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Abstract

Mounting evidence has shown that the accumulation of senescent cells in the central

nervous system contributes to neurodegenerative disorders such as Alzheimer's and

Parkinson's diseases. Cellular senescence is a state of permanent cell cycle arrest

that typically occurs in response to exposure to sub-lethal stresses. However, like

other non-dividing cells, senescent cells remain metabolically active and carry out

many functions that require unique transcriptional and translational demands and

widespread changes in the intracellular and secreted proteomes. Understanding how

protein synthesis and decay rates change during senescence can illuminate the

underlying mechanisms of cellular senescence and find potential therapeutic avenues

for diseases exacerbated by senescent cells. This paper describes a method for

proteome-scale evaluation of protein half-lives in non-dividing cells using pulsed

stable isotope labeling by amino acids in cell culture (pSILAC) in combination with

mass spectrometry. pSILAC involves metabolic labeling of cells with stable heavy

isotope-containing versions of amino acids. Coupled with modern mass spectrometry

approaches, pSILAC enables the measurement of protein turnover of hundreds or

thousands of proteins in complex mixtures. After metabolic labeling, the turnover

dynamics of proteins can be determined based on the relative enrichment of heavy

isotopes in peptides detected by mass spectrometry. In this protocol, a workflow is

described for the generation of senescent fibroblast cultures and similarly arrested

quiescent fibroblasts, as well as a simplified, single-time point pSILAC labeling time-

course that maximizes coverage of anticipated protein turnover rates. Further, a

pipeline is presented for the analysis of pSILAC mass spectrometry data and user-

friendly calculation of protein degradation rates using spreadsheets. The application
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of this protocol can be extended beyond senescent cells to any non-dividing cultured

cells such as neurons.

Introduction

Senescence was first identified as a state of indefinite

growth arrest exhibited by cultured primary cells after

reaching replicative exhaustion1 . It has since been shown

that senescence can arise in response to numerous

cellular insults, including genotoxic, mitochondrial, and

oncogenic stresses, among others2 . While senescence

has several physiologically important roles, such as

tumor suppression and wound healing, the accumulation

of senescent cells during aging is associated with a

host of deleterious effects on health3 , including several

neurodegenerative conditions4,5 ,6 . Cellular senescence

occurs in multiple brain cell types, including neurons7,8 ,9 ,10 ,

astrocytes11 , microglia12 , and oligodendrocyte precursors13 ,

and contributes to neurodegeneration and cognitive

dysfunction. Amyloid beta oligomers, one of the hallmarks

of Alzheimer's disease14 , have been shown to accelerate

neuronal senescence13,15 ,16 . An increased prevalence

of senescent cells has also been associated with

Parkinson's disease17 , especially arising from environmental

stressors11,18 . Importantly, the selective elimination of

senescent cells in pre-clinical models extends lifespan and

mitigates a multitude of age-related diseases3,5 ,12  and

improves cognitive deficits8,11 ,12 ,13 . Senescent cells have

thus emerged as promising therapeutic targets for the

treatment of many age-related conditions.

Much of the detrimental effect of senescent cells is

caused by the senescence-associated secretory phenotype

(SASP), a complex mixture of bioactive molecules secreted

by senescent cells that can cause local inflammation,

angiogenesis, destruction of the extracellular matrix, and

propagation of senescence in surrounding tissue19,20 ,21 .

The SASP also represents an interesting biological

phenomenon of senescence because it requires a

considerable transcriptional and translational effort during a

state of cell cycle arrest. In fact, senescent cells have been

shown to exhibit decreases in ribosome biogenesis22,23 ,24

that should reduce protein synthesis. Instead, senescent cells

robustly translate some proteins, particularly SASP factors,

and influence the metabolism of surrounding tissue25 .

Thus, there is considerable interest in understanding how

senescent cells undergoing a permanent cell cycle arrest

continue to maintain protein homeostasis while at the same

time robustly express SASP factors and other select proteins.

This method describes how to use mass spectrometry and

pulsed-stable isotope labeling by amino acids in cell culture

(pSILAC) to globally measure the half-lives of proteins in

senescent cells at a proteome-wide scale. In traditional

SILAC, cultured cells are completely metabolically labeled

with heavy and light non-radioactive isotopes of amino acids

for downstream analysis of protein abundance. This method

has been previously applied to assess abundance changes

comprehensively and quantitatively in the SASP of cultured

fibroblasts26 . In pSILAC, cells are similarly metabolically

labeled with a pulse of heavy isotope that follows pre-

labeling with light isotope, and then harvested at one or

more time intervals. The rates of incorporation of heavy

isotope in reference to pre-existing light isotope are then

used to calculate relative protein turnover rates. Generally,
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isotopes of arginine and lysine are used because trypsin

cleaves at those residues; thus, all peptides from standard

digestion will potentially contain the heavy label. Pairs of

peptides that differ only by the presence or absence of

heavy lysine or arginine are chemically identical and can

be differentiated and quantified by a mass spectrometer.

Following mass spectrometry analysis, peptides can be

identified as newly synthesized or pre-existing based on the

presence or absence of the isotopic label in the resulting

peptide identifications. Protein turnover rates can then be

determined by fitting the ratio of heavy (13C-15N) over light

(12C-14N) peptides for a given protein to kinetic models for

exponential growth or decay27,28 . pSILAC has been used

in several comparisons of protein turnover rates29,30 ,31 ,32

and is currently the most comprehensive and high-throughput

method for the measurement of protein half-lives.

