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SUMMARY:  29 
Cellular senescence is the key factor in the development of chronic age-related pathologies. 30 
Identification of therapeutics that target senescent cells show promise for extending healthy 31 
aging. Here, we present a novel assay to screen for the identification of senotherapeutics based 32 
on measurement of senescence associated β-Galactosidase activity in single cells.  33 
 34 
ABSTRACT:  35 
Cell senescence is one of the hallmarks of aging known to negatively influence a healthy lifespan. 36 
Drugs able to kill senescent cells specifically in cell culture, termed senolytics, can reduce the 37 
senescent cell burden in vivo and extend healthspan. Multiple classes of senolytics have been 38 
identified to date including HSP90 inhibitors, Bcl-2 family inhibitors, piperlongumine, a FOXO4 39 
inhibitory peptide and the combination of Dasatinib/Quercetin. Detection of SA-β-Gal at an 40 
increased lysosomal pH is one of the best characterized markers for the detection of senescent 41 
cells. Live cell measurements of senescence-associated β-galactosidase (SA-β-Gal) activity using 42 
the fluorescent substrate C12FDG in combination with the determination of the total cell number 43 
using a DNA intercalating Hoechst dye opens the possibility to screen for senotherapeutic drugs 44 
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that either reduce overall SA-β-Gal activity by killing of senescent cells (senolytics) or by 45 
suppressing SA-β-Gal and other phenotypes of senescent cells (senomorphics). Use of a high 46 
content fluorescent image acquisition and analysis platform allows for the rapid, high throughput 47 
screening of drug libraries for effects on SA-β-Gal, cell morphology and cell number. 48 
 49 
INTRODUCTION:  50 
Cellular senescence was described for the first time by Leonard Hayflick and Paul Moorhead, who 51 
showed that normal cells had a limited ability to proliferate in culture1. Senescent cells fail to 52 
proliferate despite the presence of nutrients, growth factors and lack of contact inhibition, but 53 
remain metabolically active2. This phenomenon is known as replicative senescence and was 54 
mainly attributed to the telomere shortening, at least in human cells3. Further studies have 55 
shown that cells can also be induced to undergo senescence in response to other stimuli, such as 56 
oncogenic stress (oncogene induced senescence, OIS), DNA damage, cytotoxic drugs, or 57 
irradiation (stress induced senescence, SIS)4-6. In response to DNA damage, including telomere 58 
erosion, cells either senesce, start uncontrolled cell growth, or undergo apoptosis if the damage 59 
cannot be repaired. In this case, cell senescence seems to be beneficial as it acts in a tumor 60 
suppressive manner2. In contrast, senescence is increased with aging due to the accumulation of 61 
cellular damage including DNA damage. Since senescent cells can secrete cytokines, 62 
metalloproteinases and growth factors, termed the senescence-associated secretory phenotype 63 
(SASP), this age-dependent increase in cellular senescence and SASP contributes to decreased 64 
tissue homeostasis and subsequently aging. Also, this age-dependent increase in the senescence 65 
burden is known to induce metabolic diseases, stress sensitivity, progeria syndromes, and 66 
impaired healing7,8 and is, in part, responsible for the numerous age-related diseases, such as 67 
atherosclerosis, osteoarthritis, muscular degeneration, ulcer formation, and Alzheimer’s 68 
disease9-13. Eliminating senescent cells can help to prevent or delay tissue dysfunction and extend 69 
healthspan14. This has been shown in transgenic mouse models14-16 as well as by using senolytic 70 
drugs and drug combinations that were discovered through both drug screening efforts and 71 
bioinformatic analysis of pathways induced specifically in senescent cells17-22. Identifying more 72 
optimal senotherapeutic drugs, able to more effectively reduce the senescent cell burden, is an 73 
important next step in the development of therapeutic approaches for healthy aging. 74 
 75 
Senescent cells show characteristic phenotypic and molecular features, both in culture and in 76 
vivo. These senescence markers could be either the cause or the result of senescence induction 77 
or a byproduct of molecular changes in these cells. However, no single marker is found specifically 78 
in senescent cells. Currently, senescence-associated β-galactosidase (SA-β-Gal) detection is one 79 
of the best-characterized and established single-cell based methods to measure senescence in 80 
vitro and in vivo. SA-β-Gal is a lysosomal hydrolase with an optimal enzymatic activity at pH 4. 81 
Measuring its activity at pH 6 is possible because senescent cells show increased lysosomal 82 
activity23,24. For living cells, increased lysosomal pH is obtained by lysosomal alkalinization with 83 
the vacuolar H+-ATPase inhibitor Bafilomycin A1 or the endosomal acidification inhibitor 84 
chloroquine25,26. 5-Dodecanoylaminofluorescein Di-β-D-galactopyranoside (C12FDG) is used as 85 
substrate in living cells as it retains the cleaved product in the cells due to its 12 carbon lipophilic 86 
moiety25. Importantly, SA-β-Gal activity itself is not directly connected with any pathway 87 
identified in senescent cells and is not necessary to induce senescence. With this assay, senescent 88 
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cells can be identified even in the heterogeneous cell populations and aging tissues, such as skin 89 
biopsies from older individuals. It also has been used to show a correlation between cell 90 
senescence and aging23 as it is a reliable marker for senescent cell detection in several organisms 91 
and conditions27-30. Here, a high throughput SA-β-Gal screening assay based on the fluorescent 92 
substrate C12FDG using primary mouse embryonic fibroblasts (MEFs) with robustly oxidative 93 
stress induced cell senescence is described and its advantages and disadvantages are discussed. 94 
Although this assay can be performed with different cell types, the use of Ercc1-deficient, DNA 95 
repair impaired MEFs allows for more rapid induction of senescence under conditions of 96 
oxidative stress. In mice, reduced expression of the DNA repair endonuclease ERCC1-XPF causes 97 
impaired DNA repair, accelerated accumulation of endogenous DNA damage, elevated ROS, 98 
mitochondrial dysfunction, increased senescent cell burden, loss of stem cell function and 99 
premature aging, similar to natural aging31,32. Similarly, Ercc1-deficient MEFs undergo senescence 100 
more rapidly in culture17. An important feature of the senescent MEF assay is that each well has 101 
a mixture of senescent and non-senescent cells, allowing for the clear demonstration of 102 
senescent cell-specific effects. However, although we believe that the use of oxidative stress in 103 
primary cells to induce senescence is more physiologic, this assay also can be used with cell lines 104 
where senescence is induced with DNA damaging agents like etoposide or irradiation. 105 
  106 
PROTOCOL:  107 
 108 
Animal use was approved by the Scripps Florida Institutional Animal Care and Use Committee. 109 
 110 
1. Generation of senescent murine embryonic fibroblast (MEF) – 12-15 days 111 
 112 
1.1. Isolate wild type and Ercc1-/- MEFs from pregnant female mice at embryonic day 13 (E13) 113 
as described previously33. 114 
 115 
NOTE: All following steps are carried out in a tissue culture hood under aseptic conditions and 116 
using sterile instruments. 117 
 118 
1.2. Resect the embryo head above the eyes. 119 
 120 
1.3.  Remove the red tissue (heart and liver) and use them for genotyping if necessary.  121 
 122 
1.4. Prepare 500 mL of a 1:1 mixture of Dulbecco’s Modified Eagle’s Medium (DMEM) and 123 
Ham’s F10 with 10% fetal bovine serum, 1x nonessential amino acids, penicillin, and streptomycin 124 
as growth medium and warm it up to 37 °C for around 15 min before each use. Store growth 125 
medium at 4 °C. 126 
 127 
1.5. Incubate the rest of the embryo with 0.25% trypsin/EDTA for 10 min. 128 
 129 
1.6. Mince the embryo into 1 mm pieces and pipette the tissue up and down several times. 130 
 131 



