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Abstract 

Senescence is a permanent cell cycle arrest that occurs in response to cellular stress. Because 

senescent cells promote age-related disease, there has been considerable interest in defining the 

proteomic alterations in senescent cells. Because senescence differs greatly depending on cell type and 

senescence inducer, continued progress in the characterization of senescent cells is needed. Here, we 

analyzed primary human mammary epithelial cells (HMECs), a model system for aging, using mass 

spectrometry-based proteomics. By integrating data from replicative senescence, immortalization by 

telomerase reactivation, and drug-induced senescence, we identified a robust proteomic signature of 

HMEC senescence consisting of 77 upregulated and 36 downregulated proteins. This approach identified 

known biomarkers, such as downregulation of the nuclear lamina protein lamin-B1 (LMNB1), and novel 

upregulated proteins including the β-galactoside-binding protein galectin-7 (LGALS7). Gene ontology 

enrichment analysis demonstrated that senescent HMECs upregulated lysosomal proteins and 

downregulated RNA metabolic processes. We additionally integrated our proteomic signature of 

senescence with transcriptomic data from senescent HMECs to demonstrate that our proteomic signature 

can discriminate proliferating and senescent HMECs even at the transcriptional level. Taken together, 

our results demonstrate the power of proteomics to identify cell type-specific signatures of senescence 

and advance the understanding of senescence in primary HMECs. 
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Introduction 

Cellular senescence is a complex stress response that results in permanent cell cycle arrest. 

Multiple stressors can induce senescence, including replicative stress (e.g., telomere attrition), DNA 

damage (e.g., DNA double strand breaks), reactive oxygen species, oncogene activation, and drug-

induced stress1. Senescence plays a role in development2,3 and wound healing4,5 but is most famous as 

a protective stress response against cancer6. However, as senescent cells accumulate in aging tissues7, 

they drive multiple age-related pathologies including atherosclerosis8, cardiac dysfunction9, diabetes10, 

kidney dysfunction11, osteoarthritis12, and overall decrements in healthy lifespan13,14. Many of the pro-

disease effects of senescence are mediated by the senescence-associated secretory phenotype (SASP), 

a complex mixture of cytokines secreted by senescent cells that promote inflammation, wound healing, 

and growth responses in nearby cells15,16. In mice, therapies that specifically target senescent cells have 

shown great promise in the prevention or attenuation of age-related disease13,14,17,18. 

 

Given their role in age-related disease, the characterization of senescent cells is important, 

particularly because biomarkers for senescence differ from cell type to cell type. The cell type-specificity 

of senescence biomarkers is perhaps not surprising given that the molecular mechanisms underlying 

senescence and SASP depend on the senescence inducer and cell type19,20. Despite considerable 

progress in our understanding of senescence, the molecular mechanisms underlying cellular senescence 

have not been fully elucidated21–23 and continued progress in the characterization of senescent cells is 

needed to improve our understanding of aging and disease. 

 

Proteomics has emerged as a powerful tool for the characterization of senescent cells including 

plasma membrane-associated biomarkers24, proteomic alterations in the aging lung25, the therapy-

induced senescence proteome26, and characterization of SASP19. In this study, we used liquid 

chromatography-mass spectrometry (LC-MS)-based proteomics to characterize the proteome of 
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senescent primary human mammary epithelial cells (HMECs). These primary cells have been previously 

shown to accurately represent the molecular changes that occur during replicative senescence in vivo27. 

By integrating proteomic data across three data sets, we identified a core HMEC senescence signature 

of 77 upregulated and 36 downregulated proteins. This signature included both well-characterized 

senescence biomarkers (e.g., downregulation of lamin B1) and novel upregulation proteins in senescent 

cells (e.g., galectin-7). By integration of our proteomic signature of HMEC senescence with transcriptomic 

data from senescent HMECs, we further demonstrated that our proteomic signature is broadly 

recapitulated at the transcriptional level and can discriminate proliferating and senescent HMECs using 

transcriptional data. Taken together, our results demonstrate the power of proteomics to identify cell type-

specific signatures of senescence and advance the understanding of senescence in primary HMECs. 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

5 of 32 

 

Experimental Procedures 

Cell culture 

Primary HMEC cells were purchased from Thermo Scientific and cultured in M87A medium (50% 

MM4 medium and 50% MCDB170 supplemented with 5 ng/ml EGF, 300 ng/ml hydrocortisone, 7.5 µg/ml 

insulin, 35 µg/ml BPE, 2.5 µg/ml transferrin, 5 µM isoproterenol, 50 µM ethanolamine, 50 µM o-

phosphoethanolamine, 0.25 % FBS, 5 nM triiodothyronine, 0.5 nM estradiol, 0.5 ng/ml cholera toxin, 0.1 

nM oxytocin, 1% anti-anti, no AlbuMax) in atmospheric oxygen28. Glucose and glutamine-free DMEM 

was purchased from Corning (90-113-PB), Ham’s F12 was purchased from US Biological (N8542-12), 

and MCD170 medium was purchased from Caisson Labs (MBL04). Glucose and glutamine were added 

to the media at the appropriate concentration for each media type. Cells were lifted with TrypLE at 80-

90% confluency and seeded at a density of 2.3 × 103/cm2. To genetically modify HMECs, proliferating 

HMECs were infected at PD 14 with pLenti-PGK-hygro (Addgene 19066) encoding either hTERT or firefly 

luciferase. Following infection, cells were selected with 5 µg/ml hygromycin for 7 days. Following 

selection, cells were maintained in culture with 2 µg/ml hygromycin. To pharmacologically induce 

senescence, proliferating HMECs at PD ~8 were treated with 2 µM of the RRM2 inhibitor triapine or 

DMSO for 72 h. All samples profiled by LC-MS proteomics were collected in parallel with the 

characterization of senescence biomarkers as described in our previous publication29. 

 

LC-MS proteomics 

Cell culture dishes were placed on ice and washed with PBS. Cells were then scraped and 

pelleted by centrifugation. The cell pellets were lysed by probe sonication in 8 M urea (pH 7.5), 50 mM 

Tris, 1 mM activated sodium vanadate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, and 

100 mM sodium phosphate. The above procedures were performed in 0-4˚C. Insoluble cell debris were 

filtered by 0.22 μm syringe filter. Protein concentration was measured by BCA assay (Pierce, PI23227). 

Lysates were reduced with 5 mM DTT, alkylated with 25 mM iodoacetamide, quenched with 10 mM DTT, 
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and acidified to pH 2 with 5% trifluoracetic acid. Proteins were then digested to peptides using a 1:100 

trypsin to lysate ratio by weight. Tryptic peptides were desalted by reverse phase C18 StageTips and 

eluted with 30% acetonitrile. The eluents were vacuum dried, and 250 ng/injection was submitted to LC-

MS. Samples were randomized and injected into an Easy 1200 nanoLC ultra high-performance liquid 

chromatography coupled with a Q Exactive Plus quadruple orbitrap mass spectrometry (Thermo Fisher). 

