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Normal cells reach senescence after a specific time
and number of divisions, leading ultimately to cell
death. Although escape from this fate may be a req-
uisite step in neoplastic transformation, the mecha-
nisms governing senescent cell death have not been
well investigated. We show here, using normal hu-
man epidermal keratinocytes, that no apoptotic
markers appear with senescence. In contrast, the ex-
pression of several proteins involved in the regula-
tion of macroautophagy, notably Beclin-1 and Bcl-2,
was found to change with senescence. The corpses oc-
curring at the senescence growth plateau displayed a
large central area delimited by the cytokeratin network
that contained a huge quantity of autophagic vacuoles,
the damaged nucleus, and most mitochondria. 3-methy-
ladenine, an inhibitor of autophagosome formation,
but not the caspase inhibitor ZVAD, prevented senes-
cent cell death. We conclude that senescent cells do
not die by apoptosis, but as a result of high macro-
autophagic activity that targets the primary vital
cell components. (Am J Pathol 2009, 174:423—435; DOI:
10.2353/ajpath.2009.080332)

Senescence is described as a tumor suppressor mech-
anism that limits proliferation of altered cells.” It occurs in
vivo with advancing age, as well as in culture because of
both telomere erosion and increasing oxidative damage.?
Despite these alterations, senescent cells are not dead
cells: they maintain a metabolic activity, different from
that of young cells.® However, they remain in this state
only for a while, and finally die. Although escape from this

fate could be a requisite step in neoplastic transforma-
tion, how cells die once they have become senescent has
not been much investigated, and the results remain
controversial.

Cell death can occur accidentally, in response to an
insult, or as the result of a genetic program, activated for
example during development or in response to a specific
signal. Death following senescence fits with the definition
of programmed cell death, because (i) it is time-sched-
uled and (ii) senescent cells express a genetic program
different from that of young cells.*~"" Two main types of
programmed cell death have been described: apoptosis
(type 1), and autophagic programmed cell death (type ).
Apoptosis involves characteristic morphological and bio-
chemical changes, including cytoplasmic and nuclear
condensation, blebbing, chromatin condensation, oligo-
nucleosomal DNA degradation, and final cell fragmenta-
tion into apoptotic bodies. Apoptosis is attributed mainly
to caspase activation.’® Autophagic programmed cell
death is accompanied by an increase in macroautoph-
agic activity and is believed to occur through the ensuing
degradation of many vital cell components.'®'* The mac-
roautophagic process starts with sequestration of a dam-
aged cell component by a double membrane whose
origin is controversial.'®~'” The autophagosome resulting
from closure of this membrane then fuses with lysosomes
to form an autophagolysosome, inside which the seques-
tered material is degraded by hydrolytic enzymes at
acidic pH. The formation and migration of all these ves-
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icles are orchestrated by about 30 Atg genes'”'® and
depend on the integrity of the cytoskeleton, which is in
contrast degraded during apoptosis.'® Caspase activa-
tion is not required®® and may even inhibit the autophagic
pathway.?' Necrosis, although originally described as
the process of accidental cell death, might be partly
programmed. It is defined as a type of cell death lacking
the characteristics of apoptosis and autophagy, but both
its cellular manifestations and its molecular pathways are
poorly described. It is generally recognized, however,
that necrosis involves early plasma membrane lysis, or-
ganelle swelling and lysis, and some vacuolization.?223

The purpose of this study was therefore to establish
whether senescent cells die by apoptosis, autophagic
programmed cell death, necrosis, or some other unde-
scribed or mixed type of cell death. Throughout this text,
we use the expression senescent-cell death to refer to the
mechanism of death following senescence.

Materials and Methods
Cell Culture

Normal human epidermal keratinocytes (NHEKs), pur-
chased from Clonetics (CC-2501), were collected from 6
different females of different races and ages. They were
grown at 37°C in an atmosphere of 5% CO, in KGM-2
BulletKit medium consisting of modified MCBD 153 with
0.15 mmol/L calcium, supplemented with bovine pituitary
extract, epidermal growth factor, insulin, hydrocortisone,
transferrin, and epinephrin (CC-3107, Clonetics). Such a
serum-free low-calcium medium has been shown to min-
imize keratinocyte terminal differentiation.®* Cells were
seeded as recommended by the supplier and split at
70% confluence. The number of population doublings
(PD) was calculated at each passage by means of the
following equation: PD = In(number of collected cells/
number of plated cells)/In2. For positive controls of apo-
ptosis, cells were treated for 6 to 18 hours with 20 ng/ml
tumor necrosis factor alpha (TNFa) + 10 wg/ml cyclohex-
imide (CHX), or 10 ng/ml tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) + 10 pg/ml CHX.

Flow Cytometry Analysis and Sorting,
Annexin-V/Propidium lodide Assays

NHEKs were analyzed on a Coulter EPICS XL-MCL
based on their forward and side scatter factor values
and, according to the experiment, subpopulations with
different forward and/or side scatter factor values were
electrostatically sorted in air. For Annexin-V/propidium
iodide staining, cells were processed with an Annexin-V-
Alexa 568 kit (Roche, Calbiochem) according to the man-
ufacturer’'s recommendations. The results were analyzed
with the WinMDI 2.9 software. Alternatively Annexin-V/
propidium iodide assays were performed with the same
kit on cells grown on glass slides.

Videomicroscopy

Time-lapse videomicroscopy was done with a Zeiss Ax-
iovert 100M equipped with a warm stage. Cells were
maintained under 5% CO. in closed flasks. Images were
taken at 15-minute intervals for 24 to 48 hours.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde in PBS and
permeabilized with 0.2% Triton-X100. Slides were incu-
bated with the primary antibody: anti-active caspase-3
(Cell Signaling Technology), anti-keratin 14 (Chemicon
International), anti-cytochrome C (Pharmingen), anti-ap-
optosis inducing factor (AlF; Chemicon International), or
anti-MAPLCS3 (Santa-Cruz). They were then washed three
times with PBS and incubated with the secondary anti-
body: Rhodamine red-conjugated anti-Mouse 1gG or
Rhodamine red-conjugated anti-Rabbit IgG (Jackson Im-
munoResearch Laboratories). Nuclei were stained with
Hoechst 33258 at 1 ug/ml for 3 minutes. Slides were
analyzed with either a Zeiss AxioPlan2 epifluorescence
microscope, or a Zeiss Axio Imager Z1-ApoTome epiflu-
orescence microscope for optical sectioning.

