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Kinetics of the Cell Biological Changes Occurring in
the Progression of DNA Damage-Induced Senescence

Sohee Cho', Jihoon Park'?, and Eun Seong Hwang"*

Cellular senescence is characterized by cell-cycle arrest
accompanied by various cell biological changes. Although
these changes have been heavily relied on as senescence
markers in numerous studies on senescence and its inter-
vention, their underlying mechanisms and relationship to
each other are poorly understood. Furthermore, the depth
and the reversibility of those changes have not been ad-
dressed previously. Using flow cytometry coupled with
confocal microscopy and Western blotting, we quantified
various senescence-associated cellular changes and de-
termined their time course profiles in MCF-7 cells undergo-
ing DNA damage-induced senescence. The examined
properties changed with several different kinetics patterns.
Autofluorescence, side scattering, and the mitochondria
content increased progressively and linearly. Cell volume,
lysosome content, and reactive oxygen species (ROS)
level increased abruptly at an early stage. Meanwhile, se-
nescence associated p-galactosidase activity increased
after a lag of a few days. In addition, during the senes-
cence progression, lysosomes exhibited a loss of integrity,
which may have been associated with the accumulation of
ROS. The finding that various senescence phenotypes
matured at different rates with different lag times suggests
multiple independent mechanisms controlling the expres-
sion of senescence phenotypes. This type of kinetics
study would promote the understanding of how cells be-
come fully senescent and facilitate the screening of meth-
ods that intervene in cellular senescence.

INTRODUCTION

Normal cells enter a state of replicative senescence after a
prolonged division. Short and unprotected telomeres resulting
from prolonged DNA replication trigger a continuous DNA
damage response, which leads to permanent arrest of the cell
cycle (Campisi et al., 2001). Senescence results in specific cell
biological changes, which include enlargement and flattening of
the cytoplasm, increased production of reactive oxygen species
(ROS), accumulation of lipofuscins, increased mitochondrial
and lysosomal mass and their cellular contents, and loss of
mitochondrial membrane potential (MMP) (Hwang et al., 2009).
Senescent cells also express cytosolic and nuclear markers

such as senescence-associated B-galactosidase (SA B-Gal)
activity (Dimri et al., 1995) and senescence-associated hetero-
chromatin foci (SAHF) (Nakata et al., 2006). These have been
referred to as senescence phenotypes, but their underlying
mechanisms and relevance to aging physiology have only been
discussed recently (Adams et al., 2009; Campisi and d’Adda di
Fagagna, 2007; Krizhanovsky et al., 2008).

Cells can be driven to enter a state of senescence through
ways that do not involve continuous cell division. Normal cells
can be acutely induced to enter senescence by the overex-
pression of oncogenic Ras or Raf genes (Serrano et al., 1997;
Zhu et al., 1998). This ‘oncogene-induced premature senes-
cence’ has led the hypothesis that senescence might have
developed as a cellular device to suppress tumor development
(Campisi et al., 2007). In addition, cells can undergo senes-
cence after exposure to a DNA-damaging insult (Toussaint et
al., 2000). This ‘stress-induced senescence’ can be induced in
normal as well as cancer cells. Both premature senescence
and stress-induced senescence are generally assumed to ex-
press the same panel of phenotypes that are expressed in
replicative senescence. The only difference may be that, in the
induced cases, the phenotypes are acutely expressed within
several days of the oncogene expression or stress imposition.
Interest in induced senescence has recently increased because
of its potential physiological role. First, for oncogene-induced
senescence, the hypothesis regarding its tumor-suppressive
role has been well supported by the finding that cells express
senescence phenotypes in tumor masses or nevi in model
animals (Mooi and Peeper, 2006). Second, the DNA damage-
induced senescence of cancer cells suggests that, in addition
to apoptosis, senescence may play a role in the cancer treat-
ment effects of chemotherapeutic drugs or radiation. While
apoptosis is a dominant mode of tumor cell death during the
treatment of certain cancers such as leukemia and lymphoma,
it is becoming more apparent that senescence is the predomi-
nant fate of cells in the treatment of solid-type tumors (Elmore
et al., 2005; Gewirtz et al., 2008). Importantly, these findings
suggest a possibility that accelerating the onset or the process
of senescence may be beneficial for protecting against cancer
development as well as for cancer therapy.