Peptides were separated by a reverse-phase analytical column (PepMap RSLC C18, 2 µm, 100Å, 75 µm 

x 25 cm). Flow rate was set to 300 nL/min at a gradient from 3% buffer B (0.1% formic acid, 80% 

acetonitrile) to 38% B in 110 min, followed by a 10-min washing step to 85% B. The maximum pressure 

was set to 1,180 bar and column temperature was maintained at 50˚C. Peptides separated by the column 

were ionized at 2.4 kV in the positive ion mode. MS1 survey scans were acquired at the resolution of 70k 

from 350 to 1800 m/z, with maximum injection time of 100 ms and AGC target of 1e6. MS/MS 

fragmentation of the 14 most abundant ions were analyzed at a resolution of 17.5k, AGC target 5e4, 

maximum injection time 65 ms, and normalized collision energy 26. Dynamic exclusion was set to 30 s 

and ions with charge +1, +7, and >+7 were excluded. MS/MS fragmentation spectra were searched with 

Proteome Discoverer SEQUEST (version 2.2, Thermo Scientific) against in-silico tryptic digested Uniprot 

all-reviewed Homo sapiens database (release Jun 2017, 42,140 entries) plus all recombinant protein 

sequences used in this study. The maximum missed cleavages was set to 2. Dynamic modifications were 

set to oxidation on methionine (M, +15.995 Da) and acetylation on protein N-terminus (+42.011 Da). 

Carbamidomethylation on cysteine residues (C, +57.021 Da) was set as a fixed modification. The 

maximum parental mass error was set to 10 ppm, and the MS/MS mass tolerance was set to 0.02 Da. 

The false discovery threshold was set to 0.01 using the Percolator Node validated by q-value. The relative 

abundance of parental peptides was calculated by integration of the area under the curve of the MS1 

peaks using the Minora LFQ node. The RAW and processed LC-MS files have been uploaded to the 

PRIDE database 30 (PXD019057, Username: reviewer29534@ebi.ac.uk, Reviewer password: djc8bohx). 

 

Data processing and normalization 
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Missing peptide abundances were imputed using the K-nearest neighbor algorithm31. The 

optimized number of neighbors was determined to be n = 10. Protein abundance log2 ratios and statistical 

significance were calculated using DEqMS in R software32. Briefly, peptide sequences were aggregated 

into protein log2 ratios by the median sweeping method: raw intensity values were log2 transformed, the 

median of log2 intensity was subtracted for each PSM, and then for each protein, the relative log2 ratio 

was calculated as the median of log2 ratio of the PSMs assigned to that protein. To calculate the statistical 

significance across the three datasets, individual p values were combined using Fisher’s Method and 

then corrected for multiple hypothesis testing using the Benjamini-Hochberg method. 

 

Hierarchical clustering 

Clustering was performed using Morpheus from the Broad Institute 

(https://software.broadinstitute.org/morpheus/). Data was centered for each individual experiment prior 

to clustering with the metric one minus the Pearson correlation coefficient.  

 

Gene Ontology Enrichment Analysis 

Gene ontology (GO) enrichment analysis was conducted in ClueGO33. Proteins with FDR-

corrected p value less than 0.05 and either upregulated or downregulated log2 fold change greater than 

log2(1.5). Pathways included were GO biological process, GO cellular component, GO molecular 

function, and KEGG. The list of 907 quantified proteins was used as a custom background set, and p 

values were calculated with a right-tailed hypergeometric test and corrected for multiple hypothesis 

testing using the Bonferroni step down method.  

 

Transcription Factor Targets Enrichment Analysis 

Proteins were ranked by their log2 (senescent / proliferating) fold change values. Gene set 

enrichment analysis (GSEA)34 was run with the unweighted statistic using the GSEA java applet using 

Broad Institute C3 TFT:GTRD (Gene Transcription Regulation Database) gene sets35. 
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HMEC Senescence score 

Log2-transformed, RMA-normalized Entrez gene expression values from pre-stasis, intermediate, 

and stasis HMECs36 were obtained for each individual cell line and media type. The HMEC senescence 

signature used for voting weights was created using proteins with absolute average log2 (senescent / 

proliferating) fold change greater than 1 and FDR-corrected p-value less than 0.01 from the combined 

HMEC proteomic analysis (Fig. 2). HMEC senescence scores were calculated by multiplying the 

senescence signature matrix versus the gene expression matrix. For the receiver operating characteristic 

(ROC) curve, HMEC senescence scores were used from pre-stasis and stasis samples only. The area-

under-the-curve (AUC) was calculated by the composite trapezoidal rule.  
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Results and Discussion 

 

Replicative senescence alters the HMEC proteome 

To identify proteomic changes that accompany replicative senescence, we analyzed primary 

human mammary epithelial cells (HMECs) using quantitative, label-free LC-MS-based proteomics. We 

have previously found that primary HMECs enter senescence at ~35 population doublings (PD) and 

exhibit molecular markers of senescence including upregulation of senescence-associated β-

galactosidase (SA-β-gal), upregulation of the cell cycle inhibitor p21, and cessation of DNA synthesis29. 

For this study, samples were collected at PD 8/9 (proliferating) or PD 35/36 (senescent) in parallel with 

the characterization of senescence biomarkers published in our previous study (Supp. Fig. 1A). 

Comparing proliferating and senescent HMECs with LC-MS proteomics, we quantified 1,303 proteins in 

two independent biological replicates (Supp. Fig. 1B and Supp. Table 1). Of these proteins, 60 were 

significantly upregulated and 39 were significantly downregulated in senescent HMECs (FDR-corrected 

p-value < 0.01 and average absolute log2 fold change > 1) (Fig. 1A). Hierarchical clustering of the 

individual sample values for significantly changing proteins demonstrated high reproducibility across 

biological and technical replicates (Fig. 1B). Among the most upregulated proteins in senescent cells was 

annexin A1 (ANXA1), which is associated with aging in the rat prostate37. Additionally, the β-

galactosidase GLB1, which is associated with the senescence biomarker SA-β-gal activity38, was 

significantly upregulated in senescent HMECs. Significantly downregulated proteins in senescent 

HMECs included histone H4 (HIST1H4A) and SLC3A2 (also known as 4F2), a component of several 

heterodimeric amino acid transporter complexes including the cystine-glutamate antiporter xCT. Taken 

together, our proteomic profiling demonstrated that replicative senescence significantly changed the 

HMEC proteome. 

