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Cell death, cell cycle arrest and cellular senescence are three distinct cellular responses that can be induced by oncogene activation
and diverse anti-cancer agents, and this often requires the action of the tumour suppressor TP53. Within a cell population, or even
within an individual cell, these processes are not necessarily mutually exclusive. It is therefore important to measure all these
processes simultaneously. However, current assays generally visualise only one or at best two responses, often only detecting the
dominant one. Here, we present a novel flow cytometric assay that allows simultaneous assessment of cell viability and cell cycling
through measurement of DNA content and DNA synthesis, and markers of cell senescence at the single cell level. We demonstrate
that this assay can be performed on both human and murine cells, that are either cancerous or non-transformed, and can help to
dissect complex cell fate decisions. We believe that this experimental tool will be useful for the study of diverse biological
processes.

Cell Death & Differentiation (2022) 29:1004–1012; https://doi.org/10.1038/s41418-022-00964-7

INTRODUCTION
Identifying and measuring distinct cellular responses within a
population of cells simultaneously by using a single cell-based
assay can provide valuable information for many areas of
biomedical research [1, 2]. Cell death [3, 4], cell cycle arrest [5]
and cellular senescence [6] are important responses that can be
observed in diverse cell types and tissues in vivo and in vitro. The
tumour suppressor TP53 can transcriptionally activate all these
processes, and additional cellular responses, such as adaptation of
metabolism and DNA damage repair [7–9]. Collectively these
processes prevent tumour development and expansion [7–9].
TP53 can be activated in response to oncogene activation, many
cellular stresses and diverse anti-cancer agents, particularly those
that induce DNA damage (e.g. γ-radiation, etoposide) and
inhibitors of MDM2 (e.g. nutlin-3a), an E3 ubiquitin ligase that
causes ubiquitination of TP53 and thereby primes it for
proteasomal degradation [7, 8, 10]. It is important to be able to
monitor the different processes induced by TP53 activation in
both normal and malignant cells. This can be challenging because
within a population of cells, these processes are not necessarily
mutually exclusive and evidence suggests that even within a
single cell multiple responses can initially be activated, with one
process eventually dominating. Most available assays are limited
to measuring only one, or at best two, of these processes.
One limitation to looking at these multiple processes simulta-

neously has been the difficulty in finding a robust marker to
detect cellular senescence that is compatible with the methods for
assaying the other processes. Recently, urokinase-type plasmino-
gen activator receptor (uPAR) has been shown to be upregulated
in a broad range of senescent cells, and in pathologies related to

senescent phenotypes [11–14]. uPAR is a GPI-anchored surface
membrane protein that was found to promote motility and
invasion of tumour cells through downstream cell signalling [14].
GPI-anchored uPAR can be cleaved from the surface of the plasma
membrane and this was reported to be part of the senescence
associated secretory phenotype (SASP) [15]. Notably uPAR has
been used as a target for senolytic CAR-T cell-based therapies [11].
The inability to measure multiple processes in a single cell

leaves many questions unanswered, such as do cells that undergo
apoptosis upon TP53 activation also induce the programs for cell
cycle arrest and senescence, or in which state of the cell cycle do
senescent cells reside? To address these questions, we aimed to
develop a flow cytometric assay that can simultaneously measure
cell death, cell cycling and cell senescence at the single cell level.

RESULTS
Different cellular responses can be detected within a panel of
human cancer-derived cell lines in response to TP53 activation
We selected a panel of nine human cancer-derived cell lines with
wild-type (wt) TP53, and as controls, two cancer cell lines that
cannot respond to TP53 activating stimuli because they have TP53
mutations that prevent DNA binding and TP53 target gene
induction [7–9]. The selected wt TP53 cancer cell lines represent a
diverse range of human cancers, including glioblastoma, osteo-
sarcoma, melanoma, lung carcinoma, breast carcinoma and
lymphoma (Table 1), in anticipation that different TP53 activated
responses may dominate in different cell types. We used the
MDM2 inhibitor nutlin-3a to activate TP53 in a non-genotoxic
manner [10], thereby excluding additional stimulation of TP53-
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independent processes that may occur and contribute to response
after treatment with DNA damage inducing drugs [16]. Compared
to treatment with vehicle (DMSO), treatment with nutlin-3a for 72
h induced a 2- to 5-fold increase of TP53 protein in all nine wt
TP53 cell lines, as verified by intra-cellular FACS analysis (Fig. 1a).
Consistent with previous reports [17], mutant TP53 human cancer
cell lines displayed high basal levels of stabilised mutant TP53
protein and exhibited at most only a minor increase in this protein
after treatment with nutlin-3a (Fig. 1a).
Upon activation, wt TP53 can induce a range of cellular