For effective senescence modulation, a better understanding
of the properties of senescent cells is required. However, so far,
senescence phenotypes have rarely been studied for their ex-
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pression kinetics or analyzed in quantitative terms. Therefore, it
is not known whether all senescence phenotypes are fully ex-
pressed once cells are growth arrested or after a certain incu-
bation period and whether their pattern of expression is abrupt
or progressive. Quantitative measures of the expression levels
of the phenotypes may help grading the depth or matureness of
the senescence of a population of cells. This information may
be utilized in determining the effectiveness of an intervening
treatment, improving the methods used to detect senescent
cells in tissues, and facilitating identification of the pathological
and physiological roles of senescence in vivo. In addition, such
studies are practically important. Most studies on cellular se-
nescence have examined only one or two phenotypes at a
single time point without quantitative measures. Such approach
may easily lead to under- or over-estimations of the properties
related to the senescence of the cells in the study. For example,
an assumption that a population of cells is senescent based
solely on SA B-Gal activity, which is positive in only a fraction of
the cells, can provide misleading resullts.

MCF-7 cells, a human breast cancer line, undergo senes-
cence after a pulse of a moderate dose of adriamycin (doxoru-
bicin) (Elmore et al., 2002; Song and Hwang, 2005). In the
present study, a time-course study was carried out on the lev-
els of the senescence phenotypes expressed in the adriamy-
cin-treated MCF-7 cells. In response to the DNA damage,
MCF-7 cells were immediately arrested, and various senes-
cence phenotypes were subsequently expressed during the
chase period. The quantitative changes of the cell volume, SA
B-Gal activity, and the cellular content and morphology of mito-
chondria and lysosomes were determined through flow cytome-
try. This study reveals that senescence indeed quantitatively
matures with time. Interestingly, the various cell biological
changes did not follow a single pattern of kinetics, but rather
were grouped into several different patterns. This study, al-
though restricted to a case of DNA damage-induced senes-
cence, can serve as a model for future studies aiming to under-
stand the cell biology of senescence and its manipulation.

MATERIALS AND METHODS

Cell culture

MCEF-7 cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% fetal bovine serum
(FBS; Lonza, USA). To induce senescence, cells were pulsed
with 0.25 puM adriamycin (doxorubicin hydrochloride; Sigma-
Aldrich Co., USA) for 4 h and chased in fresh medium which
was replaced every two days.

Analysis of cell cycle distribution

At each time point, 1 x 10° cells were collected and stored in
70% ethanol. Cells were then stained with 10 pg/ml of pro-
pidium iodide in phosphate-buffered saline (PBS) containing 1
mM of EDTA and 0.2 mg/ml RNaseA. The raw data from flow
cytometry were analyzed by CellQuest 3.2 software (BD Bio-
sciences, USA).

In situ staining of SA B-Gal activity and p-galactosidase
assay in solution

For the SA B-Gal assay, the protocol reported by Dimri et al.
(Dimri et al., 1995) was used. Briefly, cells that had been fixed
with 3% formaldehyde were washed in PBS (pH 6.0) containing
2 mM of MgCl,. After incubation overnight at 37°C in pB-galac-
tosidase-staining solution [1 mg/ml of X-gal (5-bromo-4-chloro-
3-indolyl B-D-galactopyranoside), 5 mM KsFe[CN]s, 5 mM
K4Fe[CNJs, and 2 mM MgCly], cells were observed with bright-

field microscopy. To determine the B-galactosidase activity per
cell, cells were lysed in PBS by freeze-thawing. The super-
natant was incubated at 37°C for 6 h in reaction buffer [5 mM
MgCl,, 0.55 mg/ml chlorophenolred-B-D-galactopyranoside (CPRG)
in 0.1 M phosphate buffer (pH 6.0)]. The reaction was stopped
by adding 1 M NazCOj3, and the transmittance of light at 570 nm
was measured.

Measurement of autofluorescence and contents of
lysosomes and mitochondria

For measurement of autofluorescence, cells that were collected
in PBS containing 1 mM EDTA were applied to flow cytometry
(488 nm excitation and 530 nm emission; BD FACS Canto |,
BD Biosciences, USA). For the measurement of lysosome and
mitochondria content, the washed cells were incubated with 50
nM of LysoTracker Red or 30 nM MitoTracker Green (Invitro-
gen/Molecular Probes, USA) for 30 min and then applied to
flow cytometry with 488 nm excitation/585 nm emission or 488
nm excitation/530 nm emission, respectively.