 

Data integration identifies a proteomic signature of HMEC senescence 
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Next, we sought to identify a core signature of HMEC senescence by integrating proteomic data 

from replicative senescence (Fig. 1) with proteomic profiling of HMECs that had been manipulated to 

either bypass senescence or to prematurely senesce. We leveraged our previous findings that 1) 

expression of human telomerase reverse transcriptase (hTERT) immortalizes HMECs and enables 

bypass of replicative senescence and that 2) inhibition of the nucleotide synthesis enzyme RRM2 with 

the drug triapine induces premature senescence in proliferating HMECs29. We then used label-free LC-

MS proteomics to compare 1) hTERT-immortalized HMECs (i.e., proliferating) to senescent HMECs 

expressing the negative control protein luciferase and 2) proliferating HMECs treated for 3 days with 

either DMSO (i.e., proliferating) or triapine (i.e., senescent) (Supp. Fig. 2 and Supp. Tables 2 and 3). 

Again, these samples were collected in parallel with our previously published characterization of 

senescence biomarkers29. Across all three datasets, LC-MS proteomics consistently quantified 1,023 

proteins in all biological and technical replicates (Fig. 2A and Supp. Table 4). Comparing the 

hTERT/luciferase and DMSO/triapine proteomic signatures to that of replicative senescence, we found 

that both signatures were significantly correlated with the proteomic changes observed in replicative 

senescence (Fig. 2B). Plotting the combined data on a volcano plot revealed 76 and 36 significantly 

upregulated and downregulated proteins, respectively (combined FDR-corrected p-value < 0.01 and 

average absolute log2 fold change > 1) (Fig. 2C). Hierarchical clustering of the individual biological and 

technical replicates demonstrated consistent upregulation or downregulation for the most significantly 

changing proteins across the three individual proteomic signatures (Fig. 2D). Thus, integration across 

the three data sets identified a robust proteomic signature of HMEC senescence. 

 

Several proteins identified in the HMEC senescence proteomic signature are previously known 

senescence biomarkers. Among the significantly downregulated proteins was the nuclear lamina 

component lamin-B1 (LMNB1). Loss of lamin-B1 expression in senescent cells has been extensively 

documented, including in replicative senescence, oncogene-induced senescence, and UV-induced 

senescence39–43. Notably, the lamin-B1-binding partner TMPO (LAP2) was also part of our senescence 
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signature, although decreases in TMPO expression are not unique to senescent cells, as downregulation 

also occurs in quiescent cells40. Regardless, the concordance of LMNB1 expression in our HMEC system 

and other studies adds additional support that loss of LMNB1 expression is a bona fide senescence 

biomarker. The most downregulated protein in our proteomic signature of HMEC senescence was the 

histone H1.5 (HIST1H1B) with an average log2 fold change in senescent cells of -2.16 (Fig. 2C). We 

additionally observed downregulation of five additional histone proteins in our combined proteomics 

analysis including H1.3 (HIST1H1D), H2A.Z (H2AFZ), H2B type 1-J (HIST1H2BJ), H2B type 2-F 

(HIST2H2BF), and H4 (HIST1H4A). Consistent with our findings, several studies have reported loss of 

histone H1 and DNA methylation in senescence and aging44–46. These results support the regulatory role 

of chromatin remodeling in HMEC senescence. 

 

The most significantly upregulated protein in our HMEC senescence signature was the calcium-

dependent phospholipid-binding protein annexin 1 (ANXA1) with an average log2 fold change in 

senescent cells of 2.33 (Fig. 4B). We also observed significant upregulation of two other annexins, 

ANXA3 and ANXA5, in senescent HMEC (average log2 fold change 1.1 for both proteins). Interestingly, 

the upregulation of annexins has been previously linked to increased lipid metabolism in a model of 

therapy-induced senescence26. Moreover, accumulation of nuclear ANXA5 is a biomarker of replicative 

and therapy-induced fibroblast senescence47, and secretion of ANXA1, ANXA3, and ANXA5 is 

upregulated in senescent fibroblasts19. In addition, we observed upregulation of several lysosomal 

proteins in senescent HMEC including the GLB1 (β-galactosidase), four cathepsins (CTSA, CTSD, 

CTSD, and CTSZ), and the glycosylase MAN2B1. These results are consistent with previous reports of 

increased lysosomal activity in senescence48,49. Additionally, cathepsins are known to regulate 

senescence50 and pathogenesis of age-related disease48 and are also secreted by senescent cells19. 

Finally, both the β-galactoside-binding proteins galectin-3 (LGALS3) and galectin-7 (LGALS7) were 

significantly upregulated in senescent HMECs. Galectin-3 can coordinate repair, removal, and 

replacement of lysosomes51, and its upregulation may reflect attempts by senescent cells to repair 
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deteriorating lysosomes52. To our knowledge, galectin-7 has not been reported to be involved in 

senescence, but we speculate that it may also play a role in lysosomal repair and homeostasis in 

senescent HMEC. Taken together, these results suggest that annexins, cathepsins, and galectins are 

potential senescence biomarkers across many cell types. 

 

Gene ontology and transcription factor target analysis of the HMEC senescence signature  

Next, to understand the functional classes of proteins altered upon replicative senescence, we 

performed gene ontology (GO) enrichment analysis. The most significantly upregulated GO terms in 

senescent HMECs included lysosome, antioxidant activity, and carbohydrate catabolic process (Fig. 3A). 

This result is consistent with the known upregulation of secretory pathways and lysosomes in 

senescence53. In addition, increased lysosomal activity has been linked to proteolysis of histones in 

senescent cells54, consistent with our observation that expression of several histones is decreased in 

senescent HMEC. The most significantly downregulated GO terms in senescent cells were ribosomal, 

translational, and RNA metabolism-related terms, consistent with reports that reduced RNA turnover and 

alterations in translation drive cellular senescence55,56. Together, this analysis suggests that our 

proteomic signature of HMEC senescence is broadly enriched for similar categories of proteins as other 

models of senescence. 

 

Next, to identify transcription factors that might regulate senescence, we performed enrichment 

analysis on the combined proteomics data using transcription factor target (TFT) gene lists35. This 

analysis identified 3 TFTs whose targets were significantly upregulated in senescent HMECs (TFEB, 

MAFG, PCGF1), and 40 TFTs whose targets were significantly downregulated in senescent HMECs 

including SUPT20H, SETD1A, and ZFKX3 (Fig. 3B, p-value < 0.05 and FDR q-value < 0.1). Several of 

the identified transcription factors have been previously linked to senescence and aging including 

downregulation of SETD1A57, KAT558, and DOT1L59 as well as upregulation of TFEB60. In contrast, the 

transcription factors MAFG and PCG1 (targets upregulated) and NKX2-2, ZFHX3 and SUPT20H (targets 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

13 of 32 

 

downregulated) have not been previously linked to aging or senescence to our knowledge. Future studies 

are necessary to investigate whether these transcription factors are regulators of cellular senescence in 

HMECs and other cell types. Taken together, our TFT analysis identified both known and novel 

transcription factor regulators of senescence. 