Western Blotting

Cells were lysed in the following solution: 27.5 mmol/L
Hepes pH 7.6, 1.1 M/L urea, 0.33 M/L NaCl, 0.1 M/L
EGTA, 2 mmol/L EDTA, 60 mmol/L KCI, 1 mmol/L dithio-
threitol, and 1.1% NP40. The total protein concentration
was measured with the Bio-Rad protein assay. Proteins
were resolved by SDS-polyacrylamide gel electrophore-
sis and transferred to nitrocellulose membranes (Hy-
bond-C extra, Amersham). Equal loading was checked
after Ponceau red staining of the membranes. The pri-
mary antibodies used were: anti-active caspase-3 (Cell
Signaling Technology), anti- poly(ADP-ribose) polymer-
ase (PARP; Alexis Biochemical), anti Bcl-2 (Santa Cruz),
anti-keratin-14 (Chemicon International), anti-Beclin-1
(Santa Cruz), anti-Bid (Pharmingen), anti-lysosomal-as-
sociated membrane protein 1 (Santa Cruz), and anti-actin
(Santa-Cruz). The secondary antibody used was a per-
oxidase-conjugated rabbit anti-sheep IgG or a peroxi-
dase-conjugated goat anti-mouse IgG (Jackson Immu-
noResearch Laboratories). Peroxidase activity was
revealed with an enhanced chemiluminescence kit (Am-
ersham). The films were quantified by scanning with a
Syngene Chemi-Genius Bio Imaging System.

Terminal Deoxynucleotidyl Transferase dUTP
Nick-End Labeling and Comet Assays

The terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay was performed with the Apoptag
Kit (Intergen) according to the manufacturer's recom-
mendations. For comet assays, 10,000 cells were em-
bedded in 80 ul of 0.5% low-melting-point agarose at
37°C and the suspension was immediately pipetted onto
a TREVIGEN Inc. cometslide, which was then placed at



4°C in the dark for at least 30 minutes. The slides were
immersed in prechilled Lysis Solution and left at 4°C for
60 minutes. They were then left in alkaline solution for 20
minutes at room temperature in the dark. The migration
was performed at pH = 8 or pH >13 in Tris borate-EDTA
buffer at 1 V/cm for 20 minutes. Quantitative analysis
(%DNA in the comet tail) was performed with the Tritek
Comet Score freeware.

Fluorescence Staining of Mitochondria,
Lysosomes, and Autophagic Vacuoles

Monodansylcadaverine, Lysotracker green, and Mito-
tracker red were from Molecular Probes. Living cells were
incubated at 37°C with monodansylcadaverine (MDC;
0.05 mmol/L), Lysotracker green (100 nmol/L), or Mito-
tracker red (25 nmol/L) added directly to the cell culture
medium (respective incubation times: 10 minutes, 2
hours, and 30 minutes). Nuclei were stained with vital
Hoechst 33342 at 1 ng/ml for 10 minutes at 37°C.

Transmission Electron Microscopy

Cell pellets were fixed with 2.5% glutaraldehyde in 0.1
M/L cacodylate buffer, pH 7.4 for at least 30 minutes at
4°C. After fixation, the specimens were thoroughly
washed in 0.1 M/L cacodylate buffer and then postfixed
with 1% osmium tetroxide in the same buffer for 1 hour at
room temperature, stained en bloc with 2% uranyl acetate
in distilled water for 15 minutes, dehydrated in graded
acetonitrile, and embedded in Epon. Ultrathin sections
(80 to 100 nm thick) mounted on 150-mesh grids were
stained with 2% uranyl acetate solution and Reynolds
lead citrate solution.®®> The electron micrographs were
taken with a Hitachi H600 electron microscope at 75 kV.

Results

Kinetics of Senescence and Senescent-Cell
Death

We first investigated the kinetics of senescence and se-
nescent-cell death in two normal human cell types, der-
mal fibroblasts (NHDFs) and epidermal keratinocytes
(NHEKS). Fibroblasts are the most commonly used cell
type in senescence studies; keratinocytes are more rel-
evant to tumorigenesis studies. We have used fibroblasts
from three and keratinocytes from six different donors, all
female, of different ages and races. Dermal fibroblasts
grew for 50 to 60 PDs, according to the donor, and then
reached a senescence growth plateau where they re-
mained for several months, suggesting that the level and
speed of cell death in this cell type were very low (data
not shown). In contrast, keratinocytes reached a senes-
cence growth plateau after only 15 to 25 PDs (according
to the donor); this plateau lasted only a few days to 2 to
3 weeks (according to the donor), and then almost all
cells apparently died massively and detached from the
dish, while a few clones of partly transformed cells
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Figure 1. Growth curve and characteristics of young, senescent, and dying
keratinocytes. A: NHEK growth curve under standard conditions. B: SA-f3-
Gal assays. SA-B-Gal-positive cells in each phase were counted among about
a thousand cells in at least five microscopic fields. Results are given as means
*SD of all field counts. The percentages at 18 and 20 PD are statistically
different from those at 13 PD (P =6 X 107 and P = 4 X 10719, and the
percentages at 23 and 25 PD are statistically different from those at 20 PD
(P=5X10"%and P =3 X 107). C: Western-blot analysis of the CKI
p16™K4 Jevel in total cell extracts. Actin was used as a loading control. The
quantification of the film is given in supplemental Figure S1 at bip./ajp.
amjpathol.org. D: Cells during the exponential growth phase and at the
senescence plateau were stained with Hoechst and observed under phase
contrast and by epifluorescence microscopy. Senescent keratinocytes display
vacuole-like structures of different sizes generally close to the nucleus (red
arrows); they are often binucleated (green arrowhead). Scale bars = 20
pm. E: Flow cytometry analysis of the side-scatter (X) and forward-scatter (Y)
factors, ie, granularity and size respectively, of NHEKs during the exponential
growth phase and at the senescence plateau. The colors represent the point
densities. The two cursors help to see that at the senescent growth plateau
the overall population shifts in size and granularity and becomes very
heterogeneous. A subpopulation of cells of very low size but high granular-
ity, probably corpses, appears at the senescence plateau. The results from (A)
to (E) are representative of different experiments performed with cells from
six different donors.

emerged (Figure 1A). Since the death of senescent ker-
atinocytes was more massive and rapid than that of fi-
broblasts, and since emergence, possibly resulting from
senescent-cell escape from death, was observed only
with keratinocytes, we subsequently focused our studies
on senescent-keratinocyte death.