processes, including apoptotic cell death, cell cycle arrest and
cellular senescence. To investigate which TP53 induced outcome
occurs in the different human cancer cell lines, we tested their
responses to nutlin-3a using individual flow cytometric assays for
the detection of apoptosis, cell cycle arrest and cellular
senescence. TP53 triggers apoptosis through transcriptional
induction of the pro-apoptotic BH3-only proteins PUMA and
NOXA [18, 19]. A commonly used flow cytometry-based assay to
identify apoptotic cells uses staining with fluorochrome-
conjugated annexin-V, which binds to phosphatidylserine residues
that are externalised as cells undergo apoptosis. This is combined
with the DNA staining dye, propidium iodide (PI), which enters
cells when the plasma membrane is no longer intact [20]. Early
apoptotic cells are only stained by annexin-V whereas late
apoptotic cells (which in culture can undergo so-called secondary
necrosis [21]) are stained by both annexin-V and PI. Upon
treatment with nutlin-3a, two of the nine wt TP53 cancer cell
lines underwent substantial apoptosis (>50% of cells within the
population, including early- and late-stage apoptotic cells), with all
other wt TP53 cell lines showing <10% death within the
population (Fig. 1b; gating shown in Supplementary Fig. S1). Cell
lines expressing mutant TP53 did not undergo nutlin-3a-induced
apoptosis [10] and provided a negative control for this assay
(Fig. 1b).
TP53 induces cell cycle arrest primarily through transcriptional

induction of CDKN1A, encoding the cyclin dependent kinase
inhibitor p21 (ref. [22]). To detect proliferation arrest and DNA
content in the panel of cell lines, we examined BrdU incorporation
(4 h pulse) and staining with 7-AAD (7-AminoactinomycinD) 72 h
after treatment with nutlin-3a. The proportions of cycling cells
(BrdU+ and S phase DNA content) were decreased in all wt TP53
expressing cancer cell lines to <5%. Concordantly, we observed an
accumulation of cells in G0/G1 phase, and in some cell lines (e.g.
MCF-7 and A549), also an accumulation of cells in G2/M (Fig. 1c;
Supplementary Table 1; gating shown in Supplementary Fig. S1).
TP53 can also induce cellular senescence in many solid tumour-

derived cell lines [23, 24]. The standard test to detect senescent
cells is staining for β-galactosidase, which accumulates in
senescent cells, followed by microscopy to detect positively

stained cells [25]. Such analysis can be difficult to quantify in an
unbiased manner and cannot be readily combined with other
read-outs of cell fates. We therefore chose a flow cytometry-based
assay using staining with C12FDG as a substrate that yields the
fluorochrome FITC upon processing by β-galactosidase (SA β-gal)
[26]. In agreement with findings from others using this method
[27–29], we observed that the results from this assay correlated
well with the standard microscopy-based SA β-gal staining
(Supplementary Fig. S2a). Using this flow cytometry-based assay,
we found that upon treatment with nutlin-3a for 72 h, the wt TP53
cancer cell lines that did not undergo considerable apoptosis
demonstrated substantially increased SA β-gal staining, albeit to
varying extents (~20–60%; Fig. 1d; gating shown in Supplemen-
tary Fig. S1). As expected [10], the mutant TP53 cancer cell line did
not show evidence of cellular senescence following treatment
with nutlin-3a (Fig. 1d). Moreover, CRISPR-mediated deletion of wt
TP53 prevented nutlin-3a induced induction of senescence in the
HCT116 and A549 cancer cell lines (Supplementary Fig. S3).