This protocol details the preparation of senescent cells

in parallel with similarly growth-arrested quiescent cells

in culture, followed by metabolic labeling with pSILAC.

Cells are then harvested, homogenized into lysates, and

processed for mass spectrometry acquisition and analysis.

The data obtained from mass spectrometry are then used

to determine protein half-lives using a simplified quantitative

method employing a single time point and half-life calculations

performed in a spreadsheet. Using this approach, estimates

of protein half-lives can be measured in a comprehensive

and quantitative manner that is more authentic to unperturbed

cellular conditions than protocols that use blockers of protein

synthesis or turnover.

Protocol

1. Preparation of quiescent cells and cells
rendered senescent by exposure to ionizing
radiation (IR)

NOTE: Cellular senescence and quiescence can be

induced using multiple methods, as described in detail

elsewhere33,34 ,35 . The stimuli used to induce senescence

and quiescence may depend on the cell type of interest and

the biological question under investigation. The cells used in

this study are commercially available.

1. Thaw human diploid IMR-90 fibroblasts (~1 x 106  cells)

from a cryovial and plate them in 20 mL of DMEM

supplemented with 10% Fetal Bovine Serum (FBS)

(Table 1) on a 150 mm plate.

2. Grow the cells at physiological oxygen conditions (3%

O2, 5% CO2, 37 °C) and expand the cultures in

10% FBS-containing media until sufficient replicates for

quiscent and senescent cells have been established (at

least 3-5 replicates are recommended per condition).
 

NOTE: Culturing cells at physiological (3%) oxygen is

ideal for primary human fibroblast cells, but suitable

culture conditions for other cell types may vary and

should be determined on a case-by-case basis.

3. Generate senescent cells by exposing proliferating cells

to 15 gray (Gy) of ionizing radiation (IR).
 

NOTE: Intensity of radiation exposure may vary

according to cell type. While 15 Gy is used here, 10 Gy

is also a commonly used radiation dose for fibroblasts;

other cells, such as monocytes, may require a dose as

low as 5 Gy. The dose is generally determined empirically

by weighing viability against senescence induction.

https://www.jove.com
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1. Expose the cells at 40%-60% confluence to IR in

media containing 10% FBS.

2. After IR exposure, change to fresh media containing

10% FBS.

3. Change media (20 mL, containing 10% FBS) every

2 days for 8 days.
 

NOTE: Cells are exposed to IR at lower confluency

because IR-treated cells will expand in culture

before they cease growing. In this experiment,

cells were not split cells during the establishment

of senescence, and while they became more

confluent, they still displayed senescent cell markers

at harvest. In fibroblasts, the senescent phenotype

develops within 7-10 days.

4. Generate quiescent control cells by changing the media

on plated proliferating cells to media containing 0.2%

FBS (serum starvation) (Table 1).

1. Continue growing cells that will be used for the

quiescence control in media containing 10% FBS

until day 4 after senescent cells are exposed to IR,

splitting when necessary.

2. On day 4 after IR, change the media of quiescent

cells to 20 mL of media containing 0.2% FBS

(Table 1) and continue growing for another 6 days,

changing media every 2 days.
 

NOTE: Even in media containing 0.2% FBS,

fibroblasts will continue to grow somewhat and may

appear confluent by the end of the harvest. As a

rule of thumb, aim to collect quiescent cells when

they have reached confluency similar to that of the

senescent cell cultures.

2. Labeling of cells for pulsed SILAC and harvest
of lysates

1. Change media on both senescent and quiescent cells (12

plates) to SILAC Light (Table 1) and grow for 2 days.
 

NOTE: This labeling helps reduce background noise

since there is a low natural abundance of 13C and 15N.

This step can be skipped in reagent-limiting conditions

but will result in a slight overestimation of new protein

synthesis.

2. Replace media with SILAC DMEM (Table 1) for

metabolic labeling.
 

NOTE: SILAC DMEM media are specially formulated

to contain purely light or heavy isotopes of arginine

and lysine for metabolic labeling. They must not

be substituted with standard DMEM formulations in

substeps 2.2.1 or 2.2.2.

1. For three senescent and three quiescent plates,

replace media with 30 mL of SILAC Light (Table 1)

and grow for 3 days without changing media.

2. For a minimum of three senescent and three

quiescent plates, replace the media with 30 mL of

SILAC Heavy (Table 1) and grow for 3 days without

changing media.
 

NOTE: There is an option at this point to harvest

what will be the light-labeled cells immediately,

rather than label them for an additional 3 days. For a

single time point, it is preferable to label heavy and

light-labeled cells for the same period as is done in

this protocol to minimize batch effects.

3. Detach the cells from culture plates by adding 5 mL of

pre-warmed trypsin reagent to each dish and incubating

for 5 min at 37 °C.

https://www.jove.com
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4. Resuspend the detached cells in 5 mL of the same media

used for culture (either SILAC Light or SILAC Heavy) to

a total volume of 10 mL.

5. Harvest the cells for extraction of lysates and validation

of senescence markers.