Keratinocytes at the growth plateau displayed all of the
characteristics of senescent cells: senescence-associ-
ated B-galactosidase activity at pH 6 (Figure 1B), up-
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Figure 2. Flow cytometric analysis of cell death occurrence during NHEK
culture. A: NHEKs grown under standard conditions were analyzed by flow
cytometry after an increasing number of population doublings for Annexin-V
(X) and PI (Y) staining. Colors represent point densities. Cursors were placed
after considering autofluorescence (not shown). Different subpopulations
are distinguishable: R1, AnV/PI-negative, ie, live cells, R2, AnV/PI-posi-
tive, ie, dead cells, R3, AnV-positive but PI-negative, ie, dying cells, and

regulation of the CKI p16™ 4 (Figure 1C and supplemen-
tal Figure S1 at http://ajp.amjpathol.org), a 5- to 100-fold
larger size than young cells, numerous dense particles
(probably damaged components), and several vacuole-
like structures of different sizes (Figure 1D). After
Hoechst staining, their nuclei often appeared bigger than
those of young cells, and about 20% of the cells were
polynucleated (Figure 1D). Flow cytometry analysis of
forward and side scatter factors, ie, size and granularity
respectively, revealed dramatic changes in the cell pop-
ulation at the senescence plateau, with a global increase
of these two parameters, a great variability within the
population regarding these two parameters, and the ap-
pearance of a subpopulation of smaller cells with a high
granularity, probably corpses (Figure 1E).

Morphological and Kinetic Features of
Senescent-Keratinocyte Death

We then performed a more specific kinetic analysis of
keratinocyte death by recording all types of cell death
using Annexin-V/propidium iodide (AnV/PIl) assays. An-
nexin-V is an appropriate marker of any type of cell
death—apoptosis, autophagy, or necrosis—because
cells undergoing either apoptosis®® or autophagy?” have
been shown to externalize phosphatidylserines and be-
cause corpses generated by any mechanism ultimately
lose their plasma membrane integrity. Pl staining similarly
reveals cells having lost their membrane integrity.

We first used flow cytometry to quantify AnV- and
Pl-positive cells in the whole population as the number of
population doublings increased. The results revealed
from the presenescent stage onward a general shift of the
population toward an increase in AnV/PI staining, with the
formation of three subpopulations (Figure 2, A and B).
The first one is positive for both markers. It is composed
of the smaller cells with high granularity, proving they are
corpses. The second subpopulation is composed of AnV-
negative/Pl-positive cells. As the preceding ones, these
cells are generally small and have a high granularity.
They are therefore also corpses. The third subpopulation
consisted of AnV-positive but Pl-negative cells, and can
therefore be classified as dying cells. They are found in
all of the ranges of size and granularity, but mostly among
the largest cells. At the senescence plateau, the propor-
tion of dying and dead cells reached almost 20% of the
total population (Figure 2C).

We then examined more precisely the morphology of
the AnV-positive cells at the senescence plateau by a
microscopic analysis. For comparison with the morphol-
ogy of typical apoptotic cells, keratinocytes in the growth
phase were treated with TNFa+CHX. These cells ap-

R4, AnV-negative PI-positive, also dead cells. B: Forward scatter (Y) and side
scatter (X) factors of the four subpopulations R1, R2, R3 and R4. R1 (in green)
is the main cell population, with a wide range of forward and side scatter
factors values, ie, with a more or less developed senescent phenotype; they
are alive. R2 (in red) is a subpopulation with a smaller size and a wide range
of granularity; it appears with doubling and consists of corpses. R3 cells (in
blue) are found in the whole population and display all sizes and granulari-
ties. They are senescent cells in the process of dying. R4 (in pink), like R2,
consists of corpses. C: Proportions of cells in the different subpopulations.
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Figure 3. Morphological characteristics of dying and dead cells at the senes-
cence plateau. A: NHEKs at different phases were processed for the An-
nexin-V assay. As a positive control for apoptosis, keratinocytes in the
growth phase were treated with TNFa+CHX. Young keratinocytes (a and a")
are negative. Young apoptotic keratinocytes (b and b") are stained at the
level of the plasma membrane. The senescent keratinocyte (¢ and ¢) on the
right, but not the senescent keratinocyte on the left, displays some diffuse
cytoplasmic staining and some staining inside a central structure (cs) con-
taining a damaged nucleus (n) and various other altered components (ac).
The corpse (d and d") also displays some staining of its remaining cytoplasm
and of its central structure. Scale bars = 20 um. B: NHEKSs at presenescence
and senescence were processed for propidium iodide staining. Nuclear
staining, indicative of nuclear membrane damage, was recorded only in cells
at the senescence plateau. Scale bars = 30 um.
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peared stained at the level of the plasma membrane as
expected, whereas untreated cells were negative (Figure
3A). At the senescence plateau, the AnV-positive cells
typically display the morphology of senescent cells.
Some diffuse Annexin-V staining was observable in their
cytoplasm, but the highest staining localized to a central
area that always contained a damaged nucleus and var-
ious other altered components (Figure 3A). The intracel-
lular nature of this staining suggests that these senescent
cells have their membrane permeabilized. Pl staining
confirmed the permeabilized state of the membrane in
these large, flat senescent cells (Figure 3B), confirming
they were dying, although they were still adherent.
Among cells at the senescent plateau, corpses, identified
by their small size and high density, also displayed some
staining delineating a central area, with more diffuse
staining of the remaining cytoplasm (Figure 3A).