  

 

1.7. Add 10 mL of growth medium and plate tissues of one embryo per 10 cm diameter cell 132 
culture plate (passage 0).  133 
 134 
1.8. Cultivate cells at 37 °C, 3% O2, 5% CO2.  135 
 136 
NOTE: Only MEF cells attach to non-coated tissue culture plates under these conditions.  137 
 138 
1.9. Change medium every day in passage 0 to remove non-attached tissue and cell fragments.  139 
 140 
NOTE: Depending on the size of the embryo and the quality of the isolation, cell usually reach 141 
confluency after 2 to 3 days. 142 
 143 
1.10. Trypsinization 144 
 145 
1.10.1. Carefully remove the growth medium and wash cells with 10 mL of 1x PBS two times.  146 
 147 
1.10.2. Add 2 mL of a 0.025% trypsin/EDTA solution to cells in 10 cm diameter plates and incubate 148 
at 37 °C for 2-3 min.  149 
 150 
1.10.3. Make sure that cells are detached from the surface by inspecting the cells under the 151 
microscope.  152 

 153 
1.10.4. Terminate trypsin digestion by adding the same amount of growth medium.  154 

 155 
1.10.5. Transfer the cells to a conical tube and centrifuge cells at 200 x g for 3 min and discard 156 
the supernatant.  157 
 158 
1.10.6. Resuspend cells carefully in fresh growth medium, count cells and seed them in new 159 
plates at the projected cell density. 160 
 161 
1.11. For non-senescent sub cultivation split confluent cells 1:4 and extend for another passage 162 
at 3% O2, 37 °C to yield more cells (passage 1).  163 
 164 
NOTE: At this point the cells can either be maintained in culture or stored for later use in liquid 165 
nitrogen, in cryovials containing approximately 1 million cells each. This step also offers the 166 
possibility to generate a mixed batch of cells from different animals to reduce variability coming 167 
from single animal analysis. 168 
 169 
1.12. To induce cell senescence, seed split confluent cells from passage 1 at a ratio of 1:4 and 170 
incubate them at 20% O2, 37 °C, 5% CO2 for 3 days; these culture conditions are atmospheric for 171 
oxygen. 172 
 173 
NOTE: Cultivation of cells and blastocysts under ambient oxygen concentrations can elevate 174 
markers of cellular senescence specifically when DNA damage repair is impaired34-36.  175 



  

 

 176 
1.13. Repeat this procedure for 2 more passages. 177 

 178 
1.14. To monitor cellular senescence, measure the gradual increase in cell diameter and cell 179 
volume during each trypsinization step using an advanced Coulter cell counter system. 180 
 181 
1.15. Assess the reduction in cell proliferation by determination of population doubling (PD) 182 
using the equation 183 
 184 
PDT = (t2-t1)/3.32 x (log n2 – log n1)  185 
 186 
NOTE: Population doubling time was only used for non-senescent cells.  187 
 188 
1.16. Use early passage wild-type or Ercc1-/- MEF cells that were kept at 3% O2, 37 °C, 5% CO2 189 
as non-senescent control cells. 190 
 191 
2. Senescent associated β-Gal screening assay – 2-3 days  192 
 193 
2.1. Prepare 10 mM stock solutions in DMSO of all drugs to be tested and store aliquots at -194 
80 °C. Do not freeze-thaw stock solutions as this may decrease the activity of drugs.  195 
 196 
NOTE: Here, the HSP90 inhibitor 17DMAG was used as a senolytic drug capable of specifically 197 
killing senescent cells17.  198 
 199 
2.2. On the day of the experiment thaw the aliquot, dilute the drugs in fresh culture medium 200 
and add to the cells containing conditioned medium at a 1:1 ratio to yield the final concentration 201 
in growth medium.  202 
 203 
2.3. Use 96-well pre-dilution plates for serial dilutions and drug combinations.  204 
 205 
NOTE: For MEF cells, it was empirically determined that DMSO concentrations should not exceed 206 
2% and control cells treated with highest DMSO concentrations used should be included in each 207 
run.  208 
 209 
2.4. Seed 5 x 103 senescent cells or 3 x 103 non-senescent cells per well in 96 well plates at 210 
least 6 h prior to treatment in 100 µL of growth medium and incubate at 20% O2, 37 °C, 5% CO2.  211 
 212 
NOTE: Cells should be about 80% confluent before treatment.  213 
 214 
2.5. Use black wall/clear bottom tissue culture, treated 96 well plates to minimize fluorescent 215 
signal crosstalk and background.  216 
 217 
NOTE: However, clear plates have also been tested successfully.  218 
 219 