Assessment of lysosomal integrity

An acridine orange (AO) uptake and relocation assay (Erdal et
al., 2005; Kokkonen et al., 2004) was used to determine ly-
sosomal integrity. Briefly, cells cultured on a cover slip were
treated with 20 ug/ml AO for 15 min. Confocal microscopy was
carried out with excitation at 488 nm and emission through the
filter for either Texas red (for red emission) or FITC (for green
emission).

Measurement of ROS and mitochondrial membrane
potential (MMP; A¥m)

For quantification of the superoxide anions produced in the
mitochondria, cells were incubated with 0.1 pM MitoSox (Invi-
trogen/Molecular Probes) for 30 min and applied to flow cy-
tometry. For the measurement of MMP, cells were incubated
with 0.3 pg/ml JC-1 (5,5',6,6'-tetrachloro-1,1",3,3'-tetraethylben-
zimidalohylcarbocyanine iodide) for 30 min and applied to flow
cytometric analysis with excitation at 488 nm radiation. The
emissions at 530 nm (FL-1; for fluorescence from monomeric
JC-1) and at 585 nm (FL-2; for that from JC-1 aggregates) were
monitored, and the FL2/FL1 ratio of the individual cells was
calculated by using WEASEL software (http://www.wehi.edu.
au/cytometry/WEASELv2.html). The mean values of the FL2/FL1
ratio of the samples were plotted by using SigmaPlot 9.01 soft-
ware (Systat Software, Inc.).

Western blotting

Cells were lysed in RIPA buffer [50 mM Tris-HCI (pH 7.5), 150
mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS] supplemented with NaF, NaVO,, and a protease-inhibitor
mixture (Sigma). Typically 30-40 pg of proteins were separated
by SDS-PAGE, transferred to nitrocellulose membranes (Hy-
bond ECL; Amersham, USA), and blotted with one of the fol-
lowing primary antibodies: human ERK 1/2 (C-16) (Santa Cruz
Biotechnology, Inc., USA), p53 (DO-1) (Santa Cruz Biotechnol-
ogy, Inc.), p21WAF1 (C-19) (Santa Cruz Biotechnology, Inc.),
E2F1 (C-20) (Santa Cruz Biotechnology, Inc.), 4E-BP1 (Cell
Signaling Technology, Inc.), phospho-4E-BP1 (Cell Signaling
Technology, Inc.), p70 S6Kinase (Cell Signaling Technology,
Inc.), and phospho-p70 S6Kinase (Thr421/Ser424) (Cell Sig-
naling Technology, Inc.).

RT-PCR
Total RNA was isolated using TRIzol reagent (Invitrogen) fol-
lowing the manufacturer’s protocol. A total of 5 ng of RNA was
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Fig. 1. Cell cycle arrest in the adriamycin-pulsed MCF-7 cells. MCF-
7 cells were treated with 0.25 pM adriamycin for 4 h and further
incubated in fresh medium. At indicated time points, cells were
collected and stored in 70% ethanol before being stained with
propidium iodide and applied to flow cytometry. (A) The change
during the 5-day chase period in the percentage of G1 (——),
G2/M (--A---), S (=-A--), and subG1 (-+~<>+-) phases, respectively,
was plotted. (B) The portions of the G2/M, S, G1, and subG1
phases at 0, 6, 12, 24 h after the adriamycin pulse were plotted in
bars. An increase in the number of cells at G2/M phases as well as
a dramatic decrease in the S phase were apparent at 12 h point.
(C) Cells were lysed in RIPA buffer and the extracts were applied to
Western blotting for p53, p21WAF1, E2F1, and Erk (a loading con-
trol). Both the time course analyses on the cell cycle distribution and
Western blottings were carried out for three biological samples, and
representative figures were presented.

converted to cDNA by using MuLV reverse transcriptase and
oligo (dT) primer (Promega, USA), and 1/40 volume of the
cDNA reaction was applied to PCR using primers for human
PGC-1a, TFAM, NRF-1, Lamp1 and B-actin.