To evaluate the kinetics of the death process at the
single-cell level, we used time-lapse phase-contrast
videomicroscopy. Pictures (Figure 4 and supplemental
video, see http.//ajp.amjpathol.org) clearly revealed typi-
cal senescent cells with a damaged nucleus evolving
through progressive encircling of the nucleus by refrin-
gent components. Cells in this state progressively de-
tached from the others and acquired a rounded shape,
but remained attached to the dish and continued to move

Figure 4. and supplemental video, see htip://ajp.amjpathol.org. Time-lapse
phase contrast videomicroscopy of senescent cells undergoing death NHEKs
at the senescence plateau were followed by videomicroscopy. Pictures were
taken at 15-minute intervals for 24 to 48 hours. Some images taken at the
indicated times were extracted for the figure. The senescent cell that will
evolve into a corpse is indicated by an arrow. Note that the nucleus, at first,
seems surrounded by a big structure (conspicuous at 3 hours 15 minutes).
Then the dying cell detaches from the other cells but remains attached to the
support for several hours. The dying cell expulses some dense material
(arrowheads) several times in the course of the process.
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randomly for several tens of hours. Cells undergoing this
process were found to secrete big, dense particles re-
peatedly, probably by exocytosis. On the basis of the
videomicroscopy analysis, the duration of the death pro-
cess was estimated at 24 hours to a few days.

In conclusion, dying cells and corpses at the senes-
cence plateau appear morphologically different from ap-
optotic cells and apoptotic bodies, which are character-
ized by their condensed and fragmented nucleus and
cytoplasm. In addition, the slowness of the senescent-
cell death process does not fit with the duration of apo-
ptosis, which is generally a few hours. Pl-positivity might
indicate that senescent cells die by necrosis; but no sign
of cell swelling or lysis was observed. The presence of
numerous vacuole-like structures in senescing cells is
reminiscent, rather, of autophagic cell death.

Inhibiting Autophagic Cell Death, but
Not Apoptosis, Decreases the Rate of
Senescent-Cell Death

To test the hypothesis that the mechanism of senescent-
keratinocyte death is autophagy rather than apoptosis,
we examined whether inhibitors of apoptosis or autoph-
agy would differentially affect the level or time course of
the death process. zVAD-fmk, a pan-caspase inhibitor,
was used to inhibit apoptosis, and 3-methyladenine (3-
MA), an inhibitor of the class Ill phosphatidylinositol 3-ki-
nase (class Il PI3K) complex involved in initial autopha-
gosome formation,?® was used to inhibit autophagy. In a
first experiment, zVAD or 3-MA was applied from the
beginning and throughout the culture. 3-MA rapidly in-
hibited cell growth and induced a senescence-like phe-
notype (data not shown). This unanticipated effect of
3-MA, probably resulting from a lack of damaged com-
ponent turnover, forced us to settle on a protocol in which
the inhibitors tested were applied to pure populations of
already senescent cells. For this purpose, NHEKs at the
senescence plateau were analyzed by flow cytometry
according to forward and side scatter factors values. The
subpopulation with the highest forward and side scatter
factors values and the subpopulation with values just
below the highest were sorted and plated (Figure 5A).
Microscopic observation of the subpopulation with the
highest scatter factor values revealed that many of these
cells were unable to adhere, suggesting that this sub-
population was engaged too far along the death path-
way. The subpopulation with slightly lower scatter factor
values was thus assumed to encompass pre-dying se-
nescent cells suitable for this experiment. Cells of this
subpopulation were therefore treated with z-VAD or 3-MA
for 5 days, and corpses with the typical central area were
counted daily. The percentage of corpses increased with
time in control cells and, to the same extent, in z-VAD-
treated cells. In 3-MA-treated cells it decreased (Figure
5B). These results indicate that senescent-cell death
does not occur through a caspase-dependent mecha-
nism but involves a class Il PI3K, suggesting that senes-
cent cells do not die by apoptosis but by autophagic cell
death.
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Figure 5. Inhibition of autophagy, but not of apoptosis, delays senescent-cell
death. A: NHEKSs at the senescence plateau were analyzed by flow cytometry
according to their forward-scatter (Y) and side-scatter (X) factor values. Two
subpopulations were sorted; subpopulation A comprised the 15% of the cells
with the highest forward and side scatter factor values, and subpopulation B
with the next-highest scatter-factor values. Sorted cells were plated in 12-well
plates at 20,000 cells per well and observed 24 hours later under a phase
contrast microscope. Many non-plated cells were observed in subpopulation
A, indicating that it is enriched in dying cells. Therefore subpopulation B, less
engaged in the death pathway, was chosen for the experiment. B: Cells of
subpopulation B were continuously treated with 3-MA at 5 mmol/L or with
its diluent H,O as a control or with z-VAD at 20 wmol/L or its diluent DMSO.
The number of typical corpses with a refringent central area was counted
every day under the microscope. The results are means = SD of counts in 5
random microscopic fields of each well, each condition being duplicated. C:
Cells of subpopulation B were treated every 48 hours with 5 nmol/L bafilo-
mycin Al or its diluent DMSO. The number of corpses was counted as above.
The photograph represents the morphology of bafilomycin-treated cells after
96 hours of treatment. Note the presence of a big central area full of very
dense, granular material. P values were calculated with the #test. *P < 0.05,
P < 0.005, and **P < 0.0005. Those indicated are between 3-MA and
control and between bafilomycin and dimenthyl sulfoxide. The other differ-
ences are non-significant. Scale bars: 50 um in (A); 40 um in (C).