  

 

2.6. Add drug dilutions to MEF cells and incubate for 24 h to 48 h under 20% O2, 37 °C, 5% CO2 220 
conditions.  221 
 222 
2.7. Keep non-senescent cells under 3% O2, 37 °C, 5% CO2 conditions. 223 
 224 
2.8. For lysosomal alkalinization, prepare a 10 mM bafilomycin A1 solution, aliquot and keep 225 
frozen at -20 °C.  226 
 227 
2.9. For fluorescence analysis of SA-β-Gal activity, prepare a 2 mM C12FDG stock solution, store 228 
at -20 °C, and protect from light.  229 
 230 
2.10. For the working solution, prepare 100 µM C12FDG in growth medium on the day of 231 
experiment. 232 
 233 
NOTE: All (incubation) steps involving C12FDG should be performed in the dark. 234 
 235 
2.11. Remove the drug solution and wash cells 1 time with 100 µL of 1x PBS. 236 
 237 
2.12. Induce lysosomal alkalinization by pretreating cells with 90 µL of a 100 nM bafilomycin A1 238 
solution prepared in fresh cell culture medium for 1 hour at 20% O2, 37 °C, 5% CO2. 239 
 240 
2.13. Add 10 µL of 100 µM C12FDG working solution to the culture medium (final concentration 241 
10 µM).  242 
 243 
2.14. Incubate cells for 2 h. 244 
 245 
2.15. Add 2 µL of a 100 µg/mL Hoechst 33342 dye (final concentration 2 µg/mL) to the culture 246 
and incubate for 20 min. 247 
 248 
2.16. Remove media and add 100 µL of fresh growth medium. 249 
 250 
3. Quantitative high content fluorescent image analysis 251 
 252 
3.1. Use a high content fluorescent image acquisition and analysis platform to acquire 253 
fluorescent images of the cells in the two channels appropriate for the capture of Hoechst and 254 
C12FDG fluorescence (e.g., DAPI and FITC channel presets, respectively). 255 
 256 
NOTE: Acquisition protocols require the definition of several variables that are specific to the 257 
assay. The purpose of an acquisition protocol is to capture an adequate number of in-focus 258 
fluorescent images of sufficient numbers of cells for downstream quantitative analysis. 259 
 260 
3.2. Develop an appropriate analysis protocol by selecting each channel and defining, by 261 
adjusting one or more selective criteria, what qualifies as a feature of interest in each channel. 262 
   263 



  

 

3.2.1. For the nucleus, use so segmentation pre-sets (e.g., nuclear segmentation, vesicle 264 
segmentation, cytoplasm segmentation) that will allow the identification of cellular organelles 265 
on the basis of multiple criteria including morphology, size, and signal intensity. Adjust these 266 
criteria to include nuclei while excluding nuclear fragments and debris which may have a signal, 267 
but which are, for example, too large or too small to be nuclei.  268 
  269 
3.2.2. Check the signal in the FITC channel which is fluorescence from cleaved C12FDG and 270 
represents the amount of senescence-associated β-galactosidase activity in the cells.   271 
 272 
NOTE: Senescent cells have a higher senescence-associated β-galactosidase activity than non-273 
senescent cells; however, C12FDG fluorescence will be non-discrete and continuous, necessitating 274 
the establishment of a threshold between what is considered a C12FDG-positive and a C12FDG-275 
negative cell.   276 
 277 
3.2.3. Using commercially available analytical software, generate a count of instances in which 278 
a defined region surrounding the nucleus (a presumptive cell) has overlapped at least once with 279 
an above-threshold C12FDG.   280 
 281 
NOTE: The analytical software automatically generates a count using target linking. This is the 282 
assay’s practical definition of a senescent, C12FDG-positive cell. 283 
 284 
3.3. Analyze all samples in triplicate with 3-5 fields per well and mean values and standard 285 
deviations being calculated accordingly. 286 
 287 
3.4. Calculate the percentage of senescent cells using the following formula: 288 
 289 

Senescent cells (%) = 
𝑛𝑛 (𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑛𝑛𝑛𝑛𝑛)

𝑛𝑛 (𝑛𝑛𝑛𝑛𝑛 𝑛𝑛𝑛𝑛𝑛)
 x 100  290 

 291 
4. Assay validation parameters 292 
 293 
4.1. For all samples intra- and inter-assay coefficient of variations (%CVs) were calculated 294 
using the following formula: 295 
 296 

Intra-assay CV (n = 10 repeats measured in one experiment) = 
𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝑛
 x 100 (%) 297 

    298 

Inter-assay CV (n = 5 independent experiments) = 
𝑛𝑛𝑛𝑛𝑛𝑛𝑛

𝑛
 x 100 (%) 299 

  300 
4.2. For screening purposes, determine the Z’ value, a statistical parameter to evaluate the 301 
quality of an assay, from cells treated with 200 nM rapamycin for 24 h at 20% O2, 37 °C, 5% CO2 302 
(a positive control for senotherapeutic drugs) and untreated senescent cells (negative control).  303 
 304 
NOTE: The Z’ value was calculated according to Zhang et al.37. Z’ values between 0.5 and 1 305 
indicate that an assay can be used for drug screening.  306 



  

 