 

Defining a senescence score that predicts HMEC senescence 

Having identified an HMEC proteomic signature of senescence, we next asked whether proteomic 

changes were reflected at the transcriptional level in senescent HMECs. To answer this question, we 

turned to transcriptomic profiling data from pre-stasis HMECs (i.e., proliferating), intermediate HMECs, 

or HMECs at stasis (i.e., a stress-associated senescence barrier associated with elevated levels of p16 

and/or p21, G1 arrest, and the absence of genomic instability)36. Analysis by rank-rank hypergeometric 

overlap (RRHO)61 showed significant overlap between our proteomic signature and that of HMEC stasis, 

particularly in the upregulated transcripts/proteins (Fig. 4A). We next asked whether our proteomic 

signature could discriminate pre-stasis and stasis samples in this transcriptional data set. We thus 

defined a weighted voting scheme62 where the log2 fold changes of the 113 core senescence proteins 

(Fig. 2) were multiplied by gene expression data from the same 113 genes. The result is a “senescence 

score” for each individual sample where increasing scores predict senescence (Fig. 4B). Testing this 

approach, we found that the senescence score was significantly increased for five independent HMEC 

cell lines as they entered stasis (Fig. 4C). The average increase in senescence score from pre-stasis to 

stasis was 3.6 ± 1.4 (p = 0.0014). Lastly, we plotted the HMEC senescence scores on a receiver operating 

characteristic (ROC) curve and found that the area-under-the-curve was 0.98 indicating high 

classification sensitivity and specificity (Fig. 4D). Together, these results indicate that our proteomic 

HMEC signature is broadly conserved at the transcriptional level in HMECs and can discriminate 

proliferating from senescent HMECs even at the transcriptional level. 
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Conclusion 

Cellular senescence is a state of irreversible cell cycle arrest that contributes to degenerative and 

hyperplastic phenotypes in aging, cancer, and many other diseases. Taken together, our combined 

analysis identified a core proteomic signature of HMEC senescence including potential novel senescence 

biomarkers and regulators. These results support that quantitative proteomics is a powerful approach to 

delineate cell-type specific signatures of senescence. Our results thus advance the understanding of 

senescence in primary HMECs and contribute to our understanding of how senescence impacts aging 

and disease. 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

15 of 32 

 

Acknowledgments 

This work was supported by the Rose Hills Foundation, the 2020 AACR-Bayer Innovation and Discovery 

Grant (Grant Number 20-80-44-GRAH), the University of Southern California (USC) Provost’s Office, and 

the Viterbi School of Engineering. 

 

Conflict of Interest Statement 

The authors declare no conflicts of interest. 

 

Author Contributions 

AD and NAG designed research. AD, DZ, and JY performed research. AD, DZ, and NAG analyzed data. 

AD and NAG wrote the manuscript. 

 

Data Availability Statement 

The RAW and processed LC-MS files have been uploaded to the PRIDE database30 (PXD019057, 

Username: reviewer29534@ebi.ac.uk, Reviewer password: djc8bohx). 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

16 of 32 

 

References 

(1)  Campisi, J. Aging, Cellular Senescence, and Cancer. Annual Review of Physiology 2013, 75 (1), 

685–705. https://doi.org/10.1146/annurev-physiol-030212-183653. 

(2)  Muñoz-Espín, D.; Cañamero, M.; Maraver, A.; Gómez-López, G.; Contreras, J.; Murillo-Cuesta, 

S.; Rodríguez-Baeza, A.; Varela-Nieto, I.; Ruberte, J.; Collado, M.; Serrano, M. Programmed Cell 

Senescence during Mammalian Embryonic Development. Cell 2013, 155 (5), 1104–1118. 

https://doi.org/10.1016/j.cell.2013.10.019. 

(3)  Storer, M.; Mas, A.; Robert-Moreno, A.; Pecoraro, M.; Ortells, M. C.; Di Giacomo, V.; Yosef, R.; 

Pilpel, N.; Krizhanovsky, V.; Sharpe, J.; Keyes, W. M. Senescence Is a Developmental 

Mechanism That Contributes to Embryonic Growth and Patterning. Cell 2013, 155 (5), 1119–

1130. https://doi.org/10.1016/j.cell.2013.10.041. 

(4)  Demaria, M.; Ohtani, N.; Youssef, S. A.; Rodier, F.; Toussaint, W.; Mitchell, J. R.; Laberge, R.-

M.; Vijg, J.; Van Steeg, H.; Dollé, M. E. T.; Hoeijmakers, J. H. J.; de Bruin, A.; Hara, E.; Campisi, 

J. An Essential Role for Senescent Cells in Optimal Wound Healing through Secretion of PDGF-

AA. Dev. Cell 2014, 31 (6), 722–733. https://doi.org/10.1016/j.devcel.2014.11.012. 

(5)  Jun, J.-I.; Lau, L. F. The Matricellular Protein CCN1 Induces Fibroblast Senescence and 

Restricts Fibrosis in Cutaneous Wound Healing. Nat. Cell Biol. 2010, 12 (7), 676–685. 

https://doi.org/10.1038/ncb2070. 

(6)  Collado, M.; Serrano, M. Senescence in Tumours: Evidence from Mice and Humans. Nature 

Reviews Cancer 2010, 10 (1), 51–57. https://doi.org/10.1038/nrc2772. 

(7)  Krishnamurthy, J.; Torrice, C.; Ramsey, M. R.; Kovalev, G. I.; Al-Regaiey, K.; Su, L.; Sharpless, 

N. E. Ink4a/Arf Expression Is a Biomarker of Aging. J. Clin. Invest. 2004, 114 (9), 1299–1307. 

https://doi.org/10.1172/JCI22475. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

17 of 32 

 

(8)  Childs, B. G.; Baker, D. J.; Wijshake, T.; Conover, C. A.; Campisi, J.; van Deursen, J. M. 

Senescent Intimal Foam Cells Are Deleterious at All Stages of Atherosclerosis. Science 2016, 

354 (6311), 472–477. https://doi.org/10.1126/science.aaf6659. 

(9)  Demaria, M.; O’Leary, M. N.; Chang, J.; Shao, L.; Liu, S.; Alimirah, F.; Koenig, K.; Le, C.; Mitin, 

N.; Deal, A. M.; Alston, S.; Academia, E. C.; Kilmarx, S.; Valdovinos, A.; Wang, B.; de Bruin, A.; 

Kennedy, B. K.; Melov, S.; Zhou, D.; Sharpless, N. E.; Muss, H.; Campisi, J. Cellular 

Senescence Promotes Adverse Effects of Chemotherapy and Cancer Relapse. Cancer Discov 

2017, 7 (2), 165–176. https://doi.org/10.1158/2159-8290.CD-16-0241. 

(10)  Thompson, P. J.; Shah, A.; Ntranos, V.; Gool, F. V.; Atkinson, M.; Bhushan, A. Targeted 

Elimination of Senescent Beta Cells Prevents Type 1 Diabetes. Cell Metabolism 2019, 29 (5), 

1045-1060.e10. https://doi.org/10.1016/j.cmet.2019.01.021. 