Confocal microscopy

Cells seeded on microscope cover slips were fixed with 3.7%
formaldehyde in PBS for 10 min, permeabilized with 0.1% Tri-
ton X-100 in PBS for 15 min, and blocked with 10% FBS in
PBS for 1 h. The cover slips were incubated with primary anti-
body (diluted with 10% FBS in PBS for 1:500) overnight at 4°C
and then incubated with fluorescence-labeled secondary anti-
body (diluted with 10% FBS in PBS at 1:500).

RESULTS AND DISCUSSION

Cell cycle arrest

Previously, it was shown that a 4 h pulse of 0.25 uM of adria-
mycin induced senescence in MCF-7 cells (Song and Hwang,
2005). Adriamycin is a chemical that induces DNA scission
through the generation of hydroxyl radicals (Berlin and
Haseltine, 1981), and it has been reported to induce both G1

and G2/M arrest (De Vincenzo et al., 1996; Fornari et al., 1994).

Indeed, the adriamycin-pulsed cells were arrested at either the
G1 or the G2/M phases with the latter being the progressively
dominant phase (Fig. 1A). A decrease in the S phase popula-
tion (Fig. 1B) was quite rapid and apparent at 12 h post-
adriamycin treatment when the population levels dropped from
17% to 3.5%). These results were in good accordance with the
changes in the level of E2F1, a transcription factor responsible
for the expression of key proteins necessary for S phase entry
(Johnson et al., 1993). By the first 12 h, the E2F1 protein levels
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Fig. 2. Expression of SA B-Gal activity. (A) The adriamycin-treated
MCF-7 cells were stained for SA B-Gal activity in situ at day 8. A
group of cells stained well in a bright field were taken photo. From
this photo, it is clear that a majority of the chased cells underwent
remarkable change in size and shape as well as the positivity for
SA B-Gal activity clearly demonstrating their being at senescence.
(B) SA B-Gal assay was carried out at the indicated time points, and
the number of cells positive for the activity was counted, and the
percentage was plotted. The decision on the positivity is a subjec-
tive matter, and therefore, the percentage may get higher, but, the
shape of the curve does not change in a more generous decision
on the positivity. (C) During the chase, 1.8 x 10° cells were collected
at indicated time points and lysed, and the extracts were applied to
B-galactosidase assay in solution (pH 6.0) using CPRG. The obser-
vance of light at 570 nm was plotted. For both (B, C), more than
three independent biological samples were analyzed, and the most
representative figures were presented.

became substantially low (Fig. 1C). The levels of p53 and
p21WAF1 increased with similar rapidity and were maintained
at high levels for the first 24 h. Meanwhile, the G1 fraction con-
tinuously decreased throughout the chase period, while the sub-
G1 fraction changed in the opposite direction (Fig. 1A). This
suggests that a substantial portion of the cells that were ar-
rested at G1 phase became progressively unstable and under-
went apoptotic death. The observation that DNA damage-
triggered apoptosis occurred in a delayed manner in the condi-
tion used to set up senescence is interesting.

Increase of the SA B-Gal-positive cells and B-galactosidase
activity

Next, the expression pattern of SA B-Gal activity was deter-
mined. The number of cells positive for the activity in situ in-
creased in a sigmoidal curved pattern with a lag of 2-3 days,
which was followed by an increase during the next 2 days and
a plateau after day 6 (Figs. 2A and 2B). The presence of the
lag suggests that the expression of SA B-Gal activity did not
occur immediately but took place sometime after the cell cycle
arrest had been initiated. Since SA B-Gal originates from the
upregulated lysosomal B-galactosidase activity (Lee et al.,
2006), these results suggest that the upregulation of the -
galactosidase gene (GLB1) upregulation required a period of
induction in the cells that were already in the arrest state. How-
ever, one cannot rule out other possibilities such as a change in
lysosome functionality (See below). Interestingly, the number of



542 Kinetics of Senescence Phenotype Expression

Fig. 3. Increase in cell volume (FSC)
and cellular granule content (SSC). (A)