 307 
REPRESENTATIVE RESULTS:  308 
SA-β-Gal activity can be detected in cells that are induced to senesce by various ways from 309 
replicative exhaustion, genotoxic and oxidative stress, to oncogene activation23,25,38. In the 310 
current model using Ercc1-deficient mouse embryonic fibroblast cells, normoxic growth 311 
conditions (20% O2) were sufficient to induce cell senescence after cultivating them for a few 312 
passages. Wild type MEFs also undergo senescence but require additional passages at 20% O2. 313 
Figure 1 shows the workflow of the screening assay starting with the isolation of primary MEF 314 
cells from Ercc1-deficient mouse embryos, to the induction of cell senescence by oxidative stress, 315 
and finally to the analysis of microscopic data obtained with a high content fluorescent 316 
microscope. Figure 2 shows representative images of MEF cell cultures containing non-senescent 317 
(young) cells (Figure 2, left), about 50% senescent cells in passage 5 (Figure 2, center), and 318 
senescent cells treated with a senolytic drug (Figure 2, right). Figure 3A shows representative 319 
images for automatic, software generated quantitative analyses of senescent cells. Figure 3B 320 
demonstrates the elimination of background β-galactosidase activity by bafilomycin-A. Figure 4 321 
shows possible outcomes of senescent cell cultures treated with drugs including senescent cell 322 
killing (senolytic) and senescence modulating (senomorphic) drugs as described in Fuhrmann-323 
Stroissnigg et al.17.  324 
 325 
FIGURE AND TABLE LEGENDS: 326 
 327 
Figure 1. Schematic overview of screening assay and timeline. MEF cells are isolated from 328 
pregnant mice and put on cell culture treated plastic plates for a few days to expand. Early 329 
passage cells can be frozen in liquid nitrogen and can be used for screening at a later time point. 330 
Cell senescence is induced by oxidative stress by passage at 20% O2 and cells are exposed to drugs 331 
once they have reached a robust senescent state. Data analysis including the amount total and 332 
remaining senescent cells is performed. The timeline, in days, indicates the duration of one 333 
experiment.  334 
 335 
Figure 2. Representative Images of non-senescent, senescent and senescent cells treated with 336 
100 nM of the senolytic drug 17DMAG. Blue fluorescence indicates DNA staining with Hoechst 337 
33324 whereas green fluorescence indicates SA-β-Gal staining with C12FDG. Bright green staining 338 
represents SA-β-Gal positive senescent cells whereas dim staining represents SA-β-Gal low or 339 
negative, non-senescent cells. Please note that senescent cells usually have bigger cell size and 340 
are flattened. 341 
 342 
Figure 3. Representative Images of a senescent MEF cell culture analyzed with commercial 343 
software.  (A) SA-β-Gal positive cells (SA-β-Gal+) cells are outlined in green (green arrows), SA-β-344 
Gal negative (SA-β-Gal-) are outlined in red (red arrows). Left and right panels show nuclear 345 
(Hoechst) and C12FDG (FITC) signal, respectively. Only areas that stain positive for Hoechst 346 
(contain a nuclei) are considered as cells. (B) A comparison of Bafilomycin-A treated and 347 

untreated cells. Residual -galactosidase activity present in all cells is reduced by lysosomal 348 
acidification    349 
 350 



  

 

Figure 4. Scheme of possible outcomes of drug treatment. Drugs can have different effects on 351 
senescent and non-senescent cells including kill senescent cells (senolytics) or suppress the SA-352 
β-Gal senescent phenotype (senomorphics). Together these two classes are termed 353 
senotherapeutics. This figure has been modified from Fuhrmann-Stroissnigg et al.17. 354 
 355 
DISCUSSION:  356 
SA-β-Gal is a well-defined biomarker for cellular senescence originally discovered by Dimri et al. 357 
(1995) showing that senescent human fibroblasts have increased activity of SA-β-Gal when 358 
assayed at pH 623 compared to proliferating cells. Meanwhile, in vitro and in vivo assay for SA-β-359 
Gal have been established for different cell types and tissues25,39,40. The fluorescence based 360 
single-cell method to measure SA-β-Gal in live cells described in this protocol is an excellent 361 
primary screening tool for drugs influencing cell senescence17. However, although SA-β-Gal is 362 
considered as one of the most convenient markers for senescent cell detection, additional 363 
markers for cellular senescence like the detection of cell cycle regulators p16Ink4A and p2141, 364 

senescence associated secretory phenotype (SASP) proteins like IL-6, TNFα, HMGB1and NF-B42, 365 
DNA damage repair markers like ϒH2Ax and telomere associated DNA damage foci (TAFs)43,44, 366 
senescence associated heterochromatin foci (SAHF) 45 or basic morphological markers like cell 367 
size and granularity need to be in place as confirmatory assays to ensure the senotherapeutic 368 
potential of drugs40. Since the transition from a normal cell into a senescent cell is a slow process, 369 
the critical step in this method is to find the threshold that distinguishes between C12FDG positive 370 
(senescent) and negative (normal) cells. This has to be determined empirically for each cell type 371 
and C12FDG positive and negative controls have to be included in each experiment.  372 
 373 
In addition to oxidative-stressed Ercc1-/- MEFs, this method can be modified for other adherent 374 
cell types. Oxidative-stressed Ercc1-deficient mesenchymal stem cells (MSCs) and etoposide-375 
treated human IMR90 cells were already successfully tested in the assay and can be used to 376 
screen for drugs17. However, times to induce senescence as well as drug treatment times and 377 
concentrations might vary.  378 
 379 
The major limitation of this technique is that SA-β-Gal activity has shown to increase under 380 
certain senescent-independent conditions such cell contact inhibition or high cellular 381 
confluence46,47. Areas containing “cell heaps” and cell cultures with over confluent cells can easily 382 
be determined and should be excluded from the analyses. In addition, background staining from 383 
green auto fluorescent lipofuscin vesicles increased in senescent cells can occur. In senescent 384 
MEF cells cultures they are negligible due to the brightness of C12FDG but should be examined 385 
for each cell type46. Hoechst staining of DNA usually does not lead to background staining. Some 386 
phenol ring containing drugs, however, might be fluorescent in UV light. Increase of the exclusion 387 
size of the UV positive fluorescence signal up to the size of actual cell nuclei might help to prevent 388 
unwanted detection of these drugs.  389 
 390 
The most significant feature of the described assay is the fact that senescent as well as non-391 
senescent cells are found in the same environment, allowing for assessment of drug effects on 392 
senescent and non-senescent cells simultaneously. The detection of the total cell number by 393 
counting cell nuclei gives a first indication about the cell killing potential of a drug. A decline in 394 