TP53 can simultaneously activate multiple processes in the
same cell line
These results demonstrate accurate detection of multiple cell fates
using individual flow cytometry-based assays. Yet performing
multiple assays to detect the different responses individually is
time consuming, expensive, impractical when cell numbers are
limited, and presents a significant challenge for deducing an
overall picture of all the processes activated within an individual
cell or a complex cell population. Therefore, we aimed to establish
a single flow cytometry-based assay that could simultaneously
detect all three outcomes, namely cell death, cell cycle arrest and
senescence. As a starting point we adapted the individual assays
and selected four wt TP53 cell lines: two cell lines that mainly
undergo apoptosis (DoHH2 and SJSA-1) and two cell lines that
mainly undergo cell cycle arrest and senescence (RKO and H460)
upon treatment with nutlin-3a. All wt TP53 cancer cell lines chosen
for these experiments displayed statistically significant increases in
TP53 protein after nutlin-3a treatment, except SJSA-1 (Fig. 1a).
Despite only modest and variable increases of TP53 in SJSA-1 cells,
this line showed consistent apoptotic death upon nutlin-3a
treatment, and hence was also chosen for these studies. As a
non-responding control, we used DLD-1 cells which express
mutant TP53.
Measuring SA β-galactosidase activity was not possible in the

combined assay, because it is not compatible with the fixation
needed to detect BrdU incorporated into the DNA of proliferating
cells. Instead, we opted to stain with an antibody to detect uPAR/
CD87. We confirmed in the human lung carcinoma cell line, H460,
that SA β-gal staining and uPAR staining detected comparable
numbers of cells undergoing senescence (Supplementary Fig.
S2b). To confirm that the same cells in the population were
expressing both uPAR and β-gal, we treated the human lung
carcinoma line A549 with for 72 h with nutlin-3a or DMSO (vehicle
control). We then stained for uPAR and sorted the lowly as well as
the highly uPAR expressing cells. These cell fractions were then
fixed and stained for β-gal. This confirmed that the high uPAR
expressing cells also expressed the highest levels of SA β-gal
(Supplementary Fig. S4).
Using murine dermal fibroblasts (MDFs) and the human cancer

cell lines HCT116 and A549, we also found that the increase in
uPAR expression was detectable at both the surface level by
staining unfixed cells and the total level within cells by staining
fixed cells (Supplementary Fig. S5). This indicates that this marker
can be used as a surface stain to detect upregulation of uPAR as a
marker of senescent cells.
In the combined assay for simultaneous detection of cell death,

cell cycling, DNA content and cell senescence, the H460 and RKO
cells demonstrated increased uPAR staining after treatment with
nutlin-3a (Fig. 2a; gating shown in Supplementary Fig. S1).

Table 1. Characteristics of human cancer-derived cell lines.

Cell line Cancer type TP53 status

A549 Lung wt

H460 Lung wt

RKO Colorectal wt

Lox-IMVI Melanoma wt

MCF-7 Breast wt

U87MG Glioblastoma wt

A172 Glioblastoma wt

SJSA-1 Osteosarcoma wt

DoHH2 Lymphoma wt

DLD-1 Colorectal c.722 C > T p.S241F

Sudhl-4 Lymphoma c.817 C > T p.R273C
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Interestingly, we were able to detect an increase in uPAR staining
in SJSA-1 cells, which we had not previously been able to assess
by SA β-gal staining in the individual assays, due to the large
proportion of these cells undergoing apoptosis upon treatment
with nutlin-3a (Fig. 2a). In the cell lines in which both types of
assays to detect senescent cells were performed, there were only
small differences in the extent of uPAR staining compared with SA
β-gal activity. These differences could be due to these markers
being expressed slightly differently in populations of senescent
cells, or that we include a sub-G1 DNA content (dying/dead) cell
population in the combined assay, which had usually been
excluded due to limitations of the previously used individual
assays.
When looking at cell populations as a whole, these five cell lines

underwent the same processes to a similar extent as seen in the
single assays (Fig. 2a–c; gating shown in Supplementary Fig. S1).
For SJSA-1 and DoHH2 cells, ~80% of cells stained positive for
annexin-V (Fig. 2b), indicating they were undergoing apoptosis.
Interestingly, with the added information from the cell cycle

analysis incorporated in the combined assay, we can see that
annexin-V positive cells not only resided in the sub-G1 DNA
content population, as expected, but also included cells residing in
the G0/G1 phase (Fig. 3a).
All five cell lines tested showed similar cell cycle profiles when

using the combined cell fate assay compared to the single assays,
with a marked decrease in S phase cells observed after 72 h
treatment with nutlin-3a, and an increase in cells in the G0/
G1 stage in RKO and H460 cells (Fig. 2c). Additionally, we can see
that uPAR positive senescent cells reside in both G0/G1 and G2/M
stages of the cell cycle, but not in the sub-G1 population (Fig. 3b).
This is consistent with reports that TP53 activation can induce cell
cycle arrest and entry into senescence at both the G1/S and G2/M
boundaries [5].