To confirm this conclusion, we examined whether
bafilomycin A1, an inhibitor of the H* pump that de-
creases the efficacy of digestion inside autophagolyso-
somes, could freeze the death process in its last stage.
Pre-dying senescent cells were sorted as above and
treated with bafilomycin. Corpses with the typical central
area rapidly accumulated to a high rate (40%) in bafilo-
mycin-treated cultures (Figure 5C). To make sure this
was not due to an inherent toxicity of bafilomycin, we
applied bafilomycin under the same conditions to cells in
the exponential growth phase and measured toxicity by



trypan blue exclusion: the percentage of trypan blue-
positive cells reached only 23% (Supplemental Figure
S2, see http.//ajp.amjpathol.org). In addition to increasing
the percentage of corpses, bafilomycin modified their
appearance: the central area appeared to be full of very
dense granular material (Figure 5C). Taken together,
these experiments indicate that senescent-cell death in-
volves class Il PI3K-mediated autophagosome formation
and cell component degradation in acidic compartments.

Senescent Keratinocytes Do Not Display the
Hallmarks of Apoptosis, but Display Altered
Mitochondria and Nuclei

To go beyond the above observations suggesting that
senescent cells do not die by apoptosis, we checked for

any activation of caspase-3, a major actor of apoptosis.
Young cells treated with TNF-a or TRAIL plus CHX were
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Figure 6. Caspase-3 is not activated in senescent keratinocytes. A: NHEKs in
the growth phase or at the senescence plateau were processed for immuno-
fluorescence with an antibody recognizing the activated form of caspase-3.
As a positive control, NHEKs in the growth phase were treated with
TNFa+CHX. Neither young nor senescent keratinocytes were positive. In
contrast, typical apoptotic cells with condensed and fragmented nuclei were
caspase-3 positive (arrows). Scale bars = 10 um. B: Western blots. Cell
extracts were produced with NHEKs in the growth phase and at different
time points in the senescence plateau. Extracts of keratinocytes in the growth
phase, induced to die by apoptosis with TRAIL+CHX or TNFa+CHX, were
used as a positive control.
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used as a positive control. In immunofluorescence exper-
iments with an antibody recognizing the cleaved active
form of caspase-3, senescent cells were negative, in
contrast to apoptotic cells (Figure 6A). In Western blots
produced with extracts of cells harvested at different time
points on the senescence plateau, the cleaved active
form of caspase-3 was not detected, whereas it was
detected in apoptotic control cells (Figure 6B). We also
measured cleavage of PARP, a caspase target. Basal-
level cleavage of PARP was observed, without any
change during senescence (Figure 6B).

Another molecular hallmark of apoptosis is the DNA
degradation to high molecular weight or oligonucleo-
some-length fragments elicited by caspase-dependent
or independent pathways.?® We searched for such DNA
fragmentation by the TUNEL assay. Senescent cells with
a damaged nucleus were TUNEL-positive, whereas cells
with a nucleus still morphologically intact were negative
(Figure 7A). Yet, as the TUNEL assay is not strictly spe-
cific to apoptosis since it detects both double-strand and
single-strand breaks, we used comet assays to better
characterize the type of DNA breaks encountered in se-
nescent cells. In these assays, DNA fragments migrate
out of a permeabilized nucleus in the form of a comet-like
tail. At pH = 8, free DNA fragments result only from
double-strand breaks, while under denaturing conditions
(pH >13), they also result from single-strand breaks.*°
The analysis of cells at the growth phase and at the
senescence plateau confirmed that the percentage of
DNA breaks increases with senescence, and showed
that breaks at senescence are mainly single-strand ones
(Figure 7B). Thus, senescent cells do undergo DNA deg-
radation, but not consequently to the activation of an
apoptotic pathway.

We also investigated by immunofluorescence the po-
tential release from mitochondria of cytochrome C and
AIF, two markers of the intrinsic apoptotic pathway.®' In
cells at the growth phase, cytochrome C localized dis-
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Figure 7. Senescent keratinocytes display DNA breaks. A: A TUNEL assay was
performed on keratinocytes at the senescence plateau to detect DNA frag-
mentation. Positive signals were seen only on much-altered nuclei (arrows).
Other large nuclei typical of still healthy senescent cells were negative. Scale
bars = 5 wm. B: A comet assay was performed on NHEKs in the growth
phase or at the senescence plateau in neutral (pH 8) versus alkaline condi-
tions (pH >13) to detect only single- or single- plus double-strand breaks,
respectively. The percentage (%) of DNA in the comet tail was assessed in
each condition. Each bar represents the mean *=SD of 20 measures. P values
were calculated with a #test.
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Growth phase

Senescence plateau

Figure 8. The mitochondria of senescent keratinocytes are altered but do not
release cytochrome C or AIF. NHEKs in the growth phase or at the senescence
plateau were processed for immunofluorescence with specific anti-cytochrome
C and anti-AIF antibodies. Both signals increase with senescence. The cyto-
chrome C-positive structures change from radiating stick-shaped structures in
growth-phase cells (a) to vesicular ones agglutinated in the vicinity of the
nucleus in senescent cells (b and b’, note that the shown senescent cell
contains two pycnotic nuclei). The AIF staining is very faint in young cells
(o). It increases greatly in senescent cells; AIF-positive structures are very
numerous and agglutinated around the nucleus (d and d’, note that the
nucleus of the shown senescent cell is very large). Senescent keratinocytes
do not show clear translocation of AIF into the nucleus or cytochrome C
release into the cytosol (b and d). Scale bars = 10 pwm.

creetly to small sticks (the typical appearance of mito-
chondria). AlF staining was very faint. In cells at the
senescence plateau, the number of cytochrome C- and
AlF-stained structures dramatically increased, these
structures becoming vesicular and clustered in the vicin-
ity of the nucleus. We never observed a clear transloca-
tion of cytochrome C or AlF into the cytoplasm or nucleus
(Figure 8). These results indicate that senescent cells do
display some mitochondrial alterations, but these alter-
ations were unrelated to apoptosis.

Since one difference between apoptotic and autoph-
agic programmed cell death is the fate of the cytoskele-
ton,'® we performed cytokeratin 14 detections. In immu-
nofluorescence experiments, the cytokeratin 14-network
appeared completely preserved, even more developed,
in senescent cells than in growing ones, whereas it was
completely disintegrated in TNFa+CHX-induced apopto-
tic control cells (Figure 9).