  

 

cell numbers and cell senescence usually hints to senolytic drugs whereas a constant cell number 395 
with a reduced number of senescent cells usually indicates senomorphic drugs. Due to the short 396 
drug incubation time, effects like simultaneous proliferation of non-senescent cells and cell death 397 
of senescent cells leading to constant cell number (e.g., senolytic effect with senomorphic result) 398 
cannot be ruled out but are considered highly unlikely.  399 
 400 
Future applications of this technique include the possibility to integrate additional live cell 401 
markers (e.g., apoptosis marker like AnnexinV and 7AAD40) or markers for different intracellular 402 
compartments like mitochondria or lysosomes into the assay system. Concomitant monitoring of 403 
SA-β-Gal and other cellular markers during drug treatment can help to elucidate underlying 404 
cellular mechanism. 405 
 406 
ACKNOWLEDGMENTS:  407 
This work was supported by NIH Grants AG043376 (Project 2 and Core A, PDR; Project 1 and Core 408 
B, LJN) and AG056278 (Project 3 and Core A, PDR; and Project 2, LJN) and a grant from the Glenn 409 
Foundation (LJN).  410 
 411 
DISCLOSURES:  412 
The authors have nothing to disclose. 413 
 414 
REFERENCES:  415 
1 Hayflick, L., Moorhead, P. S. The serial cultivation of human diploid cell strains. 416 

Experimental Cell Research. 25 585-621 (1961). 417 
2 Campisi, J., di Fagagna, F. D. Cellular senescence: when bad things happen to good cells. 418 

Nature Reviews Molecular Cell Biology. 8 (9), 729-740 (2007). 419 
3 Harley, C. B., Futcher, A. B., Greider, C. W. Telomeres shorten during ageing of human 420 

fibroblasts. Nature. 345 (6274), 458-460 (1990). 421 
4 Zhu, J., Woods, D., McMahon, M., Bishop, J. M. Senescence of human fibroblasts induced 422 

by oncogenic Raf. Genes and Development. 12 (19), 2997-3007 (1998). 423 
5 Dimri, G. P., Itahana, K., Acosta, M., Campisi, J. Regulation of a senescence checkpoint 424 

response by the E2F1 transcription factor and p14(ARF) tumor suppressor. Molecular and 425 
Cellular Biology. 20 (1), 273-285 (2000). 426 

6 Michaloglou, C. et al. BRAFE600-associated senescence-like cell cycle arrest of human 427 
naevi. Nature. 436 (7051), 720-724 (2005). 428 

7 Niedernhofer, L. J. Tissue-specific accelerated aging in nucleotide excision repair 429 
deficiency. Mechanisms of Ageing and Development. 129 (78), 408-415 (2008). 430 

8 Gitenay, D. et al. Glucose metabolism and hexosamine pathway regulate oncogene-431 
induced senescence. Cell Death & Disease. 5 e1089 (2014). 432 

9 Erusalimsky, J. D., Kurz, D. J. Cellular senescence in vivo: its relevance in ageing and 433 
cardiovascular disease. Experimental Gerontology. 40 (8-9), 634-642 (2005). 434 

10 Kassem, M., Marie, P. J. Senescence-associated intrinsic mechanisms of osteoblast 435 
dysfunctions. Aging Cell. 10 (2), 191-197 (2011). 436 

11 Campisi, J., Andersen, J. K., Kapahi, P., Melov, S. Cellular senescence: A link between 437 
cancer and age-related degenerative disease? Seminars in Cancer Biology. 21 (6), 354-359 438 



  

 

(2011). 439 
12 Golde, T. E., Miller, V. M. Proteinopathy-induced neuronal senescence: a hypothesis for 440 

brain failure in Alzheimer's and other neurodegenerative diseases. Alzheimers Research 441 
& Therapy. 1 (2), 5 (2009). 442 

13 Telgenhoff, D., Shroot, B. Cellular senescence mechanisms in chronic wound healing. Cell 443 
Death & Differentiation. 12 (7), 695-698 (2005). 444 

14 Baker, D. J. et al. Clearance of p16Ink4a-positive senescent cells delays ageing-associated 445 
disorders. Nature. 479 (7372), 232-236 (2011). 446 

15 Baker, D. J. et al. Naturally occurring p16-positive cells shorten healthy lifespan. Nature. 447 
10.1038/nature16932 (2016). 448 

16 Childs, B. G. et al. Senescent intimal foam cells are deleterious at all stages of 449 
atherosclerosis. Science. 354 (6311), 472-477 (2016). 450 

17 Fuhrmann-Stroissnigg, H. et al. Identification of HSP90 inhibitors as a novel class of 451 
senolytics. Nature Communications. 8 (1), 422 (2017). 452 

18 Zhu, Y. et al. New agents that target senescent cells: the flavone, fisetin, and the BCL-XL 453 
inhibitors, A1331852 and A1155463. Aging (Albany NY). 9 (3), 955-963 (2017). 454 

19 Zhu, Y. et al. Identification of a Novel Senolytic Agent, Navitoclax, Targeting the Bcl-2 455 
Family of Anti-Apoptotic Factors. Aging Cell. 10.1111/acel.12445 (2015). 456 

20 Zhu, Y. et al. The Achilles' heel of senescent cells: from transcriptome to senolytic drugs. 457 
Aging Cell. 10.1111/acel.12344 (2015). 458 

21 Baar, M. P. et al. Targeted Apoptosis of Senescent Cells Restores Tissue Homeostasis in 459 
Response to Chemotoxicity and Aging. Cell. 169 (1), 132-147 e116 (2017). 460 

22 Jeon, O. H. et al. Local clearance of senescent cells attenuates the development of post-461 
traumatic osteoarthritis and creates a pro-regenerative environment. Nature Medicine. 462 
10.1038/nm.4324 (2017). 463 

23 Dimri, G. P. et al. A biomarker that identifies senescent human cells in culture and in aging 464 
skin in vivo. Proceedings of the National Academy of Sciences USA. 92 (20), 9363-9367 465 
(1995). 466 