Murine dermal fibroblasts can undergo apoptosis, cell cycle
arrest, and senescence after TRP53 activation
To confirm the versatility of this combined assay, we also applied
it to the study of murine dermal fibroblasts (MDF), which after

Fig. 1 Response of diverse human cancer-derived cell lines to TP53 activation using standard flow cytometry-based methods. a TP53
protein levels were measured by flow cytometry as a read-out of TP53 activation following 72 h of treatment with the indicated concentration
of nutlin-3a. The fold induction relative to DMSO treated cells is plotted; n= 3–5. b Apoptotic cell death was detected by staining cells with
annexin-V-FITC and PI at 72 h after treatment with the indicated concentration of nutlin-3a or DMSO (control). Drug-induced cell death
relative to DMSO treatment is shown. n= 3–8. c Cell cycle analysis was performed following 72 h treatment with DMSO (control) or the
indicated concentration of nutlin-3a by pulsing cells for the last 4 h of treatment with BrdU, which is incorporated into newly synthesised
DNA. The cells were then fixed, permeabilised and stained with antibodies against BrdU plus the DNA stain, 7-AAD, followed by flow
cytometric analysis. Changes in S phase indicated by bar. See Supplementary Table 1 for full statistical comparisons. n= 3–5. d Cellular
senescence was detected following 72 h treatment with the indicated concentration of nutlin-3a or DMSO (control) by flow cytometry after
incubating cells with a substrate for β-galactosidase (C12FDG) that produces the fluorochrome FITC. n= 4–5. DLD-1 cells, and in (a–c) also
Sudhl-4 cells, both of which express mutant TP53, were included as non-responding controls. In (a–d), mean ± SEM is plotted, p= *≤0.05, **≤
0.01, ***≤ 0.001. In (a, b and d), p values are calculated using t tests corrected for multiple comparisons. In (c), p values are calculated by 2-way
ANOVA, corrected for multiple comparisons using Dunnett’s correction. In (a, b and d) each symbol represents data from an individual
experiment.
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TRP53 (the nomenclature for the murine protein) activation are
reported to undergo cell cycle arrest and cellular senescence [30].
We utilised nutlin-3a to activate TRP53 in a non-genotoxic manner
and in addition, we also treated these cells with the DNA
damaging agent etoposide, to induce TRP53 activation, albeit
alongside additional processes. Using uPAR staining (Fig. 4a), we
could see that treatment with nutlin-3a induced senescence in wt
Trp53 MDFs, but not in Trp53−/− control MDFs. Of note, treatment
with etoposide caused a marked increase in uPAR staining not
only in wt Trp53MDFs but also in Trp53−/− MDFs. This is consistent
with the notion that DNA damage inducing drugs can induce cell
growth inhibitory responses not only through TP53/TRP53-
dependent processes but also through processes that are
independent of this tumour suppressor [16, 31–33].
A small increase in apoptotic cell death, as detected by annexin-

V plus DAPI staining, was seen after treatment with nutlin-3a only
in the wt MDFs, whereas etoposide treatment induced apoptosis
in both wt as well as Trp53−/− MDFs (Fig. 4b).

Combined DNA content and BrdU staining showed that
treatment with nutlin-3a and etoposide both decreased the
proportions of cycling (S phase) cells in wt MDFs. Only treatment
with etoposide, but as expected not addition of nutlin-3a, caused
a decrease in cells residing in S phase in Trp53−/− MDFs. In wt
MDFs, nutlin-3a treatment caused an increase in the proportions
of cells in the G0/G1 state, whereas exposure to etoposide
increased the proportions of these cells in the G2/M state at 24 h,
before progressing to substantial cell death at 72 h (sub-G1 DNA
content state) (Fig. 4c).
As we saw in the human cancer-derived cell lines, we observed

that annexin-V positive cells could reside not only in the sub-G1
DNA content state but also the G0/G1 state (Fig. 5a). Conversely,
uPAR positive cells resided in the G0/G1 and G2/M states but not
in the sub-G1 DNA content population (Fig. 5b).
Additionally, we observed in MDFs treated with nutlin-3a or

etoposide, that there was a population of annexin-V positive
cells that were also uPAR positive, indicating that these cells
were inducing both of the apoptosis and senescence programs
(Fig. 6a, b).
Collectively, these findings show that our novel flow cytometric

single cell-based assay for the detection of DNA content, DNA
synthesis, cell senescence and apoptotic cell death can be readily
adapted for use in murine cells (and if suitable antibodies to uPAR
are available, also to cells from other species).

