REACTIVE OXYGEN SPECIES AND MITOCHONDRIAL SENSITIVITY TO OXIDATIVE
STRESS DETERMINE INDUCTION OF CANCER CELL DEATH BY p21*

lonica Masgras, Samantha Carrera, Petra J. de Verdier!, Paul Brennan?, Aneela Majid®, Wan Makhtar®,
Eugene Tulchinksy*, George D. D. Jones*, Igor B. Roninson®, and Salvador Macip*

From the Department of Biochemistry, *Medical Research Council (MRC) Toxicology Unit and
*Department of Cancer Studies and Molecular Medicine, University of Leicester, Leicester LE1 9HN,
UK.

'Karolinska Institutet, Department of molecular medicine and surgery, Urology laboratory, M1:02, 171 76
Stockholm, Sweden.
2Department of Infection, Immunity and Biochemistry, School of Medicine, Cardiff University, Cardiff
CF14 4XN, UK;

*Translational Cancer Therapeutics Program Department of Pharmaceutical and Biomedical Sciences,
South Carolina College of Pharmacy, University of South Carolina, Columbia, SC 29208
*Corresponding author. email: sm460@Ie.ac.uk. Phone: +44(0) 116 228 7098. Fax: +44(0) 116 229 7098

*Running title: Determinants of p21-induced cell death

Key words: Apoptosis; Cancer therapy; Oxidative stress; p53; Reactive oxygen species (ROS);
Senescence; p21.

Background: For unknown reasons, p21  Conclusion: Cell-specific sensitivity to
expression induces different effects in cells, oxidative stress determines p21-induced cell
including arrest, death and growth/pro-  death.

survival signals. Significance: This provides a rationale to find
Results: Cancer cell lines respond with arrest  therapies that upregulate p21 in cells that are
or apoptosis to p21 expression depending on  more sensitive to oxidants, in order to favour a

mitochondria sensitivity to oxidants. death response.
SUMMARY
p21WariCiPlSdiL s 3 CDK inhibitor that mediates cell cycle arrest. Prolonged p21 upregulation

induces a senescent phenotype in normal and cancer cells, accompanied by an increase in
intracellular reactive oxygen species (ROS). However, it has recently been shown that p21
expression can also lead to cell death in certain models. The mechanisms involved in this process
are not fully understood. Here, we describe an induction of apoptosis by p21 in sarcoma cell lines
that is p53-independent and can be ameliorated with antioxidants. Similar levels of p21 and ROS
caused senescence in the absence of significant death in other cancer cell lines, suggesting a cell-
specific response. We also found that cells undergoing p21-dependent cell death had higher
sensitivity to oxidants and a specific pattern of mitochondrial polarization changes. Consistent with
this, apoptosis could be blocked with targeted expression of catalase in the mitochondria of these
cells. We propose that the balance between cancer cell death and arrest after p21 upregulation
depends on the specific effects of p21-induced ROS on the mitochondria. This suggests that selective
upregulation of p21 in cancer cells could be a successful therapeutic intervention for sarcomas and
tumours with lower resistance to mitochondrial oxidative damage, regardless of p53 status.

p21War/CIPLSIL s 3 member of a family of  cells by affecting the activity of cyclin D-, E- and
inhibitors of the cyclin dependent kinases (CDKs),  A-dependent kinases, which regulate progression
together with p27** and p57“"? (1). p21 arrests  through the G, phase of the cell cycle and



initiation of DNA synthesis (1). It is a target gene
of the tumour suppressor p53 (2) and a key
mediator of p53-induced G; arrest in response to
DNA damage (3,4). It can also be induced
independently of p53 in response to stimuli such
as TGFB (5), HDAC inhibitors (6) or ras (7).

Increased p21 protein levels have been
detected in cultured human fibroblasts undergoing
replicative  senescence  (8), a  terminal
differentiation state triggered by shortening and/or
dysfunction of telomeres (9). This phenotype is
characterized by an irreversible growth arrest, as
well as distinctive morphological changes and
markers (10,11). Senescence is also a tumour
suppressor mechanism that prevents emergence of
transformed cells (9). It has been shown that lack
of p21 delays or abolishes the onset of senescence
(12) and that continuous p21 expression induces a
senescent arrest in normal and cancer cells in a
p53 independent manner (13-15).