(11)  Valentijn, F. A.; Falke, L. L.; Nguyen, T. Q.; Goldschmeding, R. Cellular Senescence in the Aging 

and Diseased Kidney. J Cell Commun Signal 2018, 12 (1), 69–82. 

https://doi.org/10.1007/s12079-017-0434-2. 

(12)  Jeon, O. H.; David, N.; Campisi, J.; Elisseeff, J. H. Senescent Cells and Osteoarthritis: A Painful 

Connection. J. Clin. Invest. 2018, 128 (4), 1229–1237. https://doi.org/10.1172/JCI95147. 

(13)  Baker, D. J.; Childs, B. G.; Durik, M.; Wijers, M. E.; Sieben, C. J.; Zhong, J.; A. Saltness, R.; 

Jeganathan, K. B.; Verzosa, G. C.; Pezeshki, A.; Khazaie, K.; Miller, J. D.; van Deursen, J. M. 

Naturally Occurring P16 Ink4a -Positive Cells Shorten Healthy Lifespan. Nature 2016, 530 

(7589), 184–189. https://doi.org/10.1038/nature16932. 

(14)  Baker, D. J.; Wijshake, T.; Tchkonia, T.; LeBrasseur, N. K.; Childs, B. G.; van de Sluis, B.; 

Kirkland, J. L.; van Deursen, J. M. Clearance of P16Ink4a-Positive Senescent Cells Delays 

Ageing-Associated Disorders. Nature 2011, 479 (7372), 232–236. 

https://doi.org/10.1038/nature10600. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

18 of 32 

 

(15)  Tchkonia, T.; Zhu, Y.; van Deursen, J.; Campisi, J.; Kirkland, J. L. Cellular Senescence and the 

Senescent Secretory Phenotype: Therapeutic Opportunities. J. Clin. Invest. 2013, 123 (3), 966–

972. https://doi.org/10.1172/JCI64098. 

(16)  Tominaga, K. The Emerging Role of Senescent Cells in Tissue Homeostasis and 

Pathophysiology. Pathobiol Aging Age Relat Dis 2015, 5, 27743. 

https://doi.org/10.3402/pba.v5.27743. 

(17)  Amor, C.; Feucht, J.; Leibold, J.; Ho, Y.-J.; Zhu, C.; Alonso-Curbelo, D.; Mansilla-Soto, J.; Boyer, 

J. A.; Li, X.; Giavridis, T.; Kulick, A.; Houlihan, S.; Peerschke, E.; Friedman, S. L.; Ponomarev, 

V.; Piersigilli, A.; Sadelain, M.; Lowe, S. W. Senolytic CAR T Cells Reverse Senescence-

Associated Pathologies. Nature 2020, 583 (7814), 127–132. https://doi.org/10.1038/s41586-020-

2403-9. 

(18)  Muñoz-Espín, D.; Rovira, M.; Galiana, I.; Giménez, C.; Lozano-Torres, B.; Paez-Ribes, M.; 

Llanos, S.; Chaib, S.; Muñoz-Martín, M.; Ucero, A. C.; Garaulet, G.; Mulero, F.; Dann, S. G.; 

VanArsdale, T.; Shields, D. J.; Bernardos, A.; Murguía, J. R.; Martínez-Máñez, R.; Serrano, M. A 

Versatile Drug Delivery System Targeting Senescent Cells. EMBO Mol Med 2018, 10 (9). 

https://doi.org/10.15252/emmm.201809355. 

(19)  Basisty, N.; Kale, A.; Jeon, O. H.; Kuehnemann, C.; Payne, T.; Rao, C.; Holtz, A.; Shah, S.; 

Sharma, V.; Ferrucci, L.; Campisi, J.; Schilling, B. A Proteomic Atlas of Senescence-Associated 

Secretomes for Aging Biomarker Development. PLOS Biology 2020, 18 (1), e3000599. 

https://doi.org/10.1371/journal.pbio.3000599. 

(20)  Casella, G.; Munk, R.; Kim, K. M.; Piao, Y.; De, S.; Abdelmohsen, K.; Gorospe, M. Transcriptome 

Signature of Cellular Senescence. Nucleic Acids Res 2019, 47 (14), 7294–7305. 

https://doi.org/10.1093/nar/gkz555. 

(21)  Gorgoulis, V.; Adams, P. D.; Alimonti, A.; Bennett, D. C.; Bischof, O.; Bishop, C.; Campisi, J.; 

Collado, M.; Evangelou, K.; Ferbeyre, G.; Gil, J.; Hara, E.; Krizhanovsky, V.; Jurk, D.; Maier, A. 

B.; Narita, M.; Niedernhofer, L.; Passos, J. F.; Robbins, P. D.; Schmitt, C. A.; Sedivy, J.; Vougas, 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

19 of 32 

 

K.; Zglinicki, T. von; Zhou, D.; Serrano, M.; Demaria, M. Cellular Senescence: Defining a Path 

Forward. Cell 2019, 179 (4), 813–827. https://doi.org/10.1016/j.cell.2019.10.005. 

(22)  Hernandez-Segura, A.; Nehme, J.; Demaria, M. Hallmarks of Cellular Senescence. Trends in 

Cell Biology 2018, 28 (6), 436–453. https://doi.org/10.1016/j.tcb.2018.02.001. 

(23)  Di Micco, R.; Krizhanovsky, V.; Baker, D.; d’Adda di Fagagna, F. Cellular Senescence in Ageing: 

From Mechanisms to Therapeutic Opportunities. Nature Reviews Molecular Cell Biology 2020, 

1–21. https://doi.org/10.1038/s41580-020-00314-w. 

(24)  Althubiti, M.; Lezina, L.; Carrera, S.; Jukes-Jones, R.; Giblett, S. M.; Antonov, A.; Barlev, N.; 

Saldanha, G. S.; Pritchard, C. A.; Cain, K.; Macip, S. Characterization of Novel Markers of 

Senescence and Their Prognostic Potential in Cancer. Cell Death Dis 2014, 5 (11), e1528. 

https://doi.org/10.1038/cddis.2014.489. 

(25)  Angelidis, I.; Simon, L. M.; Fernandez, I. E.; Strunz, M.; Mayr, C. H.; Greiffo, F. R.; Tsitsiridis, G.; 

Ansari, M.; Graf, E.; Strom, T.-M.; Nagendran, M.; Desai, T.; Eickelberg, O.; Mann, M.; Theis, F. 

J.; Schiller, H. B. An Atlas of the Aging Lung Mapped by Single Cell Transcriptomics and Deep 

Tissue Proteomics. Nature Communications 2019, 10 (1), 963. https://doi.org/10.1038/s41467-

019-08831-9. 

(26)  Flor, A. C.; Wolfgeher, D.; Wu, D.; Kron, S. J. A Signature of Enhanced Lipid Metabolism, Lipid 

Peroxidation and Aldehyde Stress in Therapy-Induced Senescence. Cell Death Discovery 2017, 

3 (1), 1–12. https://doi.org/10.1038/cddiscovery.2017.75. 