MCF-7 cells were pulsed either with
0.25 uM (upper boxes) or 2 uM (lower
boxes) adriamycin and chased in its
absence for indicated time period and

applied to flow cytometry. (A) Dot scat-

ter plots show an increase in both FSC

(X-axis) and SSC (Y-axis) in the popula-

tion pulsed with 0.25 uM, but not in the
population pulsed with 2 uM adriamycin.
(B, D) Relative mean values of the FSC
(B) or SSC (D) of the cells collected at

the indicated points were plotted. The
graphs were plotted with the numbers
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positive cells increased slowly during a period of 2-3 days
rather than increasing quickly in a short period of time. This
indicates that, although the majority of the cells were in the
arrest state, the upregulation of the GLB1 gene occurred not at
once but with a lag, the duration of which was different among
cells. This suggests that a heterogeneity that is reminiscent of
what was found in the population of cells undergoing replicative
senescence exists in conditions involving acutely induced se-
nescence. In addition, it was apparent that not 100% of the
cells of the adriamycin-treated MCF-7 population expressed SA
B-Gal activity, even after a prolonged incubation, because a
plateau was reached at around 60% (Fig. 2B). However, it
should be noted that the SA B-Gal positivity is subjective, and
the positivity of the activity was determined in a rather conser-
vative way in this study. However, there was a significant frac-
tion of cells that were not positively stained even after a pro-
longed incubation.

The change in the lysosomal B-galactosidase activity per cell
was examined. During the chase, proteins from an equal num-
ber of cells were applied to an assay that measured the cleav-
age of CPRG as a substrate at pH 6.0 (Fig. 2C). The B-
galactosidase activity remained low until day 3 supporting the
idea that the expression of SA B-Gal activity requires an induc-
tion period after the onset of cell cycle arrest. Interestingly, the
B-galactosidase activity continuously increased and did not
reach a plateau at day 6. This discrepancy between the changes
in the number of SA B-gal-positive cells and the activity per cell
suggests that, during the chase period, the B-galactosidase
activity continued to increase in the cells that were already de-
termined to be positive for SA B-Gal activity. In fact, the green
stain, which is an outcome of the SA B-Gal activity in situ, be-
came substantially darker when the cells were incubated for
longer periods (Sohee Cho, unpublished data).

Increase of cell volume

Senescent cells are notably bigger and flatter compared to
actively proliferating ones (Hwang et al., 2009). For example,
IMR-90 fibroblasts undergoing either replicative or H,Op-indu-

averaged from three independent bio-

logical repeats. (C) Cells were collected
at the indicated time points and their
extracts were applied to Western blot-
ting analysis for phosphorylated- or total
proteins of S6K and 4EB-BP1. Western
analyses were repeated for three inde-
pendent biological samples, and a typi-

cal blot was presented.
Time (day)

ced senescence reportedly had an over 4-fold bigger volume
(Chen et al., 2000). It has been hypothesized that growth factor
signals coming in a cell whose cell cycle progression is blocked
causes continued macromolecular synthesis in the absence of
mitosis and leads to an uncoordinated cell growth, i.e., hyper-
trophy (Blagosklonny, 2006). This hypothesis predicts that sus-
tained activity of the mTOR pathway, a major regulator of pro-
tein synthesis, would cause continued cell growth in senescent
cells (Demidenko and Blagosklonny, 2008).

A change in cell size (or surface area) can be assessed in
flow cytometry by comparing the forward scattering (FSC) of
the cells (Fig. 3A, X-axis). A rightward shift in FSC of the MCF-7
cells was already apparent at 12 h, and kept increasing until
day 1 or 2 after the adriamycin pulse. In addition, in a small
fraction of cells, FSC still increased even after day 3. This
change is quite different from that of the population treated with
1 uM adriamycin, which underwent apoptotic death (Song and
Hwang, 2005). In the latter, FSC did not increase or get hetero-
geneous at all (Fig. 3A, lower boxes). This is another example
of cell biology that proceeds differently in senescence and
apoptosis, even though they were induced by the same chemi-
cal treatment. Importantly, the rapid increase in the cell size
continued only for the first two days at best (Fig. 3B). The slow-
down of the cell-size increase after day 3 may be due in large
part to a decrease in protein synthesis. The active (phosphory-
lated) S6K protein, which is a downstream effector of mTOR
and plays a key role in protein translation (Kawasome et al.,
1998; Ruvinsky and Meyuhas, 2006), was maintained at high
levels only until the first 2 days (Fig. 3C). Meanwhile, both the
phosphorylated (active) form and the whole protein of 4E-BP1,
a negative regulator of protein translation (Haghighat et al.,
1995), changed in the opposite direction with low levels until
day 2 and substantially higher levels after day 3. The total pro-
tein content per single cell also showed a rapid increase at the
early time points, which was followed by a small change later
(Sohee Cho, data not shown). Meanwhile, the degree of the
cell volume increase (1.4 fold) was smaller compared to that
occurred during the replicative senescence of human fibro-
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Fig. 4. Increase in autofluorescence and lysosome content. (A, C)
The adriamycin-pulsed cells were collected at indicated time points
during the chase and applied to flow cytometry either directly or
after staining with LysoTracker Red for 30 min. In (C), typical fields
were photographed. The graphs were plotted with the numbers
averaged from three independent biological repeats. (B) Untreated
cells or the cells adriamycin-pulsed and chased for 6 days (day 6)
were stained with LysoTracker Red, and applied to confocal mi-
croscopy.

