals a cell type-specific senescence profile. A) 800 
Percentage of explained variance of each dimension in the principal component analysis of 7-day 801 
DMSO control and 100uM BrdU treated human cell lines (astrocytes, endothelial cells, microglia, 802 
oligodendrocytes, and neurons). B) Correlation matrix of DMSO control and BrdU treated human 803 
cell lines. C) PCA loadings from PC1, PC2, and PC3 of DMSO control (black) and BrdU (red) 804 
treated human cell lines. D) PCA loadings of genetic contributions towards PC1, PC2, and PC3 805 
from (C). (Red) and (blue) data points constitute positive and negative loadings from PC3, 806 
respectively. E) Two-dimensional graphical visualizations of PC1 and PC2, and PC1 and PC3 807 
from (C) with the top genetic contribution vectors overlayed from PC3. F) PC1 loadings from a 808 
PCA directly comparing 7-day treated DMSO control (black) and 100uM BrdU (red) within cell 809 
types. G) PCA loadings of the top 10 genetic contributors to PC1 for each cell type plotted across 810 
all cell types (50 genes per cell type).  811 
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Figure 5: Regulatory Network Inference of Induced Senescent Cells 
Allows for Identification of SATRs Across Cell Types
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Figure 5: Regulatory network inference of induced senescent cells allows for the 814 
identification of SATRs across cell types. A) Average Normalized Enrichment Scores (NES) 815 
from the top 10 activated and repressed transcriptional regulators following 100uM BrdU 816 
treatment from all 5 cell types. B) Z-score heatmap showing differential gene expression of the 817 
20 transcriptional regulators from (A) of BrdU treatment  (pink) as compared to DMSO control 818 
(blue) in human cell lines (astrocytes – green, endothelial cells – orange, microglia – purple, 819 
oligodendrocytes – yellow, neurons – brown). C) TPM values of the 20 transcriptional regulators 820 
from (A) of DMSO control (black) and BrdU (red) treated human cell lines. D) NES values of 821 
PA2G4, SOX12, CHCHD3, ERF, and TFAP4 following 100uM BrdU treatment from all 5 cell types. 822 
E) Inferred Target Enrichment Scores (ES) from PA2G4, SOX12, CHCHD3, ERF, and TFAP4 823 
transcriptional networks. F) Regulator Reaction Pathways from Enrichr (28-30) analysis of 824 
inferred PA2G4, SOX12, CHCHD3, ERF, and TFAP4 transcriptional networks (padj<0.05). No 825 
significant pathways isolated from ERF transcriptional network.  826 
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Figure 6: Functional Characterization of SATRs in Human Midbrain 
Cell Lines
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Figure 6: Functional characterization of SATRs in human midbrain cell lines. A) Schematic 829 
depicting selected transcriptional regulators (left-right) ERF, CHCHD3, SOX12, PA2G4, and 830 
TFAP4 and known associations of their knockdown (KD) in the context of cell cycle dysregulation, 831 
apoptosis, and senescence (created with BioRender). B) Quantification of percentage of 832 
senescence-associated β-galactosidase (β-gal) positive cells in astrocytes, endothelial cells, 833 
microglia, oligodendrocytes, and neurons following transcriptional regulator KD (red) compared 834 
to control (grey) (n=3). C-G) Quantitative PCR of siSCR (grey) and siRegulator (red) (ERF (C), 835 
CHCHD3 (D), SOX12 (E), PA2G4 (F), and TFAP4 (G)) treated astrocytes, endothelial cells, 836 
microglia, oligodendrocytes, and neurons of senescence markers CDKN1A, CDKN2A, CDKN2D, 837 
and LMNB1 (top-bottom, n=5-6). Data analyzed by two-way ANOVA with Šídák's multiple 838 
comparisons test. All graphs show mean with standard deviation (ns, p>0.05, * p<0.05, ** p<0.01, 839 
*** p<0.001). 840 
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Figure 7: Knockdown of SATR TFAP4 results in senescence phenotypes in human 843 
midbrain cell lines. A) Two-tailed Gene Set Enrichment Analysis of TFAP4 from an inferred 844 
transcriptional network from 100uM BrdU treated human cell lines (astrocytes, endothelial cells, 845 
microglia, oligodendrocytes, and neurons). Left - Activated (red) or inhibit ed (blue) target 846 
elements and their position in the ranked list of genes as identified by log2FoldChange. Center - 847 
Normalized Enrichment Scores (NES) identified by two-tail gene set enrichment analysis and 848 
associated p-value. Right - Transcripts per Million (TPM) values of indicated regulons in DMSO 849 
and BrdU treated cells. B) Two-dimensional graphical visualizations based on PCA of TFAP4 850 
transcriptional targets representing PC1 and PC2 with the top genetic contribution vectors 851 
overlayed from PC1. C) Normalized TFAP4 protein expression relative to β-Actin from Western 852 
blots shown in Figure S6 in siSCR (grey) and TFAP4 KD (red) astrocytes, endothelial cells, 853 
microglia, oligodendrocytes, and neurons (n=3). D) Schematic depicting known regulation of 854 
MIR22HG by TFAP4 based on previously published data (18) where loss of TFAP4 leads to 855 
increased MIR22HG levels and subsequently results in a senescence phenotype (created with 856 
BioRender). E) Quantitative PCR of siSCR (grey) and siTFAP4 (red) treated astrocytes, 857 
endothelial cells, microglia, oligodendrocytes, and neurons of normalized MIR22HG levels (n=3). 858 
F) Quantification of immunofluorescence staining of lamin B1 in siSCR (grey) and siTFAP4 (red) 859 
treated human cell lines (n=9). G) Quantification of nuclear area based on immunofluorescence 860 
staining of lamin B1 (nuclear size (sq um)) in siSCR (grey) and siTFAP4 (red) treated cells (n=9). 861 
H) Quantification of Mitotracker Red CMX Ros staining in siSCR (grey) and siTFAP4 (red) treated 862 
cells (n=9). I) Quantification of Lysotracker Deep Red staining in TFAP4 KD (red) as compared to 863 
controls (grey) (n=9). J) Quantification of immunofluorescence staining of DNA damage marker 864 
gH2AX in siSCR (grey) and siTFAP4 (red) treated human cell lines (n=9). Data analyzed by two-865 
way ANOVA with Šídák's multiple comparisons test. All graphs show mean with standard deviation 866 
(ns, p>0.05, * p<0.05, ** p<0.01, *** p<0.001). 867 
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SUPPLEMENTARY INFORMATION 1014 
 1015 
Table 1 1016 
 1017 