Reactive oxygen species (ROS) are generated
by cellular oxidative processes, and are normally
buffered by antioxidant mechanisms (16).
Elevation of ROS above basal levels trigger
different cellular responses such as cell cycle
arrest, senescence, apoptosis Or  necrosis,
depending on the intensity of the oxidative
damage (17). We have shown that ROS are
important in determining cell fate after p53
upregulation (18). Moreover, we have reported
that p21 can increase ROS levels independently of
p53 and that this is required for the permanent
arrest observed in senescence (15). Recent studies
confirmed that p21 is necessary for the induction
of ROS and mitochondrial dysfunction observed in
senescence, and showed that this maintains a
constant DNA damage response responsible for
the prolonged cell cycle arrest (19).

p21 prevents cancer cell growth due to its
ability to transiently or permanently stop
proliferation, thus being an important component
of tumour suppressor mechanisms. Indeed, it has
recently been shown that p21 can be
downregulated by several mIiRNA that are
expressed in cancer cells (20,21). However, p21
levels are often elevated in cancers without signs
of growth inhibition (22). Moreover, it has been
proposed that p21 can actually favour
transformation by inhibiting apoptosis and
inducing growth and pro-survival signals, genomic
destabilization and expression of secreted

mitogenic factors (23). It is not well understood
how p21 exerts these radically different functions
or even if they reside in separate domains of the
protein (23). Due to the difficulty of selectively
activating its tumour suppressor properties without
also inducing its potentially oncogenic features,
the design of antineoplastic therapies involving
p21 regulation has so far been controversial
(22,23).

Further adding to its complex pleiotropic
functions, it has been recently shown that p21 can
also trigger cell death (24,25), although the
mechanisms involved in these processes have not
been fully elucidated. Depending on the context,
p21 can induce pro-apoptotic effectors such as
Bax or members of the TNF family (24), as well
as p53 (25). Also, p21-mediated depletion of
proteins that control cell division can lead to
abnormal mitosis and genetic destabilization when
arrested cells attempt to re-enter cell cycle after
p21 downregulation, causing death by mitotic
catastrophe independently of p53 or the apoptotic
pathway (26). Here, we characterize the
mechanisms involved in the induction of death by
p21 and find that a cell-specific sensitivity to p21-
mediated  ROS, likely  determined by
mitochondrial responses, plays a role in defining
apoptosis after p21 upregulation.

Experimental procedures

Cell Culture and treatments. HT1080p21-9,
HOS, A431, HA847 and MDA-MB-175 cells were
maintained in DMEM supplemented with 10%
FBS and penicillin-streptomycin (50 units/ml).
U20Sp53™ (U20S stably transfected with a
pLKO-p53-shRNA-941 vector to suppress p53
expression using methods previously described
(27)) were maintained in DMEM supplemented
with 10% FBS, penicillin-streptomycin (50
units/ml) and puromycin (2ug/ml). U20Sp53"
were generously provided by Dr. Nickolai Barlev
(University of Leicester, UK). EJ and PC3 cells
with a tetracycline (tet)-regulated expression
system (EJp21 and PC3p21, respectively) (14,15)
were maintained in DMEM supplemented with
10% FBS, penicillin-streptomycin (50 units/ml),
hygromycin (100 pg/ml) and geneticin (750
ug/ml), plus 1 pg/ml tet to repress expression of
p21. Fresh medium with tet was added every 3
days. EJp21 and PC3p21 were generously



provided by Dr. Stuart Aaronson (Mount Sinai
School of Medicine, New York). Cells were
treated by adding to the medium 10mM N-Acetyl-
L-Cystein (NAC, Sigma-Aldrich, Saint Louis,
MO), 10-20uM Pifithrin (Sigma-Aldrich) or
different concentrations of tert-butyl-
hydroperoxide (tBH, Sigma-Aldrich) for the
specified time.