Senescent Keratinocytes Display High
Macroautophagic Activity

To more specifically document the likelihood that senes-
cent cells die by autophagic cell death, we investigated
different markers of macroautophagy by western blotting,
flow cytometry, epifluorescence microscopy, and trans-

IF Keratin14

Senescence
plateau

Growth phase
TNFa+CHX

Figure 9. Fate of the cytoskeleton in senescent keratinocytes. The cytoker-
atin 14 network is preserved during senescent cell death. NHEKs at the
senescence plateau were processed for immunofluorescence with a cytoker-
atin 14-specific antibody and compared with NHEKs in the growth phase
undergoing apoptosis after TNFa+CHX treatment. The cytokeratin network
appears totally preserved, even overdeveloped, in senescent cells (arrows)
compared with the still-young cells visible in the microscopic field (arrow-
sheads), whereas apoptotic cells, identified by their condensed nuclei (as-
terisks), are completely cytokeratinl4-negative. Scale bars = 10 wm.

mission electron microscopy (TEM). We first examined
the expression of Atg6/Beclin-1, a subunit of the class IlI
PI3K complex required for initial autophagosome forma-
tion."” Protein extracts were made from cells in the grow-
ing phase, cells in the presenescent stage, and from a
fluorescence-activated cell sorting (FACS)-sorted sub-
population of cells at the senescence plateau with the
highest forward and side scatter factor values (Figure
10A). We observed an increase in Beclin-1 expression as
soon as presenescence (Figure 10B and supplemental
Figure S8, see http.//ajp.amjpathol.org). We also checked
Bcl-2, the well-known anti-apoptotic protein, which is also
an inhibitor of Beclin-1.32 Bcl-2 expression dramatically
decreased in sorted senescent cells (Figure 10B and
supplemental Figure S3, see http://ajp.amjpathol.org). We
also observed increased expression of lysosomal-asso-
ciated membrane protein 1, as soon as the presenescent
stage (Figure 10B and supplemental Figure S3, see
http.//ajp.amjpathol.org).

We further documented the increase in autophagic
activity during senescence by using Lysotracker, a cell-
permeant probe that fluoresces in acidic organelles, ie,
lysosomes and autophagolysosomes (but also late endo-
somes). Cells were stained with Lysotracker and ana-
lyzed by flow cytometry. The subpopulation with the high-
est forward and side scatter factor values stained the
brightest, while staining of the subpopulation ranked next
on the scatter factor scale was less intensely stained
(Figure 10C). Microscopic analysis confirmed the in-
crease in Lysotracker staining with senescence and high-
lighted, as expected, a large quantity of small vacuoles
(Figure 10D). Similar results were obtained with MDC
(Figure 10D), also a marker of acidic compartments. 3334

We finally investigated the fine structure of senescent
cells by TEM. NHEKs at the senescence plateau were
sorted by FACS according to their forward scatter factor,
and the subpopulation with the highest factor value was
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Figure 10. Expression of autophagic markers in senescent and dying
keratinocytes. A: NHEKSs at the senescence plateau were analyzed by flow
cytometry according to their forward scatter (Y) and side scatter (X) factors.
The subpopulation (10.9% in the frame) with the highest forward and side
scatter factor values was sorted and used for protein extraction (B) Western-
blot analysis of the expression of some markers of autophagosomes and
lysosomes. Cell extracts were produced with keratinocytes in the growth
phase, at the presenescent stage, and with senescent keratinocytes sorted by
FACS in (A). PCNA was used as a sorting quality control and actin as a
loading control. These results are representative of 3 independent experi-
ments performed with cells from 2 different donors. C: NHEKSs at the senes-
cence plateau were stained with Lysotracker and analyzed by flow cytometry
for their side scatter (X) and forward scatter (Y) factors. Then the staining
intensity (FITC-A) in the subpopulation with the highest forward and side
scatter factor (dark) was compared with that of the subpopulation ranking
just below it in terms of scatter-factor values (white). The results show that
the cells with the highest factors are the most Lysotracker-positive. (D)
NHEKs in the exponential growth phase and at the senescence plateau were
stained with either MDC or Lysotracker. The mass of both autophagic vacu-
oles and lysosomes increases in the large, flat senescent cells (arrowheads).
Scale bars = 10 wm.

analyzed by TEM by comparison with cells in the expo-
nential growth phase. Keratinocytes in the exponential
growth phase displayed a normal organization®® with a
typical nucleus, several dispersed organelles, some rare
vesicles, and a cytokeratin network (Figure 11A). In con-
trast, sorted keratinocytes from the senescence plateau
displayed a highly partitioned substructure, with a corti-
cal and a central area delimited by the cytokeratin net-
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Figure 11. Ultrastructure of dying senescent cells. NHEKs at the senescence
plateau (B, D, E, F, G) were analyzed by flow cytometry and sorted accord-
ing to their forward side factor (not shown). They were then fixed for TEM
analysis in parallel with cells in the exponential growth phase (A and C). C
and D are details of mitochondria morphologies in NHEKs in growth phase
(O) or at the senescence plateau (D), E, F and G are details of autophagic
vacuole morphologies in NHEKS at the senescence plateu. N: nucleus, N*:
deformed nucleus with less heterochromatin, k: cytokeratin network encir-
cling the nucleus and the autophagic vacuoles, m: mitochondrion of a young
cell, m*: mitochondria of senescent cells aggregated close to the nucleus and
appearing very contracted, av: autophagic vacuoles with a simple (F,G) or a
double membrane (E) full of membranous or non-membranous debris.