1. For each suspension, aliquot 0.6 x 106  of cells into

2 mL of media containing 0.2% FBS in a 6-well dish

(two dishes, one for SILAC Light cultured cells and

one for SILAC Heavy cultured cells) and place at 37

°C for overnight incubation.
 

NOTE: These plates (substep 2.5.1) will be used

for the detection of senescence-associated β-

galactosidase (SA-βGal) activity (step 3.1).

2. For each suspension, aliquot 1 x 106  of cells into

a microcentrifuge tube and spin down in a tabletop

centrifuge at full speed for 1 min. Remove the

supernatant and resuspend the pellet in 1 mL of

phenol; at this step, RNA can be fully purified as

described in the phenol supplier's manual or stored

long-term at -80 °C.
 

CAUTION: Phenol is corrosive and should be

handled exclusively in a hood with gloves and a lab

coat.
 

NOTE: The extracted RNA will be used for the

detection of mRNAs encoding SASP factors using

reverse transcription (RT) followed by real-time,

quantitative (q) PCR (RT-qPCR) analysis (step 3.2).

Another reliable assay for senescence induction

is a test for 5-ethynyl dihydroxy uridine (EdU)

incorporation, which indicates the presence of

proliferating cells. The absence of proliferation can

be used to confirm quiescence and senescence.

3. Transfer the remaining cells to ice and spin down at

300 x g and 4 °C.

6. Remove the supernatant and wash the cells twice in 1

mL of cold PBS to remove media/trypsin and exogenous

protein contamination from fetal bovine serum from the

culture medium.

7. Spin down the cells again, remove the supernatant, and

proceed to lysis.

8. Resuspend the cell pellets in 150 µL of freshly prepared

8 M urea 50 mM ammonium bicarbonate Lysis Buffer

(Table 1), and mix by pipetting up and down.

9. Sonicate the lysates in a water sonicator for 2.5 min with

30 s on/off at medium power at 4 °C.

10. Transfer the lysates to a pre-heated 95 °C heat block and

denature for 4 min.

11. Spin down the lysates; lysates can now be stored at -80

°C or used immediately for quantification.

12. Make a 30 µL stock of 1:10 dilutions for each lysate in

Lysis Buffer.

13. Measure the protein concentration with the BCA Assay

Kit using a standard curve prepared in 1/10x Lysis Buffer

diluted in ddH2O. Lysates can now be stored at -80 °C

indefinitely.

3. Validation of senescence by senescence-
associated β-Galactosidase (SA-βGal) activity
and RT-qPCR analysis of senescence-associated
mRNAs

NOTE: The starting material for these steps is collected during

step 2.5

1. Starting from the 6-well plates that were set up in

substep 2.5.1, analyze cells for SA-βGal activity using

https://www.jove.com
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the Senescence β-Galactosidase Staining kit following

the manufacturer's protocol. Visualize staining under

brightfield with color enabled, as previously described36 .
 

NOTE: SA-βGal is quantified by comparing the

percentage of positive cells (visible blue color) in

senescent versus quiescent control conditions. A

minimum of 70% of cells should be SA-βGal positive

for successful confirmation of senescence. Quiescent

control cells should be less than 10% positive for SA-

βGal.

2. Extract the RNA from phenol suspension (substep 2.5.2)

and analyze using RT-qPCR for increased levels of

mRNAs encoding SASP factors (IL6, CXCL8, IL1B), cell

cycle markers (CDKN2A/p16, CDKN1A/p21), and other

indicators of senescence (loss of LMNB1 and PCNA).
 

NOTE: RNA is unstable and should therefore be handled

with RNase-free equipment, fresh gloves, and on ice

unless otherwise noted in the protocol.

1. Starting from phenol suspension, add 200 µL of

chloroform per 1 mL of phenol and spin down at

12,000 x g for 15 min at 4 °C.

2. Carefully remove the aqueous phase and add 1:1

volume of isopropanol, 15 µg of glycogen co-

precipitant, and then incubate at 4 °C for 10 min to

precipitate RNA.

3. After incubation, pellet the RNA by centrifugation

at 12,000 x g for 20 min at 4 °C followed by a

wash in 75% EtOH equal to 1 volume of phenol

used. Resuspend the RNA in 50 µL of nuclease-

free distilled water; RNA can be stored at -80 °C

indefinitely.

4. To RNA samples, add 38 µL of nuclease-free

distilled water, 10 µL of 10x DNAse reaction buffer,

and 2 µL of DNase I followed by mixing.
 

NOTE: Generating a common mix of all the reagents

in substep 3.2.3 multiplied by the number of samples

for treatment for equal distribution to samples is the

best practice.

5. Incubate DNase I-treated RNA samples at 37 °C for

30 min.

6. Remove DNase from the samples using 1 volume

of a phenol/chloroform/isoamyl alcohol (25:24:1)

mixture by vortexing and spinning at max speed

in a tabletop centrifuge for 5 min; the RNA will be

contained in the aqueous phase.

7. Repeat substeps 3.2.2 and 3.2.3 to precipitate RNA.

Resuspend in 20 µL of nuclease-free distilled water;

RNA can be stored at -80 °C indefinitely.