Modulation of gene expression. To induce p21
expression in HT1080p21-9, 25 uM IPTG was
added to the medium, except otherwise noted. To
induce p21 expression in EJp21 and PC3p21, cells
were washed three times with PBS and seeded in
medium in the absence of tet. In all other cell
lines, p21 was induced by infection with a
retrovirus containing p21 (generously provided by
Dr. Stuart Aaronson, Mount Sinai School of
Medicine, New York) in the presence of 2ug/ml
polybrene (Sigma), as described (15). For
adenoviral studies, cells were infected with
2.5x10" adenovirus containing LacZ (AdLacZ,
BD), a catalase that expresses specifically in the
mitochondria (28) (AdCat, generous gift of Dr.
Arthur 1. Cederbaum, Mount Sinai School of
Medicine, New York) or p53 (Adp53, a generous
gift of B. Vogelstein, Johns Hopkins University,
Baltimore, Md.). Generation and titration of p53
shRNA-containing lentivirus was performed as
previously described (29). Catalase expression was
suppressed  using  specific  pre-designed-
ChimeraRNAi  (Abnova). shRNA  against
luciferase was used as control. All
oligunocleotides  were  transfected  using
lipofectamine 2000 (Invitrogen), following
manufacturer’s instructions.

Senescence-associated p-galactosidase (SA-S-
gal) staining. Cells were were stained following
standard protocols, as described (11).

FACS Analysis. Fluorescently stained cells
were transferred to Polystyrene tubes and
subjected to FACS (FACScan, BD, Franklin
Lakes, NJ) using Cell Quest 3.2 software (BD) for
acquisition and analysis.

Cell Cycle Analysis. Cells were stained with
propidium iodide (PI) using the CycleTEST Plus
DNA reagent kit (BD), following the instructions
provided. Fluorescent stained cells were then
subjected to FACS analysis.

Measurement of apoptosis. Cells were stained
with Annexin and Pl using the Annenxin-V-Fluos

Staining kit (Boehringer, Mannheim, Germany), as
reported (30), followed by FACS analysis.

Measurement of intracellular ROS and
glutathione. Cells were incubated with 5 pg/ml of
2', 7'-difluorodihydrofluorescein diacetate (DCF,
Invitrogen, Carlshad, CA) for 30 minutes at 37°C,
then washed with PBS, trypsinized and collected
in 1ml of PBS, followed by FACS analysis.
Values of mean fluorescence intensity were
reported. An assay kit that determines intracellular
concentrations of total glutathione (Sigma-
Aldrich) was used, following manufacturer’s
instructions.

Measurement of oxidative damage to DNA. A
comet assay was performed as described
previously (31), with the following modifications.
After lysis the slides were washed once with
distilled water and immersed in three changes of
enzyme digestion buffer [40 mM HEPES, 0.1 M
KCI, 0.5 mM EDTA and 0.2 mg/mL bovine serum
albumin (pH 8.0)], for 5 min each time, at room
temperature. Fpg (Sigma-Aldrich) was added to
the gel (50 pl/gel) at 1/500 or 1/1000 dilutions;
gels were covered with a cover slip and incubated
in a humidified chamber at 37 °C for 30 min. The
coverslips were removed and the slides were
placed in a horizontal electrophoresis tank. DNA
damage was expressed as the percentage of DNA
in the comet tails.

Mitochondrial studies. Measurements of
mitochondrial membrane potential were made
using  tetramethylrhodamine,  ethyl  ester,
perchlorate (TMRE, Invitrogen). Cells were
incubated with 0.1 uM TMRE for 30 minutes at
37°C before being collected for FACS analysis.
Total mitochondria mass was assessed by staining
with 10 uM nonyl acrydil orange (NAO,
Invitrogen) for 30 minutes at 37°C, followed by
FACS analysis. For immunofluorescence, cells
were seeded onto glass coverslips and incubated
with  180nM  MitoTracker Red CMXRos
(Invitrogen) for 25 minutes at 37°C. Coverslips
were rinsed with PBS, fixed with 4%
paraformaldehyde in PBS for 15 minutes, washed
three times with PBS and incubated with 0,1%
TritonX-100 for 5 minutes. They were then
washed three times with PBS and blocked with 1%
BSA for 30 minutes. Cells were stained for p21
using rabbit polyclonal antibody (Santa Cruz) for
1 hour. Following staining, cell were washed three
times with PBS and incubated for 1 hour with



Alexa Fluor® 488 chicken anti-rabbit 1gG (H+L)
secondary antibody (Invitrogen). Coverslips were
washed three times with PBS, mounted upside-
down onto slides using ProLong® Gold antifade
reagent and images were taken with an Olympus
FV1000 confocal laser scanning microscope.