24 Itahana, K., Campisi, J., Dimri, G. P. Methods to detect biomarkers of cellular senescence: 467 
the senescence-associated beta-galactosidase assay. Methods in Molecular Biology. 371 468 
21-31 (2007). 469 

25 Debacq-Chainiaux, F., Erusalimsky, J. D., Campisi, J., Toussaint, O. Protocols to detect 470 
senescence-associated beta-galactosidase (SA-[beta]gal) activity, a biomarker of 471 
senescent cells in culture and in vivo. Nature Protocols. 4 (12), 1798-1806 (2009). 472 

26 Cahu, J., Sola, B. A sensitive method to quantify senescent cancer cells. Journal of 473 
Visualized Experiments. 10.3791/50494 (78) (2013). 474 

27 Collado, M. et al. Tumour biology: Senescence in premalignant tumours. Nature. 436 475 
(7051), 642-642 (2005). 476 

28 Krishnamurthy, J. et al. Ink4a/Arf expression is a biomarker of aging. The Journal of Clinical 477 
Investigation. 114 (9), 1299-1307 (2004). 478 

29 Mishima, K. et al. Senescence-associated beta-galactosidase histochemistry for the 479 
primate eye. Investigative Ophthalmology, Visual Science. 40 (7), 1590-1593 (1999). 480 

30 Melk, A. et al. Expression of p16INK4a and other cell cycle regulator and senescence 481 
associated genes in aging human kidney. Kidney International. 65 (2), 510-520 (2004). 482 



  

 

31 Niedernhofer, L. J. et al. A new progeroid syndrome reveals that genotoxic stress 483 
suppresses the somatotroph axis. Nature. 444 (7122), 1038-1043 (2006). 484 

32 Wang, J., Clauson, C. L., Robbins, P. D., Niedernhofer, L. J., Wang, Y. The oxidative DNA 485 
lesions 8,5′-cyclopurines accumulate with aging in a tissue-specific manner. Aging Cell. 11 486 
(4), 714-716 (2012). 487 

33 Jozefczuk, J., Drews, K., Adjaye, J. Preparation of mouse embryonic fibroblast cells suitable 488 
for culturing human embryonic and induced pluripotent stem cells. Journal of Visualized 489 
Experiments. 10.3791/3854 (64) (2012). 490 

34 Jagannathan, L., Cuddapah, S., Costa, M. Oxidative stress under ambient and physiological 491 
oxygen tension in tissue culture. Current Pharmacology Reports. 2 (2), 64-72 (2016). 492 

35 Meuter, A. et al. Markers of cellular senescence are elevated in murine blastocysts 493 
cultured in vitro: molecular consequences of culture in atmospheric oxygen. J Assist 494 
Reprod Genet. 31 (10), 1259-1267 (2014). 495 

36 Robinson, A. R. et al. Spontaneous DNA damage to the nuclear genome promotes 496 
senescence, redox imbalance and aging. Redox Biology. 17 259-273 (2018). 497 

37 Zhang, J. H., Chung, T. D., Oldenburg, K. R. A Simple Statistical Parameter for Use in 498 
Evaluation and Validation of High Throughput Screening Assays. Journal Of Biomolecular 499 
Screening. 4 (2), 67-73 (1999). 500 

38 Zhao, H., Darzynkiewicz, Z. Biomarkers of cell senescence assessed by imaging cytometry. 501 
Methods in Molecular Biology. 965 83-92 (2013). 502 

39 Yang, N.-C., Hu, M.-L. A fluorimetric method using fluorescein di-β-d-galactopyranoside 503 
for quantifying the senescence-associated β-galactosidase activity in human foreskin 504 
fibroblast Hs68 cells. Analytical Biochemistry. 325 (2), 337-343 (2004). 505 

40 Zhao, J. et al. Quantitative Analysis of Cellular Senescence in Culture and In Vivo. Current 506 
Protocols in Cytometry. 79 9 51 51-59 51 25 (2017). 507 

41 Capparelli, C. et al. CDK inhibitors (p16/p19/p21) induce senescence and autophagy in 508 
cancer-associated fibroblasts, "fueling" tumor growth via paracrine interactions, without 509 
an increase in neo-angiogenesis. Cell Cycle. 11 (19), 3599-3610 (2012). 510 

42 Coppe, J. P., Desprez, P. Y., Krtolica, A., Campisi, J. The senescence-associated secretory 511 
phenotype: the dark side of tumor suppression. Annual Review of Pathology. 5 99-118 512 
(2010). 513 

43 Mah, L. J., El-Osta, A., Karagiannis, T. C. GammaH2AX as a molecular marker of aging and 514 
disease. Epigenetics. 5 (2), 129-136 (2010). 515 

44 Hewitt, G. et al. Telomeres are favoured targets of a persistent DNA damage response in 516 
ageing and stress-induced senescence. Nature Communications. 3 708 (2012). 517 

45 Narita, M. et al. Rb-mediated heterochromatin formation and silencing of E2F target 518 
genes during cellular senescence. Cell. 113 (6), 703-716 (2003). 519 

46 Georgakopoulou, E. A. et al. Specific lipofuscin staining as a novel biomarker to detect 520 
replicative and stress-induced senescence. A method applicable in cryo-preserved and 521 
archival tissues. Aging-Us. 5 (1), 37-50 (2013). 522 

47 Severino, J., Allen, R. G., Balin, S., Balin, A., Cristofalo, V. J. Is β-Galactosidase Staining a 523 
Marker of Senescence in Vitro and in Vivo? Experimental Cell Research. 257 (1), 162-171 524 
(2000). 525 