(27)  Stampfer, M. R.; LaBarge, M. A.; Garbe, J. C. An Integrated Human Mammary Epithelial Cell 

Culture System for Studying Carcinogenesis and Aging. In Cell and Molecular Biology of Breast 

Cancer; Humana Press, Totowa, NJ, 2013; pp 323–361. https://doi.org/10.1007/978-1-62703-

634-4_15. 

(28)  Lee, J. K.; Bloom, J.; Zubeldia-Plazaola, A.; Garbe, J. C.; Stampfer, M. R.; LaBarge, M. A. 

Different Culture Media Modulate Growth, Heterogeneity, and Senescence in Human Mammary 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

20 of 32 

 

Epithelial Cell Cultures. PLOS ONE 2018, 13 (10), e0204645. 

https://doi.org/10.1371/journal.pone.0204645. 

(29)  Delfarah, A.; Parrish, S.; Junge, J. A.; Yang, J.; Seo, F.; Li, S.; Mac, J.; Wang, P.; Fraser, S. E.; 

Graham, N. A. Inhibition of Nucleotide Synthesis Promotes Replicative Senescence of Human 

Mammary Epithelial Cells. J. Biol. Chem. 2019, 294 (27), 10564–10578. 

https://doi.org/10.1074/jbc.RA118.005806. 

(30)  Perez-Riverol, Y.; Csordas, A.; Bai, J.; Bernal-Llinares, M.; Hewapathirana, S.; Kundu, D. J.; 

Inuganti, A.; Griss, J.; Mayer, G.; Eisenacher, M.; Pérez, E.; Uszkoreit, J.; Pfeuffer, J.; 

Sachsenberg, T.; Yılmaz, Ş.; Tiwary, S.; Cox, J.; Audain, E.; Walzer, M.; Jarnuczak, A. F.; 

Ternent, T.; Brazma, A.; Vizcaíno, J. A. The PRIDE Database and Related Tools and Resources 

in 2019: Improving Support for Quantification Data. Nucleic Acids Res 2019, 47 (Database 

issue), D442–D450. https://doi.org/10.1093/nar/gky1106. 

(31)  Webb-Robertson, B.-J. M.; Wiberg, H. K.; Matzke, M. M.; Brown, J. N.; Wang, J.; McDermott, J. 

E.; Smith, R. D.; Rodland, K. D.; Metz, T. O.; Pounds, J. G.; Waters, K. M. Review, Evaluation, 

and Discussion of the Challenges of Missing Value Imputation for Mass Spectrometry-Based 

Label-Free Global Proteomics. J. Proteome Res. 2015, 14 (5), 1993–2001. 

https://doi.org/10.1021/pr501138h. 

(32)  Zhu, Y.; Orre, L. M.; Tran, Y. Z.; Mermelekas, G.; Johansson, H. J.; Malyutina, A.; Anders, S.; 

Lehtiö, J. DEqMS: A Method for Accurate Variance Estimation in Differential Protein Expression 

Analysis. Molecular & Cellular Proteomics 2020, 19 (6), 1047–1057. 

https://doi.org/10.1074/mcp.TIR119.001646. 

(33)  Bindea, G.; Mlecnik, B.; Hackl, H.; Charoentong, P.; Tosolini, M.; Kirilovsky, A.; Fridman, W.-H.; 

Pagès, F.; Trajanoski, Z.; Galon, J. ClueGO: A Cytoscape Plug-in to Decipher Functionally 

Grouped Gene Ontology and Pathway Annotation Networks. Bioinformatics 2009, 25 (8), 1091–

1093. https://doi.org/10.1093/bioinformatics/btp101. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

21 of 32 

 

(34)  Subramanian, A.; Tamayo, P.; Mootha, V. K.; Mukherjee, S.; Ebert, B. L.; Gillette, M. A.; 

Paulovich, A.; Pomeroy, S. L.; Golub, T. R.; Lander, E. S.; Mesirov, J. P. Gene Set Enrichment 

Analysis: A Knowledge-Based Approach for Interpreting Genome-Wide Expression Profiles. 

PNAS 2005, 102 (43), 15545–15550. https://doi.org/10.1073/pnas.0506580102. 

(35)  Yevshin, I.; Sharipov, R.; Kolmykov, S.; Kondrakhin, Y.; Kolpakov, F. GTRD: A Database on 

Gene Transcription Regulation—2019 Update. Nucleic Acids Res 2019, 47 (D1), D100–D105. 

https://doi.org/10.1093/nar/gky1128. 

(36)  Garbe, J. C.; Bhattacharya, S.; Merchant, B.; Bassett, E.; Swisshelm, K.; Feiler, H. S.; Wyrobek, 

A. J.; Stampfer, M. R. Molecular Distinctions between Stasis and Telomere Attrition Senescence 

Barriers Shown by Long-Term Culture of Normal Human Mammary Epithelial Cells. Cancer Res 

2009, 69 (19), 7557–7568. https://doi.org/10.1158/0008-5472.CAN-09-0270. 

(37)  Das, A.; Bortner, J. D.; Aliaga, C. A.; Baker, A.; Stanley, A.; Stanley, B. A.; Kaag, M.; Richie, J. 

P.; El-Bayoumy, K. Changes in Proteomic Profiles in Different Prostate Lobes of Male Rats 

throughout Growth and Development and Aging Stages of the Life Span. Prostate 2013, 73 (4), 

363–375. https://doi.org/10.1002/pros.22576. 

(38)  Lee, B. Y.; Han, J. A.; Im, J. S.; Morrone, A.; Johung, K.; Goodwin, E. C.; Kleijer, W. J.; DiMaio, 

D.; Hwang, E. S. Senescence-Associated Beta-Galactosidase Is Lysosomal Beta-Galactosidase. 

Aging Cell 2006, 5 (2), 187–195. https://doi.org/10.1111/j.1474-9726.2006.00199.x. 

(39)  Freund, A.; Laberge, R.-M.; Demaria, M.; Campisi, J. Lamin B1 Loss Is a Senescence-

Associated Biomarker. Mol. Biol. Cell 2012, 23 (11), 2066–2075. 

https://doi.org/10.1091/mbc.E11-10-0884. 

(40)  Dreesen, O.; Chojnowski, A.; Ong, P. F.; Zhao, T. Y.; Common, J. E.; Lunny, D.; Lane, E. B.; 

Lee, S. J.; Vardy, L. A.; Stewart, C. L.; Colman, A. Lamin B1 Fluctuations Have Differential 

Effects on Cellular Proliferation and Senescence. J Cell Biol 2013, 200 (5), 605–617. 

https://doi.org/10.1083/jcb.201206121. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

22 of 32 

 

(41)  Sadaie, M.; Salama, R.; Carroll, T.; Tomimatsu, K.; Chandra, T.; Young, A. R. J.; Narita, M.; 

Pérez-Mancera, P. A.; Bennett, D. C.; Chong, H.; Kimura, H.; Narita, M. Redistribution of the 

Lamin B1 Genomic Binding Profile Affects Rearrangement of Heterochromatic Domains and 

SAHF Formation during Senescence. Genes Dev 2013, 27 (16), 1800–1808. 

https://doi.org/10.1101/gad.217281.113. 