Immunobolot Analysis. Immunoblots were
performed as described (32). 15 ug of total cell
protein per sample was subjected to 10% SDS-
PAGE and transferred to Immobilon (Milipore,
Billerica, MA) polyvinvylidene difluoride filter.
Antibodies used: p21 (polyclonal, Santa Cruz),
p53 (1801 monoclonal, Abcam, Cambridge, UK),
HDM2 (monoclonal, Abcam), PUMA (polyclonal,
Cell Signaling), vimentin (monoclonal, BD),
ZEB1 (polyclonal, Santa Cruz), e-cadherin
(monoclonal, BD), SOD1 (polyclonal, Abcam),
SOD2 (polyclonal, Abcam), catalase (polyclonal,
Abcam), actin (monoclonal, Abcam) and tubulin
(monoclonal, Abcam).

RESULTS

p21 expression can induce both cell cycle
arrest and death in the same cell line. To better
understand cell fate decisions after p21 induction,
we studied HT1080p21-9, a wt p53-containing
human fibrosarcoma cell line with an IPTG-
regulatable p21 expression system. These cells
undergo senescent-like changes when p21 is
upregulated for more than 3 days at levels similar
to those observed in physiological responses
(13,33). FACS analysis of HT1080p21-9 after 5
days of p21 expression confirmed that cells
entered cell cycle arrest, as shown by an important
reduction in S phase (Figure 1A). As expected,
p21 induced morphological changes consistent
with  the establishment of  senescence,
accompanied by positive staining with the
senescence-specific marker SA-Bgal (Figure 1B).
However, we also observed a concomitant
increase in the SubG; fraction of the cell cycle
(Figures 1A and C), indicating a significant
percentage of dead cells. Induction of cell cycle
arrest and death occurred progressively after p21
upregulation (Figure 1C), although maximum
levels of p21 expression were already achieved
one day after exposure to IPTG and remained
constant (Figure 1D).

p53 induction has been observed after p21 has
been highly overexpressed (25). On the other

hand, previous reports have shown that p21 can
negatively regulate p53 stability in different cell
types in the context of a normal DNA damage
response (34). In HT1080p21-9, neither p53 nor
its targets genes, HDM2 and PUMA, were induced
in response to p2l1 expression (Figure 1E),
suggesting that the cell death observed was not
mediated by changes in p53 expression or activity.
This was confirmed by inhibiting p53 upregulation
in HT1080p21-9 with a specific shRNA
(Supplementary Figure 1A). p2l-mediated cell
death did not vary when p53 levels were reduced
(Supplementary Figure 1B). These results were
also reproduced using pifithrin, a reversible
inhibitor of p53-dependent apoptosis and
transcriptional activity (Supplementary Figure 1C
and D).

p21-dependent increases in ROS determine the
induction of cell death. Intracellular ROS are
important mediators of apoptosis (35) and it has
been proposed that p2l-induced ROS increases
could determine cell fate decisions (25). To test
whether ROS play a role in p21-induced cell death
in HT1080p21-9, we first analyzed whether p21
could elevate ROS levels in these cells using DCF-
DA, a probe that fluoresces when oxidized. We
found that intracellular ROS were substantially
increased 5 days after p21 upregulation (Figure
2A). When the concentration of IPTG was titrated
to control the amount of p21 expressed, levels of
ROS varied accordingly (Figure 2B, top panel).
This confirms that ROS is induced in these cells
proportionally to p21 protein levels, consistent
with previous results obtained in bladder (15),
colorectal, cervical and ovarian cancer cell lines
(25). Of note, no cell death or ROS changes were
detected in the parental cell line HT1080 treated
with any of the IPTG concentrations tested (data
not shown), proving that IPTG itself was not
responsible for the effect. Although senescent cells
usually exhibit a degree of autofluorescence due to
the accumulation of lipofuscin (36), this was not
sufficient to influence the measurement of ROS
(Supplementary Figure 2A). Moreover, bigger
cells did not show higher DCF staining, indicating
that cell size had no effect on dye accumulation
(Supplementary Figure 2B).