8. Generate cDNA from purified RNA by incubating

0.5-1.0 µg of purified RNA with 200 U of reverse

transcriptase, 100 pMol random primers, and 10 mM

of a dNTP mix in 1x reaction buffer supplied with the

reverse transcriptase; incubate for 10 min at 25 °C,

then for 30 min at 50 °C, with a final inactivation step

at 85 °C for 5 min.

9. Analyze cDNA from the RT step (substep 3.2.3)

from quiescent control and senescent cells using

real-time, quantitative (q) PCR analysis to assess

the level of mRNA markers known to be increased

(CDKN2A/p16, CDKN1A/p21, IL1B, IL6, and CXCL8

mRNAs) or decreased (LMNB1 and PCNA mRNAs)

with senescence as described elsewhere. ACTB

mRNA, encoding the housekeeping protein β-Actin,

https://www.jove.com
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is often a good mRNA to normalize differences in the

input material. The primers used are in Table 2.
 

NOTE: Relative RT-qPCR analysis is dependent on

assumptions of equal binding efficiency between

the target primer pairs and a reference primer

pair. These assumptions should be tested for new

primer sets as detailed elsewhere37 . Additionally,

reference markers should be constant between the

cell types being compared, and several additional

options for senescent cells have been previously

identified38 .

4. In-solution trypsin digestion

NOTE: From this point onward, it is critical to use

mass spectrometry-grade buffers, solvents, and chemicals

to prevent interference from impurities during mass

spectrometry analysis. All buffers should be composed of

ingredients suited to liquid chromatography tandem mass

spectrometry analysis, including water and acetonitrile. Refer

to the Table of Materials for a list of suitable chemicals and

solvents.

1. Aliquot 50 µg of each protein sample into new tubes and

bring to equal volumes with Lysis Buffer.

2. To each sample, add DTT to a final concentration of 20

mM to reduce disulfide bonds.

3. Incubate the samples at 37 °C for 30 min with shaking,

and then allow the samples to cool at room temperature

(RT, ~10 min).

4. Add iodoacetamide to a final concentration of 40 mM

to irreversibly alkylate the sulfhydryl groups that were

reduced in the previous step. Incubate the samples at RT

in the dark for 30 min.

5. Dilute each sample to below 1 M Urea with a buffer

composed of 50 mM ammonium bicarbonate. Check

whether the pH is approximately 8 by pipetting a small

amount of sample on pH strips.

6. Add 1 µg of trypsin to each sample for 50 µg of starting

protein, or at 1:50 trypsin:protein ratio, by mass, if

digesting a different protein quantity. For example, 3 µg

of trypsin would be added for the digestion of 150 µg of

protein.

7. Incubate the samples overnight at 37 °C with shaking to

digest proteins into peptides.

8. Add formic acid to 1%, by volume, of each sample to

quench the protein digestion.
 

NOTE: The experiment can be paused here. Freeze the

samples at -80 °C and continue to the next step at a later

date if necessary.

5. Sample clean-up with solid-phase extraction
(SPE)

NOTE: This solid-phase extraction protocol requires solid-

phase extraction cartridges and a vacuum manifold setup.

Other equivalent solid-phase extraction (SPE) protocols can

be carried out at the researcher's discretion prior to mass

spectrometry analysis.

1. Prepare for SPE by placing solid-phase extraction

cartridges on a vacuum manifold, using one extraction

cartridge for each sample.
 

NOTE: Refer to the manufacturer's guidelines for the

amount of sorbent to be used in the SPE protocol. For 50

µg of peptide samples, it is recommended to use 10 mg

sorbent cartridges.

https://www.jove.com
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2. Condition each SPE cartridge by adding 800 µL of SPE

Elution Buffer (Table 1) and use vacuum suction to draw

the solvent through the cartridge.

3. Repeat step 5.2.

4. Equilibrate each cartridge by adding 800 µL of SPE Wash

Buffer (Table 1) and use vacuum suction to draw the

buffer through the cartridges.

5. Repeat step 5.4 two additional times for a total of three

times.

6. Load the peptide samples into SPE cartridges and use

vacuum suction to draw samples through the cartridges.
 

NOTE: At this point, peptides are bound to the sorbent

inside the cartridges.

7. Wash each cartridge with SPE Wash Buffer and use

vacuum suction to draw the buffer through the cartridges.

8. Repeat step 5.7 two additional times for a total of three

washes.

9. Prior to the elution step, arrange collection tubes within

the vacuum manifold below each cartridge, carefully

ensuring alignment between the collection tubes and

cartridges.

10. To elute peptides, add 800 µL of SPE Elution Buffer to

each cartridge and elute peptides into collection tubes

with vacuum suction.

11. Repeat step 5.10 with 400 µL of SPE Elution Buffer.

12. Remove the peptide samples from the vacuum manifold

and dry completely in a vacuum concentrator (drying

takes approximately 3 h).
 

NOTE: The experiment can be paused here. Freeze

samples at -80 °C and continue at a later date if

necessary.

6. Data-dependent acquisition (DDA) mass
spectrometry analysis

1. Resuspend the peptide samples at a concentration of

400 ng/µL in a buffer composed of 0.2% formic acid in

water.

2. To aid in re-solubilization of peptides, vortex the samples

for 5 min. Then, sonicate the samples for 5 min in a water

bath sonicator.