DISCUSSION
We have developed a simple, cheap, and robust combined flow
cytometry-based assay to simultaneously examine and quantify the
different predominate fates of cells after TP53 activation: cell cycle
arrest, entry into cellular senescence and apoptotic cell death. This
assay saves both time and resources whilst reliably reproducing the
results seen when these assays are carried out individually. We have
demonstrated its validity in both human and murine cells after TP53/
TRP53 activation, with our results correlating well with previous
studies [30, 34–36]. This assay has the potential to be used in the
analysis of diverse biological processes, including to detect responses
of cell populations driven by TP53-independent stimuli, such as
cancer treatments including glucocorticoids [16].
Finding a robust marker of cell senescence that can be seen

across multiple cell types and staining for which is compatible
with other staining techniques has been a limiting factor in the
field. The traditional methods using examination of senescence
associated β-galactosidase either by microscopy or by flow
cytometry, or looking at morphological changes [37], has been
restrictive due to the need to be performed separately from other
assays, such as analysis of DNA synthesis. Other markers of cellular
senescence, such as factors in the SASP (e.g. IL-6) (ref. [38]), are
only produced by a fraction of senescent cells, and therefore are
not reliable for a combined assay. Moreover, these factors are
released from cells and therefore can only be detected by treating
cells with protein export inhibitors that may impact other cellular
processes measured in a combined cell fate assay. Flow cytometric
analysis of the surface markers B2MG and DEP1 has been used to
detect senescent bladder cancer cells [39], but the applicability to
other cell types has not been validated. We have shown here that
uPAR, which was previously shown to be a marker of cellular
senescence in lung cancer models and hepatocytes [11], can also
be applied across other cell types, such as colorectal cancers and
murine fibroblasts, making this an informative and versatile
marker of this cell fate. The biological reason for the upregulation
of uPAR in senescent cells is not clear although it is known that
uPAR expression is increased in response to diverse stresses,
immune responses and inflammation [40]. The conditions that
induce cell senescence also cause these responses, and this might
be a reason for this increase in uPAR.

Fig. 2 Response of diverse human cancer-derived cell lines to
TP53 activation after treatment for 72 h with 10 μM nutlin-3a
using a novel combined flow cytometry-based method.
a Percentages of cells stained for uPAR as an indication of cellular
senescence. b Percentages of cells stained with annexin-V-FITC as an
indicator of apoptosis. c Percentages of cells in the different stages
of the cell cycle – DNA content: sub-G1 DNA content (dying), G0 and
G1, S, or G2 and M, using staining for BrdU incorporation and DNA
content (DAPI). DLD-1 cells, which express mutant TP53, were
included as a non-responding control. n= 3–4, mean ± SEM plotted,
p= *≤ 0.05, **≤ 0.01, ***≤ 0.001. In (a, b), p values were determined
by t tests corrected for multiple comparisons. In (c), p value was
calculated by 2-way ANOVA correct for multiple comparisons using
Sidak’s test. For full statistical comparisons, see Supplementary
Table 2. In (a and b), each symbol represents data from an individual
experiment.
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Most importantly, this combined assay has already allowed us
to make discoveries that are not possible in the single assays, such
as the observation that upon TP53 activation cells can simulta-
neously activate the programs for apoptosis, cell cycle arrest and
cell senescence, although cell death will dominate. Moreover, our
new assay revealed that upon TRP53/TP53 activation apoptotic
cells can be found not only as expected in the sub-G1 DNA
content state, but also in G1, and that senescent cells reside in the
G0/G1 and G2/M cell cycle phases but not in the S phase. We
predict that this new assay will enhance the analysis of many

complex cellular responses and thereby provide interesting new
insight into diverse biological processes.

MATERIALS AND METHODS
Cell lines and cell culture conditions
Human cancer-derived cell lines (A172, H460, A549, RKO, DLD-1, Lox-IMVI,
MCF-7, DoHH2, Sudhl-4, SJSA-1, U87MG and HCT116) were cultured as
described in the Supplementary Methods. All cell lines used were routinely
tested for mycoplasma contamination using the Lonza kit according to the
manufacturer’s instructions.