By using the apoptosis-specific Annexin/PI
staining (30) we determined that a significant
fraction of the p2l-induced cell death in



HT1080p21-9 was of apoptotic origin (Figure 2B
bottom panel and Supplementary Figure 2C). This
correlated with the cleavage of PARP, a hallmark
of apoptosis (Supplementary Figure 2D). The
induction of apoptosis also correlated with p21
protein and ROS levels (Figure 2B), which
suggests a causal link. We explored this possibility
by inducing p21 in HT1080p21-9 for 5 days, in the
presence of the antioxidant NAC, a reduced
glutathione provider and direct ROS scavenger. As
shown in Figure 2C (left column), NAC
ameliorated cell death after p2l1 expression in
HT1080p21-9. This was confirmed with an
Annexin/Pl staining (Supplementary Figure 2E).
Non-toxic concentrations of NAC were capable of
substantially reducing intracellular ROS, although
not entirely (Figure 2C, right column), which
could explain why its protection against p21-
dependent cell death was not complete. Also, p21
depletion causes mitotic crisis in HT1080p21-9,
which could be responsible for ROS-independent
death in a small percentage of cells that can lose
p21 expression in culture spontaneously (26). Of
note, NAC had no effect on p21 expression
(Supplementary Figure 2F). These results show
that p21-mediated increases in intracellular ROS
are determinant in the induction of cell death in
HT1080p21-9 after p21 expression and that this is,
at least in part, due to the onset of apoptosis.

In contrast to these results, most studies of p21
overexpression in cancer cell lines have shown an
induction of cell cycle arrest in the absence of cell
death (15,37). To explore whether this could be a
cell type-specific response we induced a prolonged
p21 upregulation in an U20S osteosarcoma cell
line in which p53 expression had been previously
suppressed (U20Sp53™) (Supplementary Figure
3A). Similar to our observations in HT1080p21-9,
p21 elevated intracellular ROS levels in these cells
and induced a substantial increase in cell death
(Supplementary Figures 3B, C and D), which
could also be ameliorated with antioxidants
(Supplementary Figure 3E). This suggests that the
induction of ROS-dependent cell death in response
to p21 could be a common feature of sarcomas.

Comparison of the arrest and cell death
responses to p21 expression. Our data indicate that
cell-specific factors could be important to favour
different cell fates after p21 upregulation. To
further explore this possibility, we studied the

differences between arrest an apoptotic responses
to p21 in cancer cells. Our previous reports using
EJp21, a p53 mutant EJ human bladder cancer cell
line with a tet-regulatable p21 expression, have
shown that p21 induces arrest, senescence and
intracellular ROS elevation in the absence of
significant apoptosis (14,15) (Supplementary
Figures 4A and B). This is also the case in
PC3p21, a p53-null prostate cancer cell line in
which a tet-regulatable p21 expression system was
introduced. Prolonged expression of p21 in these
cells induced cell cycle arrest in the absence of
significant death (15) (Supplementary Figure 4C).

We first investigated whether the different
responses to p2l1 of HT1080p21-9 and
EJp21/PC3p21 could be due to variations in
protein levels expressed and/or the intracellular
ROS generated as a result. Figure 3A shows a
similar p21 upregulation in these cells, which
proves that protein levels did not determine the
selective induction of cell death. These levels of
p21 expression have been previously shown to be
comparable to those induced after DNA damage
(14), underscoring the physiological relevance of
our results. ROS generated in HT1080p21-9 were
slightly lower than those in induced EJp21 or
PC3p21 (Figure 3B, top panel). This indicates that
the increased cell death observed in HT1080p21-9
(Figure 3B, bottom panel) was not due to higher
p21-mediated induction of ROS in these cells.
These results support the hypothesis of cell-
specific factors determining the sensitivity to p21
expression.

Since HT1080/U20S and EJ/PC3 are derived
from mesenchymal and epithelial tumours
respectively, it is possible that cell origin could
determine their general sensitivity to p2l. As
shown in Supplementary Figure 5A, EJp21
expressed mesenchymal markers such as vimentin
and ZEB1, but not the epithelial marker E-
cadherin. This suggests that they had undergone an
epithelial-mesenchymal transition (EMT) and that
their characteristics are closer to those of
mesenchymal cells. Thus, cellular responses to
p21 are unlikely to be due only to the
epithelial/mesenchymal differences of HT1080
and EJ. This was confirmed by the fact that p21
was also able to trigger cell death in ovarian
(HA847) and breast (MDA-MB-175) cancer cell
lines (Supplementary Figure 5B). Consistent with
previous data (24,25), this shows that p21-induced



cell death is not Ilimited to tumours of

mesenchymal origin.