3. Pellet any insoluble materials by centrifuging samples

at 15,000 x g for 15 min at 4 °C. Transfer the peptide

supernatants into MS vials.

4. Add indexed retention time (iRT) peptide standards

of choice to each sample at a concentration of 1:30

iRT:sample, by volume.

5. Submit the samples for proteomic analysis using liquid-

chromatography tandem mass spectrometry (LC-MS/

MS) analysis.

1. Use LC-MS/MS settings recommended for

untargeted analysis by the mass spectrometry

facility. Example settings for analysis are shown in

Figure 3, configured for analysis on an Orbitrap

mass spectrometer coupled to a nano liquid

chromatography system in nano-flow mode. An

example protocol follows.

2. Load 1 µg (5 µL) of each sample onto a trap column

(1 cm long x 100 µm diameter) and wash them with

Loading Solvent (Table 1) at a flow rate of 10 µL/

min for 5 min.

3. Load the samples onto an analytical column (50 cm

long x 100 µm diameter) with a 400 nL/min flow rate.

4. Elute the peptides over a 90 min linear gradient with

an organic solvent (0.2 % formic acid and 99.8%

https://www.jove.com
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acetonitrile) and inorganic solvent (0.2% formic acid

in 99.8% water), ranging from 5% to 35% organic

solvent.

5. Acquire mass spectrometry data in data-dependent

mode with a continuous cycle of MS1 survey

scans (60,000 resolution, 3e6 AGC target, 100

ms maximum accumulation time, and 400-1,600

m/z mass range) followed by 20 data-dependent

MS2 scans (15,000 resolution, 1e5 AGC target,

25 ms maximum injection time, and 1.6 m/z

width isolation windows) with HCD fragmentation

(normalized collision energy of 27%).

6. Following MS acquisition of all samples, import raw mass

spectrometry files into a mass spectrometry proteomics

analysis software tool for identification and quantification

of peptide peak areas.
 

NOTE: For the identification of peptides and proteins

in this experiment, the Mascot database searching tool

was used with the reviewed UniProt human proteome

sequence database (Proteome ID: UP000005640). The

following search parameters were specified in Mascot:

• Quantitation: SILAC K+8 R+10 [MD] Enzyme:

Trypsin/p Fixed modification: carbamidomethyl (C)

• Variable modifications: acetyl (Protein N-term),

Gln->pyro-Glu (N-term Q), Oxidation (M),

Label:13C(6)15N(2) (K), Label:13C(6)15N(4) (R)

• Peptide mass tolerance: 10 ppm

• Fragment mass tolerance: 0.08 Da

• Max missed cleavages: 2

• All the unspecified parameters were default

7. Quantify the peptide peak areas for heavy and light

peptides in proteome quantitation software tool. For

the quantification of peak areas in this experiment, the

free and open-source Skyline software platform was

used39,40 . Export heavy and light peptide peak areas for

estimation of protein half-lives.

7. Calculation of protein half-lives

1. Open the SILAC Analysis Workbook (Table 3) to the

first sheet named 1) Raw Data and paste in UniProt IDs,

gene names, heavy peak areas, and light peak areas

into the indicated columns (SH = Senescent-Heavy, SL

= Senescent-Light, CH = Control (quiescent)-Heavy, CL

= Control (quiescent)-Light).

2. Open sheets 2-4 and ensure that the UniProt ID and

Gene columns match the number of proteins identified

from the analysis (these experiments identified 841

proteins). The rest of the columns will automatically fill

with data after they have been dragged to cover the

identified proteins.

3. Open the fourth sheet named 4) Analysis and remove

rows where columns G and H indicate that the sample

is out of range; keep rows that read within range. The

volcano plot in the fifth sheet will automatically populate.

Representative Results

This protocol describes a method to globally compare protein

half-lives between senescent and non-dividing, quiescent

control cells using pSILAC and minimal time points. This

protocol details generation of senescent and quiescent

cells in culture, metabolic labeling of cells with stable

isotopes of arginine and lysine over 3 days, quantifying the

relative abundances of heavy and light peptide isotopes by

mass spectrometry, and a straightforward and accessible

calculation of protein half-lives using spreadsheet formulas

https://www.jove.com
https://www.jove.com/


Copyright © 2022  JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com April 2022 • 182 •  e63835 • Page 10 of 22

(Figure 1). This method is highly flexible and can be adapted

to numerous cell types and conditions.

As part of the generation of senescent cells for this protocol,

two methods of senescence validation are used: SA-βGal-

positive cells visualized by microscopy and increased levels

of senescent markers quantified using RT-qPCR analysis.

The measurement of senescent markers should yield clear

distinctions between quiescent and senescent cells for

comparisons of the two cells populations to be considered

valid. For SA-βGal activity, senescent cells should appear

blue while quiescent control cells have no or very little

color (Figure 2A). This assay can be quantified by counting

the positive, blue-stained cells as a percentage of the total

number of cells, and then comparing the percentage positivity

rate between quiescent control and senescent cells. It is

important that this protocol be performed at the same time

for the comparison of both cell states; SA-βGal activity relies

on the pH of the staining solution, so the results can vary

substantially between assays and should be considered a

qualitative measure.