blasts (Chen et al., 2000; Sohee Cho, unpublished results).
This may be attributed to a possible difference in cell plasticity
or volume between cells of epithelial (MCF-7 cells) and mesen-
chymal (fibroblasts) origins.

Finally, as mentioned above, the cell size increase became
quite heterogeneous at later time points (Fig. 3A). In the case of
the replicative senescence of fibroblasts, the increase in size is
extremely heterogeneous, and this is likely due to the hetero-
geneity in the timing of the cells’ entry into the arrest state (Mar-
tin-Ruiz et al., 2004). Since such timing differences did not exist
in induced senescence, the population was expected to change
rather homogenously. However, to a lesser degree, the senes-
cence induced in the adriamycin-pulsed MCF-7 cells pro-
ceeded with a substantial heterogeneity in cell size (as well as
cellular granule content, as shown in Fig. 3A, Y-axis. And, see
below). Therefore, it is possible that size increases differently
among different cells during senescence progression, and this
can be attributed, in part, to the difference in the timing of the
entry into cell cycle arrest.

Lipofuscin accumulation
During replicative and stress-induced senescence, an increase
in side scattering (SSC) also takes place (Hwang et al., 2009),
and, in fact, is more prominent than FSC as shown in Fig. 3A
(Y-axis). SSC is caused by intracellular electron-dense particles
including storage or secretory vesicles, various organelles, and
macromolecular particles. In the adriamycin-pulsed MCF-7 cells,
the increase in SSC started from the beginning of the chase
and formed a straight line reaching a 5-fold level in 8 days (Fig.
3D). This indicates that granules accumulated when the cells
stopped dividing, and their content kept increasing continuously
even after the cell had slowed down protein synthesis. The
precise nature of the accumulating granules has not been de-
termined yet, but it is certain that protein translation is not re-
quired for their continued increase.

Lipofuscin is a component of the granule content that is high
in senescent cells (Hwang et al., 2009), and its accumulation is

a well-documented marker of senescence as well as aging
(Sitte et al., 2001). Lipofuscins emit fluorescence, and therefore,
their accumulation is represented by an increase in autofluo-
rescence (Cho and Hwang, 2011). In the adriamycin-pulsed
MCF-7 cells, autofluorescence increased with a pattern that
resembled that of the change in SSC in that the increase was
prompt and linear (Fig. 4A). This result supports the possibility
that lipofuscins themselves or lipofuscin-containing lysosomes
(see below) are the main components of the granules that in-
crease in cells undergoing DNA-damage induced senescence.

Increase in lysosome content

Lipofuscins are complexes of oxidized proteins and lipids that
are formed in lysosomes (Brunk et al., 1992), and the accumu-
lation of these undegradable materials is believed to turn ly-
sosomes into residual bodies (Brunk and Terman, 2002). An
increase in lysosome content has been noticed in senescent
cells (Comings and Okada, 1970; Park et al., 2007), and this is
likely attributed to the increase in the lipofuscin-containing re-
sidual bodies (Brunk and Terman, 2002). Indeed, in the adria-
mycin-pulsed cells, the lysosome content substantially in-
creased as seen with confocal microscopy and as quantitatively
determined by flow cytometry of the cells stained with Lyso-
Tracker Red (Figs. 4B and 4C). An apparent increase in ly-
sosome content has also been demonstrated by immunofluo-
rescence using LAMP2A, a lysosomal membrane protein (Park
et al., 2007; Sohee Cho, data not shown). Interestingly, the
change in the lysosome content appeared to happen in two
different phases: a rapid increase until day 2 and then a slow
increase thereafter (Fig. 4C). This pattern is more like that of
the increase in cell volume (FSC) than that of the increase in
SSC and autofluorescence. It is possible that the increase in
the lysosome content was not solely attributed to the accumula-
tion of the lipofuscin-loaded residual bodies, and the increase in
SSC was not likely due solely to the increase of lysosome con-
tent at least at a later period. It is possible that lysosomes un-
derwent certain structural or chemical changes during the later
period and became stained (or detected) less efficiently by the
LysoTracker probes (or immunofluorescence).