(42)  Shah, P. P.; Donahue, G.; Otte, G. L.; Capell, B. C.; Nelson, D. M.; Cao, K.; Aggarwala, V.; 

Cruickshanks, H. A.; Rai, T. S.; McBryan, T.; Gregory, B. D.; Adams, P. D.; Berger, S. L. Lamin 

B1 Depletion in Senescent Cells Triggers Large-Scale Changes in Gene Expression and the 

Chromatin Landscape. Genes Dev 2013, 27 (16), 1787–1799. 

https://doi.org/10.1101/gad.223834.113. 

(43)  Wang, A. S.; Ong, P. F.; Chojnowski, A.; Clavel, C.; Dreesen, O. Loss of Lamin B1 Is a 

Biomarker to Quantify Cellular Senescence in Photoaged Skin. Sci Rep 2017, 7. 

https://doi.org/10.1038/s41598-017-15901-9. 

(44)  Funayama, R.; Saito, M.; Tanobe, H.; Ishikawa, F. Loss of Linker Histone H1 in Cellular 

Senescence. J Cell Biol 2006, 175 (6), 869–880. https://doi.org/10.1083/jcb.200604005. 

(45)  Heyn, H.; Li, N.; Ferreira, H. J.; Moran, S.; Pisano, D. G.; Gomez, A.; Diez, J.; Sanchez-Mut, J. 

V.; Setien, F.; Carmona, F. J.; Puca, A. A.; Sayols, S.; Pujana, M. A.; Serra-Musach, J.; Iglesias-

Platas, I.; Formiga, F.; Fernandez, A. F.; Fraga, M. F.; Heath, S. C.; Valencia, A.; Gut, I. G.; 

Wang, J.; Esteller, M. Distinct DNA Methylomes of Newborns and Centenarians. Proc. Natl. 

Acad. Sci. U.S.A. 2012, 109 (26), 10522–10527. https://doi.org/10.1073/pnas.1120658109. 

(46)  Kane, A. E.; Sinclair, D. A. Epigenetic Changes during Aging and Their Reprogramming 

Potential. Critical Reviews in Biochemistry and Molecular Biology 2019, 54 (1), 61–83. 

https://doi.org/10.1080/10409238.2019.1570075. 

(47)  Klement, K.; Melle, C.; Murzik, U.; Diekmann, S.; Norgauer, J.; Hemmerich, P. Accumulation of 

Annexin A5 at the Nuclear Envelope Is a Biomarker of Cellular Aging. Mechanisms of Ageing 

and Development 2012, 133 (7), 508–522. https://doi.org/10.1016/j.mad.2012.06.003. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

23 of 32 

 

(48)  Nixon, R. A.; Cataldo, A. M.; Mathews, P. M. The Endosomal-Lysosomal System of Neurons in 

Alzheimer’s Disease Pathogenesis: A Review. Neurochem Res 2000, 25 (9), 1161–1172. 

https://doi.org/10.1023/A:1007675508413. 

(49)  Stoka, V.; Turk, V.; Turk, B. Lysosomal Cathepsins and Their Regulation in Aging and 

Neurodegeneration. Ageing Research Reviews 2016, 32, 22–37. 

https://doi.org/10.1016/j.arr.2016.04.010. 

(50)  Byun, H.-O.; Han, N.-K.; Lee, H.-J.; Kim, K.-B.; Ko, Y.-G.; Yoon, G.; Lee, Y.-S.; Hong, S.-I.; Lee, 

J.-S. Cathepsin D and Eukaryotic Translation Elongation Factor 1 as Promising Markers of 

Cellular Senescence. Cancer Res. 2009, 69 (11), 4638–4647. https://doi.org/10.1158/0008-

5472.CAN-08-4042. 

(51)  Jia, J.; Claude-Taupin, A.; Gu, Y.; Choi, S. W.; Peters, R.; Bissa, B.; Mudd, M. H.; Allers, L.; 

Pallikkuth, S.; Lidke, K. A.; Salemi, M.; Phinney, B.; Mari, M.; Reggiori, F.; Deretic, V. Galectin-3 

Coordinates a Cellular System for Lysosomal Repair and Removal. Developmental Cell 2020, 52 

(1), 69-87.e8. https://doi.org/10.1016/j.devcel.2019.10.025. 

(52)  Park, J. T.; Lee, Y.-S.; Cho, K. A.; Park, S. C. Adjustment of the Lysosomal-Mitochondrial Axis 

for Control of Cellular Senescence. Ageing Research Reviews 2018, 47, 176–182. 

https://doi.org/10.1016/j.arr.2018.08.003. 

(53)  Coppé, J.-P.; Desprez, P.-Y.; Krtolica, A.; Campisi, J. The Senescence-Associated Secretory 

Phenotype: The Dark Side of Tumor Suppression. Annual Review of Pathology: Mechanisms of 

Disease 2010, 5 (1), 99–118. https://doi.org/10.1146/annurev-pathol-121808-102144. 

(54)  Ivanov, A.; Pawlikowski, J.; Manoharan, I.; van Tuyn, J.; Nelson, D. M.; Rai, T. S.; Shah, P. P.; 

Hewitt, G.; Korolchuk, V. I.; Passos, J. F.; Wu, H.; Berger, S. L.; Adams, P. D. Lysosome-

Mediated Processing of Chromatin in Senescence. J Cell Biol 2013, 202 (1), 129–143. 

https://doi.org/10.1083/jcb.201212110. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

24 of 32 

 

(55)  Mullani, N.; Porozhan, Y.; Costallat, M.; Batsché, E.; Goodhardt, M.; Cenci, G.; Mann, C.; 

Muchardt, C. Reduced RNA Turnover as a Driver of Cellular Senescence. bioRxiv 2020, 800128. 

https://doi.org/10.1101/800128. 

(56)  Gonskikh, Y.; Polacek, N. Alterations of the Translation Apparatus during Aging and Stress 

Response. Mechanisms of Ageing and Development 2017, 168, 30–36. 

https://doi.org/10.1016/j.mad.2017.04.003. 

(57)  Tajima, K.; Matsuda, S.; Yae, T.; Drapkin, B. J.; Morris, R.; Boukhali, M.; Niederhoffer, K.; 

Comaills, V.; Dubash, T.; Nieman, L.; Guo, H.; Magnus, N. K. C.; Dyson, N.; Shioda, T.; Haas, 

W.; Haber, D. A.; Maheswaran, S. SETD1A Protects from Senescence through Regulation of the 

Mitotic Gene Expression Program. Nature Communications 2019, 10 (1), 2854. 

https://doi.org/10.1038/s41467-019-10786-w. 