Fig. 3 Annexin-V positive cells and uPAR positive cells can reside in different cell cycle stages. a Annexin-V-FITC positive cells reside in the
G0/G1 as well as the sub-G1 DNA content states. Flow cytometry histogram of SJSA-1 cells that had been treated for 72 h with 10 μM nutlin-3a
or DMSO (control) and were then stained with annexin-V-FITC plus DAPI to reveal surface exposed phosphatidylserine and DNA content,
respectively. The annexin-V-FITC negative nutlin-3a treated cells have a similar cell cycle distribution as the entire population of DMSO treated
(control) cells, whereas the annexin-V-FITC positive cells reside in the G0/G1 and sub-G1 DNA content (dying cells) states. b uPAR positive cells
reside in the G0/G1 and the G2/M stages of the cell cycle, but not in the sub-G1 (dying/dead) population state. Flow cytometry histogram of
RKO cells that had been treated for 72 h with 10 μM nutlin-3a or DMSO (control) and then stained with an antibody against uPAR conjugated
to PE plus DAPI to reveal senescent cells and DNA content, respectively.
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Cell line authentication
All human cancer-derived cell lines were authenticated by short tandem
repeat (STR) profiling. DNA was extracted using the DNeasy Blood and
Tissue kit (Qiagen #69506) as per the manufacturer’s instructions and sent
to the Australian Genome Research Facility (AGRF) for GenePrint 10 cell
line authentication. Sequencing to confirm TP53 status was performed as
described in the Supplementary Methods.

Mice
All animal experiments were conducted with the approval of the WEHI
Animal Ethics Committee following the guidelines set out by the National
Health and Medical Research Council (NHMRC). Trp53−/− mice have been

previously described [41] and have been backcrossed to C57BL/6 mice for
20 generations prior to use in these experiments.

Murine dermal fibroblast (MDF) generation and culture
conditions
MDFs were generated from tails of 8–12 week-old wt or Trp53−/− mice. Bone
was removed from skin and the skin was then digested in 2.1 U/mL dispase II
(Sigma–Aldrich #D4693) in DMEM (Gibco #11885-092) at 4 °C overnight. The
dermis was peeled from the epidermis and placed in Collagenase IV 0.42mg/
mL (Sigma–Aldrich #C5138) in DMEM at 37 °C for 1 h. The dermis was passed
through a 100 µm mesh, and collagenase washed away with DMEM. Cells
were then plated and cultured in DMEM+ 10% Heat Inactivated-FBS at 37 °C
in 5% CO2 and used for assays on passages 1–3.

Fig. 4 Response of murine dermal fibroblasts (MDFs) to 10 μM nutlin-3a or 1 μg/mL etoposide after 24 h and 72 h. a Percentages of MDFs
stained for uPAR as an indicator of cellular senescence. b Percentages of MDFs stained with annexin-V-FITC as an indicator of apoptosis.
c Percentages of MDFs in the difference stages of the cell cycle – DNA content: sub-G1 DNA content (dying), G0 and G1, S, or G2 and M, using
staining for BrdU incorporation and DNA content (DAPI). n= 3–5, mean ± SEM plotted, p= *≤0.05, **≤0.01, ***≤0.001. In (a, b), p values were
determined by t tests corrected for multiple comparisons. In (c), p values were calculated by 2-way ANOVA correct for multiple comparisons using
Sidak’s test. For full statistical comparisons, see Supplementary Table 3. In (a and b), each symbol represents data from an individual experiment.
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Flow cytometry assays
Adherent cell lines or MDFs were plated and left to settle for 24 h in an
incubator with either 5% or 10% CO2 at 37 °C. Medium was replaced with
medium containing nutlin-3a (5 µM or 10 µM, Cayman Chemicals #18585),
etoposide (1 µg/mL, Ebewe Interpharma) or DMSO (vehicle control) and
cells incubated for 24 or 72 h. Suspension cells were plated out
immediately before addition of drug or DMSO. At the time for analysis,
suspension cells were transferred into a round bottomed plate. Adherent
cells were dissociated with trypsin (Sigma #T4174), keeping both the
supernatant and the trypsinised fractions for analysis. Cells were then
centrifuged to remove medium and resuspended as specified below for
the flow cytometric assay to be performed.