The RT-qPCR analysis of senescent markers will show high

levels of the mRNAs encoding SASP factors (IL6, CXCL8,

IL1B) and the cell cycle inhibitors (CDKN2A/p16, CDKN1A/

p21) in most senescent models. Although some variation is

expected based on cell type, culture condition, and senescent

inducer41,42 , most senescent cells display greater than five-

fold higher levels of IL6, CXCL8, and CDKN1A/p21 mRNAs

compared to quiescent control cells; conversely, the levels of

LMNB1 and PCNA mRNAs, encoding proliferation markers,

should be low or absent in senescent cells compared with

quiescent cells (Figure 2B). Taken together, a significant

percentage of SA-βGal positivity and the expected expression

of a panel of senescence-associated mRNA markers are

sufficient to confirm the induction of senescence in an

experiment.

Processing protein samples for mass spectrometry analysis

consists of in-solution digestion (2 days) and solid-

phase extraction (4-6 h). To perform untargeted proteomic

analysis, the resulting peptides are submitted for LC-MS/

MS analysis using data-dependent acquisition (DDA). On

Orbitrap instruments, a DDA method can be specified in the

mass spectrometry instrument software method editor. The

mass spectrometer settings used in this study are shown

in Figure 3A. Liquid chromatography settings can also be

specified within the method editor. For this study, a 90 min

linear gradient with increasing organic phase (acetonitrile)

was used (Figure 3B). Following a successful acquisition,

the total ion current (TIC) should contain an intense signal

during the linear gradient portion of the method (Figure 3C).

This protocol describes an example protocol on an Orbitrap

instrument, but the calculation of protein half-lives can be

performed on data obtained from any mass spectrometer

that was collected in DDA-mode, which is available on

several types of instruments (e.g., Orbitraps and time-of-

flight instruments) and vendors. The acquisition settings will

be unique to the type and configuration of the instrument

used, and it is recommended to use the settings suggested

by the mass spectrometry facility. This method is also

compatible with non-DDA methods (SRM, PRM, DIA), as

long as quantitative chromatographic peak areas for heavy

and light peaks can be extracted from the raw data files and

entered into the spreadsheet formulas.

Raw mass spectrometry files are searched with one of the

many available proteomic database search tools to identify

peptides and proteins. For example, this study utilized the

Mascot43  search engine. To obtain chromatographic peak

https://www.jove.com
https://www.jove.com/


Copyright © 2022  JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com April 2022 • 182 •  e63835 • Page 11 of 22

areas for quantification of heavy and light peptides, database

search results are imported into a proteomic software capable

of chromatographic peak areas such as Skyline39,40 .

Examination of the extracted ion chromatograms of peptides

(Figure 4) will reveal the relative proportion of heavy and

light peptide signals. A lower proportion of heavy peptide

signal relative to light peptide signal in senescent cells

indicates a slower protein turnover rate (Figure 4A), and a

higher heavy peptide signal relative to light indicates a faster

protein turnover rate (Figure 4B). The unlabeled samples

should show little or no heavy peptide signal. Any apparent

heavy peptide signal in the unlabeled samples is considered

background noise and will be subtracted during the final

calculations. Quantification of chromatographic peak areas

for light and heavy peptides for all treatment and labeling

conditions must be exported for subsequent calculation of

protein turnover rates and statistical analysis.

By using single time point analysis, the quantification of

protein half-lives is simple to perform and can be done

conveniently in spreadsheets. In Table 3, the half-lives for

695 proteins identified from the mass spectrometry analysis

were calculated. Starting from protein-level heavy and light

isotope abundances for each protein in the samples (input for

the 1) Raw Data sheet), a percent heavy isotope (termed the

Ratio, R) is then automatically calculated on the sheet titled

2) Ratio H | H + L. At this step, the R from heavy labeled

samples is normalized by subtracting the R from unlabeled

samples to produce a final R for the quiescent and senescent

triplicates. Since unlabeled samples should not have any

exogenously added heavy isotope, they are used to eliminate

the background signal. From R, the kdeg (turnover rate) is

calculated using the following formula:

The half-life (H, in days) is determined for each protein in

the quiescent control and senescent triplicates (sheet titled 3)

Half-Life (days)) using the following formula:

These half-lives are then averaged among the quiescent and

senescent triplicates to generate a quiescent and senescent

mean half-life for each protein as well as a p-value. Calculated

half-lives are then filtered for values that are negative, which

occurs when the heavy signal from light-labeled cells (the

background) is greater than the heavy signal from heavy-

labeled cells. This filtering resulted in 707 proteins from 841

identified with valid half-lives for the results presented here.

The half-life is then reported as a log2 ratio of senescent over

quiescent control cells (log2FC) and plotted in a volcano plot

(Figure 5). For example, by looking at the 5) Analysis sheet,

the coagulation II thrombin receptor (F2R) protein can be

seen to have a half-life in quiescent cells of 0.51 days (column

B) and a half-life in senescent cells of 1.07 days (column C)

that yielded a log2FC of ~1.06 (column D) with a p-value of

0.001.

https://www.jove.com
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Figure 1: Diagram of pSILAC workflow for senescent and quiescent control cells. Human IMR-90 fibroblasts were

used to prepare quiescent (low-serum) or senescent (IR) cell cultures for comparison of protein half-lives. Cells were then

labeled with SILAC Light or SILAC Heavy media with isotopic arginine and lysine for 3 days. Lysates were extracted from

cells, digested, desalted, and analyzed using mass spectrometry. Heavy and light peptide isotope peaks correspond to newly

https://www.jove.com
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synthesized and pre-existing peptides, respectively. Half-lives were calculated using an equation for exponential decay.