Involvement of mitochondria in p2l-induced
cell death. ROS-mediated changes in
mitochondrial membrane potential have been
implicated in apoptosis (38). Moreover, the fact
that p21 triggers the expression of the mRNA of
certain mitochondrial genes (33) suggests that the
effects of p21 on mitochondria could play a role in
the induction of cell death. We hypothesized that
divergences in mitochondria responses after p21
upregulation could explain a selective induction of
apoptosis. To test this, we measured changes in
mitochondrial membrane potential using TMRE, a
cell-permeant fluorescent dye that accumulates in
mitochondria depending on their membrane
potential. As shown in Figure 4A, a mild
mitochondrial membrane hyperpolarization was
evident in EJp21 and PC3p21 after 2 days of p21
expression, followed by a strong depolarization.
This is consistent with previous reports showing
mitochondrial membrane depolarization associated
with senescence (19,39,40). On the other hand,
HT1080p21-9 responded with a delayed and
higher hyperpolarization that peaked at day 4
(Figure  4A). Of  note, mitochondria
hyperpolarization has been previously linked to
apoptosis in some models (41,42). This shows that
the mitochondrial response to p21 expression is
substantially different in these two cell lines and
suggests that this could determine the cellular
sensitivity to p21-induced ROS.

An increase in mitochondrial mass has been
described in cells undergoing senescence (39).
Using the mitochondria-specific dye NAO, we
observed an augmented mitochondrial mass in
induced EJp21 that was twofold higher than that in
HT1080p21-9 (Figure 4B). This was confirmed
with  another  mitochondria-specific  dye,
mitotracker red, which also showed that EJp21
with induced p21 have a dense mitochondrial
network, while mitochondria in HT1080p21-9
exhibit a more discrete punctuated pattern (Figure
4C). It has been suggested that presence of
cytoplasmic p21 may interfere with apoptosis (43)
but induced p21 was only nuclear in both cell lines
(Figure 4C), indicating that differences in p21
localization did not contribute to the induction of
apoptosis. These results show that the ratio of
depolarized mitochondria is elevated in cells

preferentially undergoing senescence after p21
expression, confirming that increased
mitochondrial mass and depolarization are
hallmarks of this process (39). Moreover, since
elongated mitochondria have been recently
associated with resistance to oxidative stress (44),
our results suggest that HT1080p21-9 could be
more sensitive to ROS due to the punctuated
morphology of their mitochondria.

Higher sensitivity of HT1080p21-9
mitochondria to ROS explains the preferential
induction of apoptosis by p21. Our data shows that
HT1080/U20S and EJ/PC3 cells react differently
to similar levels of p21 and ROS and suggest that
these cells may have different mitochondrial
resistances to oxidative stress, which could
determine a preference for arrest or apoptosis after
p21 upregulation. To investigate this hypothesis,
we measured the amount of oxidative damage to
DNA in response to oxidants. As shown in Figure
5A, the same concentration of peroxide induced a
significantly higher oxidative DNA damage in
HT1080p21-9 than in EJp21. We confirmed this
result by treating HT1080p21-9 and EJp2l1 with
increasing concentrations of the oxidant tBH,
which is capable of triggering apoptosis. Annexin
V/PI staining showed that EJp2l were
significantly more resistant than HT1080p21-9 to
similar concentrations of tBH (Figure 5B). This
was also the case in PC3p2l1 (Supplementary
Figure 5C). The difference in cell viability was not
due to oxidative stress-induced p53 in
HT1080p21-9, since p53 or its target genes were
not upregulated in response to tBH (Figure 5C).

We further explored the different sensitivities
of these cells to ROS increases by upregulating
p53 expression using an adenovirus containing
p53. It is known that p53 expression induces ROS
and that this is a crucial component of its
induction of apoptosis (45). As expected, EJp21
were more resistant to p53 than HT1080p21-9
(Supplementary Figure 6A). Of note, the levels of
p53 protein achieved by adenoviral infection in the
two cell lines were comparable (Supplementary
Figure 6B).