Lysosome rupture

Lysosomal membrane permeabilization (LMP), a form of ly-
sosomal integrity loss, has been observed during apoptosis that
was induced by oxidative stress (Castino et al., 2007; Erdal et
al., 2005; Ostenfeld et al., 2005; Roberg and Ollinger, 1998) or
TNF-a treatment (Werneburg et al., 2002). Whether MCF-7
cells experience loss of their lysosomal integrity during senes-
cence progression was determined by assaying for LMP using
acridine orange (AO). AO accumulates in acidic compartments
where it emits red fluorescence, but also localizes in neutral
compartments (cytosol and nucleus) where it emits green fluo-
rescence (Olsson et al., 1989; Robbins and Marcus, 1963).
When control MCF-7 cells were treated with AO, green fluores-
cence was emitted from the nucleus as well as the cytosol as
expected, and at the same time, red fluorescence was emitted
strongly and exclusively from the cytosol (likely the intact ly-
sosomes) in most cells (Fig. 5A, control). However, in the cells
treated with NH,CI, a lysosomotropic base known to cause
lysosome leak, the emission of red fluorescence was severely
attenuated, indicating that lysosomes with poor integrity indeed
failed to emit red fluorescence (Fig. 5A, NH4CI). In the cells
undergoing induced senescence, red fluorescence was dim in
most cells at day 3 and almost disappeared in most cells by day
6 (Fig. 5A, 3 day and 6 day). This suggests that the lysosome
acidity was gradually lost during the senescence progression in
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Fig. 5. Loss of lysosomal integrity. (A) MCF-7 cells
treated with NH,CI or pulse-chased with 0.25 uM
adriamycin for 3 or 5 days were stained with ac-
ridine orange for 15 min, and processed for confo-
cal microscopy after excitation at 488 nm. Fluores-
cence emission was observed either through the
channels for FITC (for green fluorescence) or
Texas Red (for red fluorescence). (B) Human
fibroblasts at either an early passage (13) or a late
passage (38.5) were processed in the same way.

Fig. 6. Increase in mitochondrial content and su-
peroxide level, and a decrease in MMP. (A) The
adriamycin-pulsed MCF-7 cells were chased for
indicated time period, and stained with either MTG
(—-=—) or NAO (——) and applied to flow cytome-
try to monitor cellular content of mitochondria.
MTG and NAO gave rise to the kinetics curves
similar to each other except for the abruptly high
value for the NAO measurement at day 2 point.
This value might have originated from an experi-
mental error since no such high value was ob-
tained in repetition. (B) mRNA isolated from the
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cells chased for the indicated time points were
converted to cDNA. And, the same volume of the
cDNA reaction was applied to PCR using primers
for PGC-1a,, TFAM, NRF-1. The levels of the
bands for Lamp1 and B-actin, nonmitochondrial
genes, did not change serving as control. (C)
MCEF-7 cells were chased for indicated time period,
stained with JC-1 or MitoSox, and applied to flow
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cytometry. In the case of the JC-1-stained cells,
the ratio of FL2/FL1 was obtained, and mean val-
ues were plotted to monitor the change in MMP

(C), and for the cells stained with MitoSox, the mean values were directly applied to plot a kinetics curve to monitor the change of the mito-
chondrial superoxide level (D). All the graphs were plotted with the numbers averaged from three independent biological repeats.