 526 



Cultivate cells 
under low oxygen
conditions

Senesce cells
with 20% O2

for 3 passages

Treat senescent
cells with drugs

Determine no.
of senescent 
and total cells

Isolate 
primary 
cells

1d 3-4d 10-12d 1-2d 1ddays
time

pause

Figure 1 Click here to access/download;Figure;JoVE58133 - revised Figure 1 - Fuhrmann-Stroissnigg.pdf

http://www.editorialmanager.com/jove/download.aspx?id=924730&guid=a53d6908-ac3f-481c-b78b-852083a7bca8&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=924730&guid=a53d6908-ac3f-481c-b78b-852083a7bca8&scheme=1


non-senescent cells senescent cells senescent cells + senolytic

DNA / C12FDG DNA / C12FDG DNA / C12FDG

200 µm200 µm200 µm

Figure 2 Click here to access/download;Figure;JoVE58133 - revised Figure 2 - Fuhrmann-Stroissnigg.pdf

http://www.editorialmanager.com/jove/download.aspx?id=924731&guid=8723bd95-074c-4210-90b3-78bccbd72a57&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=924731&guid=8723bd95-074c-4210-90b3-78bccbd72a57&scheme=1


Nuclei (Hoechst staining) SA-b-Gal (C12FDG staining) 

(—) Bafilomycin A 

( + ) Bafilomycin A 

A B 

Figure 3 Click here to access/download;Figure;JoVE58133-R2 - Figure 3 - Fuhrmann-Stroissnigg.pdf

http://www.editorialmanager.com/jove/download.aspx?id=924741&guid=8fde2a1f-f533-4ba5-8877-da97ea2198d6&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=924741&guid=8fde2a1f-f533-4ba5-8877-da97ea2198d6&scheme=1


“Senotherapeutic”

Drug Treatment

Non-senescent cell
Senescent cell

Toxic to 

all cells

Toxic to 

proliferating

cells

Toxic to 

senescent cells

“Senolytic”

Unchanged

Suppression of

cell senescence

“Senomorphic”

Increase in

cell senescence

Increase in

proliferation

Figure 4 Click here to access/download;Figure;JoVE58133 - revised Figure 4 - Fuhrmann-Stroissnigg.pdf

http://www.editorialmanager.com/jove/download.aspx?id=924732&guid=b8071f8c-f34d-4325-88e6-784de8afa562&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=924732&guid=b8071f8c-f34d-4325-88e6-784de8afa562&scheme=1


Name of Material/ Equipment Company

DMEM Corning

Ham's F10 Gibco

fetal bovine serum Tissue Culture Biologics

1x non-essential amino acids Corning

bafilomycin A1 Sigma

C12FDG Setareh Biotech

Hoechst 33342 Life Technologies

17DMAG Selleck Chemical LLC

InCell6000 Cell Imaging System GE Healthcare

Table of Materials Click here to access/download;Table of Materials;JoVE58133 -
revised Materials  - Fuhrmann-Stroissnigg.xlsx

http://www.editorialmanager.com/jove/download.aspx?id=924733&guid=8680c1e4-e708-4d01-934c-d3c5869b73b0&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=924733&guid=8680c1e4-e708-4d01-934c-d3c5869b73b0&scheme=1


Catalog Number
Comments/Description

10-013-CV medium

12390-035 medium

101 serum

25-025-Cl amino-acids

B1793 lysosomal inhibitor

7188 b-Gal substrate

H1399 DNA intercalation agent

50843 HSP90 inhibitor
High Content Imaging 

System



Author License Agreement (ALA) Click here to access/download;Author License Agreement
(ALA);Fuhrmann-Stroissnig H et al - Author License

http://www.editorialmanager.com/jove/download.aspx?id=924734&guid=77c3fdff-254b-44de-a11f-8adaabf64986&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=924734&guid=77c3fdff-254b-44de-a11f-8adaabf64986&scheme=1






Driven to DiscoverSM 

 

UNIVERSITY OF MINNESOTA 
_____________________________________________________________________________________________ 

Twin Cities Campus                           Paul D. Robbins, Ph.D. 

Medical School and      Associate Director, Institute on the Biology of Aging and Metabolism 

College of Biological Sciences                Professor, Department of Biochemistry, Molecular Biology and Biophysics       

4-112 Nils Hasselmo Hall, 312 Church St. SE 

                           Minneapolis, MN 55455 

                    Phone: 612-626-2291 

                                                             Fax: 612-625-2163 

                      Email: probbins@umn.edu  

                 

 
October 30th, 2018 
 
Vineeta Bajaj, Ph.D. 
Review Editor 
JoVE  
 
Re:  Ms. No. JoVE58133 
 
Dear Dr. Bajaj: 
 
Please find attached the revised manuscript (JoVE58133) from Fuhrmann-Stroissnigg et al 
entitled “SA-β-Galactosidase-Based Screening Assay for the Identification of Senotherapeutic 
Drugs” which we are re-submitting for publication in JoVE.  As outlined below, we have 
addressed the excellent comments from the editiors and believe the manuscript is now suitable 
for publication.  We look forward to hearing from you regarding the status of the manuscript.   
 
Sincerely, 
 
 
Paul D. Robbins, Ph.D. 

 

 

Rebuttal Letter Click here to access/download;Rebuttal Letter;58133_ R2_
Cover and Rebuttal letter.docx

http://www.editorialmanager.com/jove/download.aspx?id=924739&guid=cd0f420c-d0f7-4710-ae24-90208adcc77d&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=924739&guid=cd0f420c-d0f7-4710-ae24-90208adcc77d&scheme=1


Driven to DiscoverSM 

 

Responses to editorial comments: 
 
Changes to be made by the Author(s): 
 

1. The manuscript is formatted to match the journal's style. Please retain the same. 

As requested, the format was retained. 

2. Please address all specific comments marked in the manuscript as well. 

All specific comments marked in the manuscript were addressed. 

3. Please ensure that there are representative results present for all sections of the 

protocol.  

A representative bafilomycin result was added as Figure 3B. 

4. Please provide results for the bafilomycin part. 

A representative bafilomycin result was added as Figure 3B. 

5.  Please refer all figures in the order. 

All figures are referred to in order.  

6. Please upload the explicit copyright permission to reuse any figures from a previous 

publication. Explicit permission can be expressed in the form of a letter from the 

editor or a link to the editorial policy that allows re-prints. Please upload this 

information as a .doc or .docx file to your Editorial Manager account. 