work (Figure 11B). The cortical area appeared clear of
any organelles, whereas the central area was full of au-
tophagic vacuoles. The autophagic vacuoles generally
contained debris, often membranous (Figure 11, C and
D). They accumulated on bafilomycin treatment, and after
this treatment they contained more debris than in the
control situation (supplemental Figure S4, see http://ajp.
amjpathol.org). The mitochondria were either dispersed in
this central area or grouped together in an aggregate
clustered with the nucleus (Figure 11B). Their morphol-
ogy appeared altered compared with that of young cells
(Figure 11, C and D). Some of these altered mitochondria
were found inside autophagic vacuoles (supplemental
Figure S4, see http://ajp.amjpathol.org). The nucleus was
always found in the central area; it was often deformed
and its chromatin often appeared clear, with levels of
heterochromatin lower than in young cells (Figure 11B).
These TEM observations are in total agreement with the
observations made by epifluorescence microscopy with
anti-cytokeratin 14 (Figure 9) and with Lysotracker and
MDC (Figure 10). Note that the autophagic vacuoles
concentrated in the central area of senescent cells might
be responsible for the intracellular AnnexinV staining
seen in Figure 3, a very recent study having shown that
the cytosolic leaflets of endosomes and lysosomes are
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rich in phosphatidylserine.®® Taken together, these re-
sults indicate that senescence is accompanied by high
autophagic activity.

Senescent Keratinocytes Die as a Result of
High Autophagic Degradation of the Nucleus
and Mitochondria

To determine whether this high autophagic activity in
senescent keratinocytes might result in their death, we
took a closer look at the corpses themselves. We per-
formed triple staining experiments with lysosomal and
autophagosomal markers (Lysotracker or antibodies
against Atg8/LC3, a protein that associates with the
membrane phagosome®’), Hoechst to stain the nucleus,
and Mitotracker to stain the mitochondria. The analysis
was done by epifluorescence microscopy with a stan-
dard microscope or with a microscope equipped with the
ApoTome system for optical sectioning. In corpses, the
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Figure 12. Corpses degrade their mitochondria and nuclei in a central area
full of autophagic vacuoles. A: Triple staining of a corpse with Lysotracker
(green), Hoechst (blue) and Mitotracker (red). The three stains colocalize
within a central area that occupies most of the corpse volume. The nucleus
appears pycnotic. Scale bars = 10 wm. B: Corpse immunostained with an
antibody against LC3 (pink), co-stained with Hoechst (blue), and analyzed by
circular dichroism and with the ApoTome system. The four images represent
one optical section. The central area is full of LC3-positive punctate structures
and contains a damaged nucleus. Scale bars = 10 wm. C: Western blots. Cell
extracts were performed with NHEKs in the growth phase and at different
time points in the senescence plateau. Last lane: extracts from still-adherent
cells plus dead floating cells.

central area appeared Lysotracker-positive (Figure 12A)
and full of numerous Atg8/LC3-positive punctate struc-
tures (Figure 12B). It always contained a nucleus, some-
times two or three, that could be pycnotic (Fig; 12A). It
also contained almost all of the Mitotracker staining,
which no longer delineated individual structures identifi-
able as mitochondria (Figure 12A). These Hoechst and
Mitotracker staining patterns suggest that the mitochon-
dria and nuclei were undergoing degradation.

To further investigate this potential nuclear and mito-
chondrial degradation, we performed a Western blot
analysis of several mitochondrial and nuclear proteins at
different stages of the senescent growth plateau and, at
the latest stage, in dead floating cells. The results show
that the nuclear protein PARP was degraded in cells
having reached the senescence plateau, its complete
degradation being reached in floating cells. The mito-
chondrial proteins Bcl-2 and Bid were also completely
undetectable in dead floating cells, the disappearance of
Bcl-2 beginning earlier than that of Bid. These nuclear
and mitochondrial protein degradations were specific,
since the quantity of cytokeratin 14 increased continu-
ously throughout the senescence plateau until the latest
stage (Figure 12C). Thus, senescent keratinocytes seem
to die through massive and specific autophagic deg-
radation of their vital components, notably their nuclei
and mitochondria.

Discussion

Although senescence is a cell state now extensively stud-
ied because of its implication in aging and associated
pathologies such as cancer, the final fate of senescent
cells, ie, how they die, has not been clearly established.
Here, on the basis of an investigation of several molecular
and morphological markers of apoptosis and autophagy,
we propose that the main cell death mechanism occur-
ring in senescent keratinocytes is not apoptosis but au-
tophagic cell death. This conclusion would appear to
apply to other cell types as well, since we observed
increasing vacuole formation in several other senescent
epithelial cell types (mammary and prostatic epithelial
cells, data not shown) and in dermal fibroblasts (and
prostatic fibroblasts, data not shown). Although in our
hands the process of senescent fibroblast death seems
very slow, a study by another group has confirmed that
an increase in subcellular modifications corresponding to
autophagy occurs during MRC5 human fibroblast
senescence.®®

Autophagy as a Cell Death Mechanism in
Senescent Keratinocytes?

Autophagy plays a number of different, apparently con-
tradictory, roles. It is the normal mechanism for the turn-
over of long-lived proteins and organelles. It is also a
survival process induced to enable cells to resist nutrient
deprivation, and it can evolve toward cell death when the
cytosol and organelles are excessively degraded.®®~*'



The increased autophagic activity we have evidenced in
senescent cells might thus play a role other than in cell
death. What are the arguments in favor of a role of auto-
phagy in the death of senescent keratinocytes?

First of all, we show that when the initial phases of
autophagy are blocked with 3-methyladenine, the death
of senescent cells is delayed. Moreover, if the acidifica-
tion required for the final degradation of cell components
is blocked, autophagic vacuoles full of debris accumu-
late inside corpses.