MCEF-7 cells. LMP was also observed in fibroblasts undergoing
replicative senescence. A significant fraction of the cells in a
late-passage culture did not emit red fluorescence although
they emitted quite prominent cytosolic and nuclear green fluo-
rescence (passage 38.5 vs 13 in Fig. 5B). Overall, these find-
ings suggest that, during the progression of both induced and
replicative senescence, lysosomes are subject to rupture and
lose their acidity. Lysosome rupture is induced during apoptosis
upon exposure to a high level oxidative stress. Since ROS lev-
els are high (or even higher) in senescent cells (Hwang et al.,
2009; Song and Hwang, 2005; and see Fig. 6D), it is conceiv-
able that senescence accompanies lysosome integrity loss.

Increase in mitochondria content
Another organelle that may contribute to the increase in SSC is
mitochondrion. Cellular mitochondria content has been shown

to be high in senescent cells as well as in cells isolated from
older individuals (Lee et al., 2002; Passos et al., 2007). In this
study, flow cytometry using MitoTracker fluorescence dye (MTG)
showed that mitochondria content increaseed continuously
approaching a near three-fold level during senescence pro-
gression. A similar increase of the mitochondria content was
observed in the analysis using 10-nonyl acridine orange (NAO)
which interacts with cardiolipin that is specifically present in the
mitochondrial membrane (Petit et al., 1992) (Fig. 6A). An in-
crease of mitochondria content, especially at an early period,
was also apparent in confocal images (Fig. 7; Day 0 vs Days 1,
2, and 4). Along with the increase in the cell size, the mitochon-
dria content rapidly increased until day 4. Further increase of
the green fluorescence was not so apparent at days 5 and 6.
DNA damage has been reported to activate signal pathway to
mitochondria biogenesis that involves ATM-dependent activa-
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tion of PGC-1a (Fu et al., 2008), a master regulator of mito-
chondria biogenesis (Jager et al., 2007). However, the increase
of the mitochondria content in MCF-7 cells at least during the
early period of chase was not likely due to an increase in the
ATM-mediated mitochondrial biogenesis for the following rea-
sons. First, the mRNA levels of TFAM, a PGC-1a-dependent
regulator of mitochondrial DNA replication and transcription
(Wu et al., 1999), increased, but did so only at day 7 and later
(Fig. 6B). Second, mitochondrial biogenesis should repopulate
functional mitochondria, and thereby, an increase in mitochon-
dria content is expected to accompany an increase in the mito-
chondrial membrane potential (MMP) (Fu et al., 2008; Nisoli et
al., 2004). However, in the MCF-7 cells undergoing senescence,
MMP dropped continuously during the first 4 days and re-
mained at significantly lower levels thereafter (Fig. 6C). There-
fore, at least in the early phase, the increase in the mitochon-
dria mass was not likely due to biogenesis. It may rather be
attributed to other possibilities such as the arrest of cell division.
The increase at later period may have been due to increased
biogenesis as suggested by the increased levels of PGC-1a
and TFAM. Meanwhile, the drop in MMP indicates that the
mitochondria that were present at higher quantity in the cells
undergoing senescence were functionally less intact.

The level of superoxide radicals present in mitochondria in-
creased rapidly in day 1 but did not show any further increase
thereafter (Fig. 6D). This abrupt increase in mitochondrial su-
peroxide levels was quite different from the steady change of
the mitochondria content and membrane potential. Therefore,
the mitochondrial superoxide burst was not an event that pro-
gressively matured during senescence progression but an
event that might have taken place as a direct response to the
drug treatment or DNA damage (induced cell cycle arrest).
Adriamycin itself is reduced to a free radical (semiquinone form),
which, then, converts oxygen to a superoxide radical (Berlin
and Haseltine, 1981). Therefore, the rapid increase of superox-
ide levels may be attributed to the ones directly produced by
adriamycin.

Finally, compared to the rather long and filamentous mito-
chondria in human fibroblasts (Kang and Hwang, 2009), mito-
chondria exist as dots and short fragments in MCF-7 cells (Fig.
7A, day 0). In addition, it appears that they experience no dra-
matic change in morphology during the adriamycin-induced
senescence.

Fig. 7. Confocal images of the increased mito-
chondria content and their size of the adriamycin-
pulsed MCF-7 cells. The adriamycin-pulsed cells
were stained with MTG (and counter-stained with
DAPI) at indicated time points during the chase
period and processed for confocal microscopy.
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