Permission for use of figure 4 from Nature Communications is still pending. We will 

upload the permission statement as soon as we receive it.  

 



��������� ���	
��
�
�
�	�
��������
����������
���	
����
��
��
���	�������
�
�	� !���"#��$$%���&%��'

(���������
�)*��*��)&�����
�����+
,-���&&&���%./
�0-��.���1&(-���.��1��(
�-�(1����%2�3�"�"4�����"���"���".�
���-��*�%2�3�"�"4�����"�5 ���

67899:;
<;=;=
>?7899:;@A;=;=B=C?9@DCEFGHI
G9JKC8J9
G9LM9J:9NI
OC6H
PMAE7JJ7C8
OC6HQRSTTGU
VWHXYZIRA[\S]̂ _̂QN9D_UT̀
�
�����*�a97b9
cMdeE;88
f(�%���g*��
�)&��h i��j
k�/
"j
����
��
4��$
l�i��
�
�����
m�n�n
f/
�����)��n�ngn�/�)&��ho&�
l���
����
��
f�1���
��g���)���hpqrs
tuvqqwrxyzqr{q
|v}
r~r��q}
w�q
sq{��v{q
��s
w�q
����su��w
�qs�u{{u�v�
yzqr{q
zqw
�q
�v��
u�
���
vqq}
rv
r}}u��vrz{wrwq�qvw
�s
u�
�
{���z}
r}}
r
{�sqqv
{��w
��
w�q
��qv
r��q{{
{wrwq�qvw
w�
w�q
�s�w���z
{���u{{u�v��q{w
sq�rs}{x�qu�q
���s�rvv��ws�u{{vu��

!��1
��
,�
��(1����j

i(��,
���
%�1
&����&�
�*
o���1
*(�
o���1��&�
o����1��
�
*(���
�,
��1/
&�)

 
&(�&,��
���
0��
����
��
&��%
1�
�(��
�(
�
�1�
&��

�

�&�����

���
�
oo�m�
�
&����)
��1�

�
�(�
���������
�/�
�����

��(�
�1�
&��
��*�
���
���


�K98
�DD9JJ
i(
�
�1�
&��

�
�
&�����
����1
�
o1���
/�
o������
3��1
���
��
4)�
 ���1���
����
�
&����j
0(
&(
��1�
�����j
�(�1
�*j
�������
��j
�
��1
���
��
���
1��1���&�
��

�
���
���
��
�1
%�1���j
��
���*
��
���
*
/�
���1��1
���
&1��
���
�(�
�1
*
���
���(�1���
���
�(�
���1&�j
�1�/
��
�
�
�,
��
�(�
o1���
/�
o������
�
&����j
���

��
&���

%
&(��*��
0�1�����)
i(�

��*��
�1
��(�1
�(
1�
��1��
����1
��

�
�(
�
�1�
&��
�1�

�&�����

�
�(�
�1�
&����
o1���
/�
o������
�
&����j������

��
&����
��(�10
��

�
�
&1��
�
�
��
��
�(�
����1
��)
 %
����1
��

�
���

�&�����

�
�(�
�1�
&����
o1���
/�
o�������
&����
���
���1

�������
���

�
���
��1�
����
��
�������1�
1�*����
��
�1
��&����
�(�
��1�
����
���j
���
0
��
����
������
�
��1�
��
��
�
1�&���
%1��
�(�
&���1
*(�
(����1)
i�
/
�0
�
&���
�%
�(
�
�
&����j
/
�
�
(������&1���
/�&������)�1*��
&���������4)��)

���1&��
(�������000)����1�)&����1�
&�����4�4"#���#�����4�� 1
*(���
�,

 %
���1
1������
%����
����1
�(�
���/�
������
&�/�1�*�)
i(��
���
���
�1�&���
0
�(
��
�*
�(�
�1�
&��)
���
���
,���
��&1����(��
&���
�%
�(�
��*�
��
�
1�%�1��&�)
��0�/�1j

%
���
1���
1�
�
%�1���
�����1j
�(��

�

�
����
�(��
���
&����&�
�(�����
�(�1
�
1�&���

������)

 %
���
(�/�
���
%�1�(�1
�����
���
������
�����
(��
����
��
&����&�
�
o������1
3&&����
���&
��
��
��
������$��4����������1
���j
�4
(��1�����)

��*�1��j
k��
��
������
o������1
3&&����
���&
��
��
o���1
*(�
o���1��&�
o����1
���
����0���
!1
/�
!��/�1�j
�3
��$��
000)&���1
*(�)&��
¡�)���)��$)�4��
��&����,
�
i0
���1
�
�
�,�� �


Supplemental File (Figures, Permissions, etc.) Click here to access/download;Supplemental File (Figures,
Permissions, etc.);JoVE Mail - RE_ Response Requested_

http://www.editorialmanager.com/jove/download.aspx?id=927387&guid=e631914b-3e42-4f57-91d8-67741052a1c1&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=927387&guid=e631914b-3e42-4f57-91d8-67741052a1c1&scheme=1


��������� ���	
��
�
�
�	�
��������
����������
���	
����
��
��
���	�������
�
�	� !���"#��$$%���&%��'

(���������
�)*��*��)&�����
�����+
,-���&&&���%./
�0-��.���1&(-���.��1��(
�-�(1����%2�3�"�"4�����"���"���".�
���-��*�%2�3�"�"4�����"�5 ���




6789:
��);�/�)�4��$)�%��4#)�&%��$��<��
��1
������*�1)&��
=>?@ABCD��);�/�)�4��$)�%��4#)�&%��$��<��
��1
������*�1)&��E
FG
HIJKLM
FM
N@OPPB?
Q?R?R
SIGT:
UCOV?WX
YCZP>[P\
]̂X
_]̀a
aDb̂
cU
d8:
eP@fP
ghi\>?OOjkB\C@llO@mm
SnopIqT:
rPlsCOlP
rPthPlBPVD
uCNv
kh[>@ll@CO
uCNv̂àwwr_
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