Please click here to view a larger version of this figure.

 

Figure 2: Validation of senescent phenotypes using SA-βGal and RT-qPCR analyses. (A) Senescent and quiescent

cells are re-plated at the time of harvest into a 6-well plate and stained for SA-βGal using the SA-βGal staining kit. Blue color

in the cell body is positive for senescence. Images are taken in brightfield with color at 10x magnification, size marker in red.

(B) RT-qPCR analysis comparing senescent cells (red) and cycling cells (gray) from an unrelated experiment. Increases

in the levels of CDKN1A/p21, CXCL8, and IL6 mRNAs are indicative of senescence, as is the decrease in LMNB1 mRNA

levels. Please click here to view a larger version of this figure.
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Figure 3: Representative methods for data-dependent acquisition (DDA) scans and liquid chromatography gradient

of pSILAC cultures on the Q-Exactive HF orbitrap mass spectrometer. (A) Recommended instrument settings in

the instrument software for data-dependent analysis of whole-cell lysates from a pSILAC experiment. (B) Example liquid

chromatography flow gradient method settings. Peptides are eluted over a 90-min linear gradient ranging from 5% to 35%

buffer B (0.2 % formic acid and 99.8% acetonitrile), followed by a 10 min wash with 80% buffer B, and 25 min of equilibration

with 5% buffer B. (C) A representative total ion chromatogram (TIC) of a mass spectrometry acquisition of IMR-90 fibroblast

peptides acquired with the specified settings. Please click here to view a larger version of this figure.
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Figure 4: Representative extracted ion chromatograms of peptides with altered turnover during senescence. (A)

Chromatographic peak areas of the peptide FQMTQEVVCDECPNVK++ from the protein DnaJ homolog subfamily B member

11 (DNAJB11) in senescent and non-senescent cells. Following 3 days of SILAC, senescent cells incorporate less heavy

isotope into this peptide compared with quiescent (non-senescent) cells, as indicated by a reduction in the peak area of

heavy isotope-containing peptide (blue) relative to the light peptide (red), indicating that this peptide has reduced turnover

in senescent cells. (B) Chromatographic peak areas of the peptide VQAQVIQETIVPK++ from the protein Splicing Factor 3a

Subunit 1 (SF3A1) in senescent and non-senescent cells. Following 3 days of SILAC, senescent cells incorporate a higher

proportion of heavy isotope into this peptide compared with quiescent (non-senescent) cells, as indicated by a reduction in

the peak area of heavy isotope-containing peptide (blue) relative to the light peptide (red), indicating that this peptide has

increased turnover in senescent cells. The unlabeled (Day 0) conditions show no incorporation of heavy isotope for both

peptides, as expected. Please click here to view a larger version of this figure.
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Figure 5: Comparison of protein half-lives in senescent and quiescent cells determined from pSILAC labeling.

(A) Volcano plot displaying the log2 ratio of senescent / control (quiescent) for each of the 695 identified proteins; in this

experiment, Light and Heavy labeling media contained no glucose and no phenol red. (B) Tables showing the top 10 proteins

https://www.jove.com
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with the most increased or decreased half-lives in quiescent cells versus senescent cells (left and right, respectively). Please

click here to view a larger version of this figure.

Table 1: Media and buffers used in this protocol. Please

click here to download this Table.

Table 2: RT-qPCR primers used in this protocol. Please

click here to download this Table.

Table 3: SILAC analysis workbook for calculation of

protein half-lives, fold changes, and t-tests. Please click

here to download this Table.

Discussion

pSILAC is a powerful technique that enables the global

quantification of protein turnover rates across multiple

cellular conditions. This paper details the use of pSILAC

to compare global protein half-lives between senescent and

quiescent cells, including instructions for the preparation

of senescent and quiescent cells, SILAC labeling and

harvesting, and ultimately analysis using DDA mass

spectrometry. Additionally, a two-step test is described for

validation of the senescence phenotype using SA-βGal

and RT-qPCR analysis of a panel of mRNAs encoding

senescence-associated proteins. In addition to validation

of senescence with the two approaches described, a third

validation of senescence can be performed following mass

spectrometry analysis by looking for changes in known

senescence markers between senescent and quiescent cells

at the proteomic level. Senescence-associated proteins that

are expected to be elevated include p16, p21, and BCL2,

among others, described elsewhere44,45 . In the protocol

described above, ionizing radiation was used for the induction

of senescence and serum starvation for quiescent cells.

For the induction of senescence, there are multiple options

available and there is substantial heterogeneity among

them41,42 ,46 . Currently, there is no senescent method that

is considered the "most physiological", so the choice of

senescent inducer is largely based on the context of the

experiment. However, experiments with the goal of stating a

general phenomenon about senescence are recommended

to use at least two different senescent inducers. Discussing

the range of senescence paradigms is beyond the scope of

this paper, but some common methods to induce senescence

include triggering DNA damage (IR, doxorubicin, replicative

exhaustion), expressing oncogenic proteins (HRAS, BRAF),

and disrupting mitochondria function2 .