(58)  Kwan, S.-Y.; Sheel, A.; Song, C.-Q.; Zhang, X.-O.; Jiang, T.; Dang, H.; Cao, Y.; Ozata, D. M.; 

Mou, H.; Yin, H.; Weng, Z.; Wang, X. W.; Xue, W. Depletion of TRRAP Induces P53-Independent 

Senescence in Liver Cancer by Down-Regulating Mitotic Genes. Hepatology 2020, 71 (1), 275–

290. https://doi.org/10.1002/hep.30807. 

(59)  Kim, W.; Kim, R.; Park, G.; Park, J.-W.; Kim, J.-E. Deficiency of H3K79 Histone 

Methyltransferase Dot1-like Protein (DOT1L) Inhibits Cell Proliferation. J Biol Chem 2012, 287 

(8), 5588–5599. https://doi.org/10.1074/jbc.M111.328138. 

(60)  Niu, H.; Qian, L.; Sun, B.; Liu, W.; Wang, F.; Wang, Q.; Ji, X.; Luo, Y.; Nesa, E. U.; Lou, H.; 

Yuan, H. Inactivation of TFEB and NF-ΚB by Marchantin M Alleviates the Chemotherapy-Driven 

pro-Tumorigenic Senescent Secretion. Acta Pharm Sin B 2019, 9 (5), 923–936. 

https://doi.org/10.1016/j.apsb.2019.08.007. 

(61)  Plaisier, S. B.; Taschereau, R.; Wong, J. A.; Graeber, T. G. Rank-Rank Hypergeometric Overlap: 

Identification of Statistically Significant Overlap between Gene-Expression Signatures. Nucleic 

Acids Res 2010, 38 (17), e169. https://doi.org/10.1093/nar/gkq636. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

25 of 32 

 

(62)  Golub, T. R.; Slonim, D. K.; Tamayo, P.; Huard, C.; Gaasenbeek, M.; Mesirov, J. P.; Coller, H.; 

Loh, M. L.; Downing, J. R.; Caligiuri, M. A.; Bloomfield, C. D.; Lander, E. S. Molecular 

Classification of Cancer: Class Discovery and Class Prediction by Gene Expression Monitoring. 

Science 1999, 286 (5439), 531–537. https://doi.org/10.1126/science.286.5439.531. 

 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.09.22.309351doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.22.309351


Proteomic profiling of primary HMEC senescence 

26 of 32 

 

Figures 

 

Figure 1: Replicative senescence alters the HMEC proteome. 

A. Volcano plot representing average log2 fold change of protein levels comparing replicative 

senescent versus proliferating HMECs plotted against the -log10 p-value (n=2 biological 

replicates). Red and blue denote the 60 significantly upregulated and 39 significantly down-

regulated proteins, respectively (FDR-corrected p-value < 0.01 and average absolute log2 fold 

change > 1). 

B. Hierarchical clustering of protein expression levels for differentially expressed proteins in 

senescent and proliferating HMECs across two biological replicates (Expt.). For each biological 

replicate, the samples were run in technical replicates. The 40 proteins with smallest FDR-

corrected p-values are shown. 
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Figure 2: Data integration identifies a proteomic signature of HMEC senescence. 
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A. Venn diagram showing the overlap in the number of proteins quantified in three senescent 

datasets: replicative senescent versus proliferating HMECs (Fig. 1), luciferase- versus hTERT-

expressing HMECs (Supp. Fig. 2A,B), and triapine- versus DMSO-treated HMECs (Supp. Fig. 

2C,D).  

B. Comparison of log2 fold change in protein expression in luciferase- versus hTERT-expressing 

HMECs (top) and triapine- versus DMSO-treated HMECs (bottom) against replicative senescent 

versus proliferating HMECs. The Pearson correlation coefficient (r) is shown. 

C. Volcano plot representing average log2 (senescent / proliferating) fold change versus -log10 p-

value combined statistical significance from three datasets. Red and blue denote 76 and 36 

proteins that were consistently up- or down-regulated in all three datasets, respectively (FDR-

corrected p-value < 0.01, average absolute log2 fold change > 1). 

D. Hierarchical clustering of the 30 proteins with the smallest FDR-corrected p-value after integrating 

the three datasets. All biological and technical replicates are shown. 
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Figure 3: Gene ontology and transcription factor target analysis of the HMEC senescence 

signature. 

A. Gene Ontology (GO) enrichment analysis of the upregulated (top) and downregulated (bottom) 

proteins in the HMEC senescence signature. Analysis was performed in ClueGO33 using proteins 

with FDR-corrected p-value less than 0.05 and log2 fold change greater than log2(1.5). The size 

of each circle denotes the statistical significance of the enrichment, as shown in the legend. GO 

terms of the same color have ≥50% similarity. Connecting lines represent kappa connectivity 

scores. 

B. Transcription factor target analysis of proteomic signature of HMEC senescence. The 1,023 

proteins quantified in all three proteomic data sets (Fig. 2) were ranked by average log2 fold 

change and analyzed by gene set enrichment analysis (GSEA) with the GTRD list of transcription 

factor targets35. Circle color denotes the normalized enrichment score (NES), and circle size 

denotes the statistical significance of the enrichment, as shown in the legend. Transcription 

factors with a known link to senescence are colored green, and transcription factors without any 

known link to senescence are colored orange. 
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Figure 4: Classification power of the proteomic signature of HMEC senescence. 

A. Rank-rank hypergeometric overlap (RRHO)61 comparison of proteomic (Fig. 2) and 

transcriptomic signatures of HMEC senescence36. The protein and transcripts measured in 

both data sets (n=826) were ranked by log2 fold change. The area of most significant overlap, 

as shown by the color legend at right, occurs in the lower left-hand quadrant which are the 

proteins and transcripts upregulated in both data sets. 

B. Schematic representing calculation of HMEC senescence score using weighted voting62. The 

proteomic signature of HMEC senescence (Fig. 2) was used as voting weights (log2 fold 

change of protein expression comparing senescent and proliferating HMEC, 113 proteins 

total). Weights were multiplied by gene expression data to calculate a HMEC senescence 

score for each sample.  
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C. Gene expression data from five independent HMEC cell lines36 was analyzed using weighted 

voting as described in panel B. Samples for each cell line are arranged in increasing passage 

number and colored according to pre-stasis (i.e., proliferating), intermediate, or stasis (i.e., 

senescent) as in the original publication. M85, M85X, and MCDB represent different media 

formulations. Samples profiled at the same passage are connected by a thin dark gray line. p 

= 0.0014 comparing the senescence scores from pre-stasis and stasis using a paired (by cell 

line) t-test.  

D. Receiver operating characteristic (ROC) curve analysis of the HMEC senescence score data 

in panel C. Only pre-stasis and stasis samples were included. The area-under-the-curve 

(AUC) was 0.98. 
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