Detection of TP53 protein by intracellular flow cytometric
analysis
Cells were resuspended and stained using the LIVE/DEAD fixable far red
dead cell staining kit (Invitrogen #L10120) for 30min before fixing and
permeabilising with the Foxp3/Transcription Factor Staining buffer set
(Affymetrix eBioscience #00-5523). Cells were stained with A405-

conjugated TP53 antibody (clone FL-393, Santa Cruz), washed and
analysed on an LSRIIW or Fortessa flow cytometer.

Flow cytometric analysis for senescence associated β-
galactosidase
Before cells were harvested, medium was removed from culture wells and
replaced with medium containing 100 nM bafilomycin A1 (Sigma–Aldrich
#B1793) and 5 µM or 10 µM nutlin-3a or DMSO (vehicle control). Cells were
incubated for an additional 1 h. 33 µM C12FDG (Invitrogen #D2893) was
then added and cells incubated for a further 2 h. Cells were then harvested
as described above and resuspended in PBS contain 1 µg/mL DAPI (Sigma
D9542). Cells were analysed immediately on an LSRIIC flow cytometer.

Flow cytometric analysis for apoptotic cell death
Cells were resuspended in 50–100 µL annexin-V binding buffer (0.1 M
Hepes pH 7.4, 1.4 M NaCl, 25 mM CaCl2) containing annexin-V-FITC
(Biolegend #640905) and PI 1 µg/mL. Cells were then analysed on an LSR
or Fortessa flow cytometer (Becton Dickinson).

Fig. 5 A novel combined flow cytometric single cell-based assay for the simultaneaous detection of cell cycling, cell senescence and
apoptotic cell death in mouse dermal fibroblasts (MDFs). a Annexin-V-FITC positive cells reside in the G0/G1 as well as the sub-G1 DNA
content state. Flow cytometry histogram of MDFs that had been treated for 24 h with 10 µM nutlin-3a, 1 µg/mL etoposide or DMSO (control)
and were then stained with annexin-V-FITC plus DAPI to reveal surface exposed phosphatidylserine and DNA content, respectively. The
annexin-V-FITC negative nutlin-3a treated cells have a similar cell cycle distribution as the entire population of DMSO treated (control) cells,
whereas the annexin-V-FITC positive cells reside in the G0/G1 and sub-G1 (dying cells) states. b uPAR positive cells reside in the G0/G1 and the
G2/M stages of the cell cycle, but not the sub-G1 (dying/dead) cell population. Flow cytometry histogram of MDFs that had been treated for
24 h with 10 μM nutlin-3a, 1 μg/mL etoposide or DMSO (control) and then stained with an antibody against uPAR conjugated to PE plus DAPI
to reveal senescent cells and DNA content, respectively.
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Flow cytometry-based cell cycle analysis
At 4 h before harvesting for analysis, cells were pulsed with BrdU (3 µg/mL).
Cells were harvested as described above, then fixed and stained using the
APC BrdU Flow kit (BD PharmingenTM #557892) following the manufac-
turer’s protocol. DNA was loosened by treatment with 0.025mg/mL (50 U)
DNAse (Worthington LS002140) in 0.15 M NaCl, 42 mM MgCl2 in PBS for 15
min at 37 °C, or alternatively using the APC BrdU Flow kit protocol. Cells
were resuspended in BD permeabilisation/wash buffer with 7-AAD (2.5 µg/
mL). Samples were analysed within 24 h on the LSR IIW (Becton Dickinson)
at a flow rate of <400 events/sec.

Combined flow cytometry-based assay to simultaneously
detect cell death, cell cycling, DNA content and cell
senescence
BrdU (3 µg/mL; BD kit) was added to the culture medium 4 h before the
cells were harvested as described above. Cells were stained for 30min on
ice in 100 µL annexin-V binding buffer (0.1 M Hepes pH 7.4, 1.4 M NaCl, 25
mM CaCl2) containing annexin-V-FITC (Biolegend #640945). Cells were then
washed and fixed using the APC BrdU Flow kit (BD PharmingenTM

#557892), stained with an antibody against BrdU conjugated to APC and
an antibody against uPAR conjugated to PE (human uPAR, BioLegend
#338906, clone VIM5; mouse uPAR, R&D Systems #FAB531P, clone 109801)
before being resuspended in PBS containing 10% FBS DAPI (1 µg/mL) and
analysed on an LSRIIW or BD Symphony flow cytometer (Becton Dickinson)
at a flow rate of less than 400 events/second.

SA β-gal staining
SA β-gal staining was performed as previously described [25].

DATA AVAILABILITY
All data will be made available on request.
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