In addition to the choice of senescent inducer, the choice of

control cells is an equally important consideration. Senescent

cells are, by definition, under indefinite growth arrest, so a

comparison to other growth-arrested cells are often chosen.

For pSILAC, cell cycle arrested cells are generally preferable

because they do not replicate and are thus easier to use

for protein half-life calculations47 . However, since cultured

cells will often retain some dividing cells, it is important

that the methods used to induce cell cycle arrest produce

as homogenous a response as possible to minimize error

from cells that are still proliferating. To calculate protein

degradation rates for cycling cells using pSILAC requires

additional calculations to compensate for the rate at which

protein is diluted into daughter cells27 . However, quiescent

growth arrest itself is not without complications. There are

two general methods for cell cycle arrest: serum deprivation

and contact inhibition48 . Not all cells can be made quiescent

through contact inhibition, although some fibroblasts have

been shown to demonstrate quiescence after several days

of culturing49 . This method used serum deprivation because

https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/63835/63835fig05large.jpg
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it is more commonly used for comparisons of senescent

cells, though it requires for the senescent cell to be similarly

serum-deprived for accurate comparisons. Serum activates

the mTOR complex, and thus serum deprivation has several

downstream effects on the cell in addition to cell cycle

arrest50 . Notably, senescent cells have been shown to

display a reduced SASP upon serum deprivation or mTOR

inhibition51,52 .

Another important point to consider in pSILAC is how many

time points to test. This protocol collected cells at a single time

point (3 days of light or heavy labeling), which substantially

simplifies the resulting analysis. The choice of time point

should be based on the objective of the experiment. For

global analysis, 3 days is expected to capture a majority

of proteins, though half-lives for short-lived proteins that

completely turnover within 3 days (all light signal is lost)

cannot be measured at this time point. Conversely, long-

lived proteins with very little turnover in 3 days are also

difficult to quantify and often appear as having extremely

large half-lives (in the order of weeks) that are typically just

a consequence of very little heavy signal accumulation. Due

to the non-linear relationship in the ratio of heavy and light

peptide signals versus the percentage of newly synthesized

protein at shorter and longer time points, the quantitation of

half-lives could be improved by adding additional labeling time

points. For relative comparisons between two cell states, as

in this protocol, an approximate half-life may be sufficient,

but additional timepoints can be used to improve quantitative

accuracy.

This protocol describes how to perform an untargeted

DDA-based analysis of protein turnover. However, the

protein turnover calculations can be applied generally to

any acquisition scheme that is able to derive the relative

abundance of heavy and light peptide pairs. For example,

MS2-based methods such as data-independent acquisition

(DIA/SWATH) can also be applied for the calculation of

turnover rates successfully53 . Additionally, instrumentation

and software pipelines other than those described in this

protocol can be used to perform DDA analysis, protein

identification, and protein quantification. When using protein

quantification software platforms such as Skyline to extract

peptide peak areas, it is advisable to manually inspect

extracted ion chromatograms in the document workspace,

identify peaks that were erroneously integrated and non-

quantitative peaks, and curate the document accordingly. An

extensive collection of tutorials is available online for Skyline

(skyline.ms).

pSILAC represents one of the most ideal methods for global

quantification of protein half-lives in cultured cells due to

superior multiplexing (proteome coverage) and throughput.

While pSILAC does not provide direct rates of synthesis

or degradation, since the change in light and heavy signal

is due to a confluence of factors, pSILAC is highly useful

for comparisons between conditions and different cell types.

Low-throughput methods often fall into two types: 1) treatment

of cells with cycloheximide to block protein synthesis and

harvest at time intervals after addition to monitor decay,

or 2) treatment of cells with an inhibitor of protein decay

and harvest at time intervals after addition to monitor the

accumulation of protein, thus inferring protein decay rates.

The limitation of both methods is that such treatments will

inevitably cause substantial changes to cellular physiology.

In contrast, pSILAC requires no substantial intervention and

theoretically has no detectable effects on cellular physiology

since isotopic amino acids differ by only a single neutron from

their non-isotopic counterparts. Thus, the method described

here for pSILAC represents a simple protocol for global

https://www.jove.com
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measurement of the most physiological protein half-lives in

non-dividing cells.

Alterations in protein turnover have a close relationship

to aging, age-related diseases, neurodegeneration, and

longevity54,55 . This protocol describes a method to

interrogate these relationships by using stable isotope

labeling of amino acids in cell culture to measure protein

turnover rates in senescence cells. However, numerous

analogous methods exist to perform studies in the context

of aging and neurodegeneration in vivo in whole organisms

such as mice. Indeed, these studies have emphasized the

importance of measuring protein turnover rates in the context

of age-related diseases56,57 ,58 ,59 .

In this study, ribosomal proteins and proteins residing in

the endoplasmic reticulum stood out as two categories of

proteins with decreased and increased half-lives in senescent

cells, respectively. While further analysis of steady-state

levels is required for definitive conclusions, these results

further suggest that senescent cells may uniquely regulate

translation through decreased half-lives of ribosomal proteins.

Going forward, applying stable isotope labeling approaches

to study the relationship between cellular senescence

and neurodegeneration in vivo in mouse models will be

a promising extension of the isotope labeling approach

described by this protocol.
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