Primer Forward Reverse 

β-Actin (54) AGCGAGCATCCCCCAAAGTT GGGCACGAAGGCTCATCATT 

CDKN1A AGCAGAGGAAGACCATGTGGA TTGGAGTGGTAGAAATCTGTCATGC 

CDKN2A (55) CAACGCACCGAATAGTTACG CTGCCCATCATCATGACCTGG 

CDKN2D GTGCATCCCGACGCCCTCAAC TGGCACCTTGCTTCAGCAGCTC 

LMNB1 GAGAGCAACATGATGCCCAAGTG GTTCTTCCCTGGCACTGTTGAC 

MIR22HG (56) CCAGTTGAAGAACTGTTGCCC CGTATCATCCACCCTGCTGT 
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  1019 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 6, 2025. ; https://doi.org/10.1101/2025.02.06.636893doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.06.636893
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure S1
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Figure S1: A) Normalized growth curves of DMSO (black) and BrdU (red) treated human cell 1020 
lines across 48 hours. B) Confocal images of gH2AX (green) and p21 (red) staining after DMSO 1021 
and 100 uM BrdU treatment in all cell lines. C) Z-score heatmap showing expression of 1022 
established ‘SenMayo’ SASP factors in DMSO (blue) and BrdU (pink) treated human cell lines 1023 
(astrocytes – green, endothelial cells – orange, microglia – purple, oligodendrocytes – yellow, 1024 
neurons – brown). D) Western blots showing p21 expression levels in DMSO and 100 uM BrdU 1025 
treated samples across all cell types and quantification of p21 levels relative to β-Actin levels from 1026 
Western blots. (n=3). Data from (D) was analyzed by two-way ANOVA with Šídák's multiple 1027 
comparisons test. Bar graph in (D) shows mean with standard deviation (ns, p>0.05, * p<0.05, ** 1028 
p<0.01). Scale bars are 33 um. 1029 
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Figure S2: A) Overview of Agilent Seahorse XF Mito Stress Test protocol used for analyzing 1032 
mitochondrial respiration of DMSO and BrdU treated cells (created with BioRender, Agilent). B) 1033 
Confocal images of human cell lines (astrocytes, endothelial cells, microglia, oligodendrocytes, 1034 
and neurons) treated with DMSO and 100 uM BrdU for 7-days with staining for lamin B1 (green) 1035 
and Mitotracker Red CMXRos (red). C) Confocal images of human cell lines (astrocytes, 1036 
endothelial cells, microglia, oligodendrocytes, and neurons) treated with DMSO and 100 uM BrdU 1037 
for 7-days with staining for lamin B1 (green) and Lysotracker Deep Red (purple). Scale bars are 1038 
33 um. 1039 
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Figure S6: A-E) Representative Western blots (left) and respective quantification of normalized 1042 
expression levels relative to β-Actin (right) showing knockdown of selected transcriptional 1043 
regulators (red) (top-bottom): ERF, SOX12, CHCHD3, PA2G4, TFAP4 in astrocytes (A), 1044 
endothelial cells (B), microglia (C), oligodendrocytes (D), and neurons (E) as compared to siSCR 1045 
controls (grey). Data from (A-E) analyzed by unpaired two-tailed t-tests for each cell type and 1046 
each transcriptional regulator (n=3). 1047 
 1048 
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Figure S7: A) Confocal images of human cell lines treated with siSCR or siTFAP4 for with staining 1051 
for gH2AX (green), Mitotracker Red CMXRos (red), and lamin B1 (purple) with DAPI (blue). B) 1052 
Confocal images of human cell lines treated with siSCR or siTFAP4 with staining for lamin B1 1053 
(red) and Lysotracker Deep Red (purple) with DAPI (blue). Scale bars are 33 um. 1054 
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