Secondly, we show by fluorescence and electron mi-
croscopy that dying senescent cells acquire a particular
intracellular organization. The cytokeratin network devel-
ops and partitions the cell into two main areas, a cortical
one devoid of organelles and a central one in which are
concentrated a huge quantity of autophagic vacuoles,
most of the mitochondria, and the nucleus. We assume
that nuclei and mitochondria could be degraded therein.
This is supported by the altered morphology of the nuclei
and mitochondria in this area, by the level and type of
DNA degradation, and by our Western blot analysis
showing that numerous mitochondrial and nuclear pro-
teins are lacking in the subpopulation comprising adher-
ent senescent cells and floating dead cells. Autophagic
elimination of nuclei has been poorly studied, as regards
both its mechanism and its inducers, except in yeast
where nuclei appear to be degraded by so-called piece-
meal microautophagy.*® The nuclei of senescent cells
could be targeted for autophagy because their DNA is
broken, since inhibition of DNA-PK, a nuclear kinase
involved in DNA-break signaling, sensitizes to autoph-
agy,*® suggesting that persistence of damaged DNA can
activate the autophagic process. Similarly, both an in-
crease in Beclin-1 expression and an increase in auto-
phagic programmed cell death occur following treatment
with the DNA-damaging agent etoposide.** Furthermore,
DNA damage has been shown to accumulate in cancer
cells deficient in autophagy.*®

The elimination of a large quantity of mitochondria may
also be crucial to rendering autophagy lethal. The mito-
chondria of senescent cells are damaged. This may ac-
tivate their massive autophagic elimination, as shown in
the case of nerve growth factor-deprived neurons.*® Sur-
prising is the increased number of mitochondria during
senescence despite the damage these organelles un-
dergo. Such an increase has already been documented
in MRC5 fibroblasts following H,O.-induced premature
senescence.*’ Also surprising is the lack of cytochrome
C and AIF release from the damaged mitochondria. Ac-
tually, cytochrome C and AIF are probably released but,
as suggested by Lemasters et al,*® sequestration of the
mitochondria in autophagic vacuoles would prevent them
from diffusing toward the cytosol and nucleus, and hence
from exerting their activity as apoptosis-inducing factors.

The last argument concerns Beclin-1 expression. This
might be a key determinant of the switch from autophagy
as a vital process of cell component turnover to autoph-
agy as a lethal process. Unlike autophagy induced by
serum or amino acid deprivation that involves beclin-1
but without any increase in expression, autophagic pro-
grammed cell death induced by etoposide appears to be

Senescent Cell Death 433
AJP February 2009, Vol. 174, No. 2

associated with an increase in Beclin-1 expression.** We
show here that Beclin-1 expression is induced at the
presenescence stage, supporting the notion that autoph-
agic cell death could follow.

A contrario, it has been suggested that senescent cells
die because of a decreased ability to digest and evacu-
ate the content of autophagic vacuoles.*® Our videomi-
croscopic recordings and flow cytometric analyses show
that senescent cells retract during their death process. If
they died because of an inability to evacuate damaged
components, they should instead continue to increase in
size. Our videomicroscopic recordings also show that
dying senescent cells do evacuate some dense material,
probably corresponding to the non-degradable content
of their autophagolysosomes. This suggests that the au-
tophagic process is functional in senescent cells until
late. Moreover, our electron micrographs show that the
autophagic vacuoles accumulating in senescent cells are
functional, since most of them contain only small pieces
of degraded material. In contrast, when the degradation
process is blocked with bafilomycin, these vesicles retain
more material.

Senescent Cells Do Not Die by Apoptosis

We additionally show here that senescent cells do not die
by apoptosis. This is supported by the morphology of the
corpses appearing during senescence, which differ
markedly from apoptotic bodies. This is also supported
by the lack of several apoptotic markers in senescent
cells or corpses observable at the senescence plateau.
Furthermore, caspase inhibitors have no effect on the
kinetics of senescent-cell death. Our conclusion is en-
tirely consistent with the apoptosis-resistance of senes-
cent cells, an unpopular fact that is nevertheless clearly
established for several cell types and several apoptosis
inducers.*°~%3 Other groups have examined whether se-
nescent cells die by apoptosis, and conflicting results
have been published. In one study, senescent fibroblasts
appeared caspase-3 positive, with only 2% of them
showing other typical apoptotic changes.®* In another
study comparing human umbilical vein endothelial cells
(HUVECSs) with fibroblasts, senescent HUVECs displayed
many signs of apoptosis but senescent fibroblasts did
not.®® The authors associated the death of HUVECs with
the generation of oxidative stress during senescence®®
and proposed that fibroblasts do not die by apoptosis
because they are more resistant to oxidative stress than
HUVECs.®” A study focusing on keratinocytes con-
cluded, in accordance with our results, that apoptotic
cells are a minority subpopulation and that their number
does not change with passaging.®®

Implications for Aging and Tumorigenesis

An interesting question is whether autophagy is involved
in the death of senescent cells in vivo during aging, as it
is in culture. The sole established universal marker of
senescence, SA-B-Gal activity,®® increases in the course
of normal human and mouse aging.®°~%2 Since a lysoso-
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mal hydrolase has been shown to exert this activity,®® this
indicates that the autophagic activity of the cells in-
creases during aging. Similarly, lipofuscin, the well-
known marker of aged skin, has been shown to accumu-
late with advancing age inside autophagic vacuoles, as
an aggregate of proteins having reacted with lipid per-
oxidation end-products.®* This also supports the notion
that autophagic activity increases with age. Therefore,
one might speculate that during aging, most altered cells
might die by autophagy.

Understanding the death pathway of senescent cells
may be a key to understanding the relationship between
aging and cancer. It is widely recognized that the ap-
pearance of apoptosis resistance is an important event in
neoplastic transformation. The same might apply to re-
sistance to autophagic cell death. There is evidence
already that autophagy is down-regulated in cancer cells.
Beclin-1 is often mono-allelically deleted in various car-
cinomas®® and its heterozygous disruption in mice
causes spontaneous tumors.®®%® The tumor suppressor
phosphatase and tensin homolog, which rivals p53 as the
most frequently mutated gene in human cancer,®” pro-
motes autophagy in HT-29 colon cancer cells by blocking
the Akt survival pathway, and mutations in phosphatase
and tensin homolog result in inactivation of autophagy
and tumor formation.®® One might thus speculate that
during aging, some cells escape autophagic cell death to
evolve into long-lived transformed cells. Once formed,
however, cancer cells might use autophagy in the oppo-
site way, for example to survive under nutrient deprivation
resulting from limited angiogenesis.®®
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