These  results together  suggest  that
HT1080p21-9 have reduced tolerance to oxidative
stress, which could explain its higher sensitivity to
p21-induced ROS. This could be determined by a
reduction in the levels of intracellular antioxidants



in these cells. To explore this possibility, we
measured the concentration of total glutathione,
the main cellular ROS buffer. As shown in Figure
5D, glutathione levels decreased in both EJp21
and HT1080p21-9 when p21 was induced,
consistent with an increase in ROS. Importantly,
both the basal and post- induction concentrations
of intracellular glutathione were lower in
HT1080p21-9, suggesting a reduced capacity to
neutralize ROS of these cells when compared to
EJp21. These data were supported by a p21-
dependent increase in HT1080p21-9 of the
expression of enzymes involved in the clearance
of ROS, such as superoxide dismutases (SOD1
and SOD2) and catalase (Figure 5E), which our
results show that is still insufficient to block ROS
and prevent cell death. Of note, these enzymes
were not upregulated in response to p21 in EJp21,
suggesting that these cells probably rely on their
higher glutathione levels as a primary mechanism
to buffer ROS. When we used an adenorival
system to increase the levels of a catalase
specifically engineered to be expressed in
mitochondria (28) (Figure 5F), induction of cell
death in HT1080p21-9 in response to oxidants was
importantly reduced (Figure 5G). Expression of a
cytoplasmic catalase did not change the levels of
cell death (data not shown). These results indicate
that the levels of intracellular antioxidant
mechanisms could determine the sensitivity to p21
expression and that protecting mitochondria
against ROS can enhance the resistance to cell
death.

We also observed that catalase expression in
EJp21 did not change the response of these cells to
p21 induction (Supplementary Figure 6C and D).
However, inhibition of catalase expression in
EJp21 increased cell death in response to p21
(Supplementary Figure 6E and F). This confirms
that sensitivity to oxidative stress is determinant in
induction of p21-mediated cell death. In summary,
our data establish that HT1080p21-9 and EJp21
differ in the sensitivity of their mitochondria to
oxidative stress, which provides a mechanistic
explanation for the different responses to p21-
mediated increases in intracellular ROS.

DISCUSSION

Despite its promising potential, there are no
antineoplastic therapies specifically directed at

upregulating p21 expression in cancer cells. This
is in part due to the fact that the pleiotropic effects
of p21 are not completely understood. Indeed,
although p21 can induce a permanent cell cycle
arrest in cancer cells and thus inhibit tumour
growth, there is also the possibility of pro-
oncogenic side effects (23,33). Moreover,
arresting cells can protect them against DNA-
damage induced apoptosis and thus promote
transformation (22). The antitumoural functions of
p21 could be enhanced if its recently discovered
abilities to cause cell death were favoured over
induction of arrest. Thus, strategies that upregulate
p21 and promote its apoptotic functions in cancer
cells could be an effective therapeutic approach.

In our attempt to characterize the mechanisms
that define cell fate decisions after p21 expression,
we uncovered that p21 can trigger cell death in the
sarcoma cell lines HT1080 and U20S. We found
this to be p53-independent, cell type specific and,
at least in part, ROS-dependent and of apoptotic
nature. Although it has been shown before that
HT1080p21-9 undergo death by mitotic crises
after p21 withdrawal (26), this is the first report of
p21-dependent apoptosis in these cells. Apoptosis
upon p21 induction in HT1080 p21-9 cells was not
seen in earlier studies (26), and cell death upon
p21 induction varies depending on the stock of the
cell line and cell culture conditions (Roninson et
al., unpublished results). In the current
experiments this response was consistent, with the
percentage of cell death ranging from 22 to 38%
(see Figures 1C, 2C and 3B). We did not observe
the presence of mitotic cells in HT1080p21-9 once
p21 was induced (data not shown), consistent with
previous studies (26).

Our results provide evidence that the elevation
of intracellular ROS levels is an important part of
the mechanism by which p21 can induce
apoptosis, and that this is likely due to their effects
on mitochondria. How p21 expression affects the
oxidative balance of the cell has been investigated
for years but there are still no conclusive
observations. In our experiments, induction of cell
death was not immediate and required prolonged
expression of p21. This could reflect the necessity
to accumulate sufficient intracellular ROS to
trigger a certain amount of mitochondrial damage.
According to this hypothesis, short-term
expression of p21 at physiologically relevant
levels would induce cell cycle arrest, while



apoptosis would only be achieved at a later time
point if the stimulus is maintained and a threshold
of oxidative stress is surpassed. Also, our results
indicate that this would be more likely to occur in
cells that have increased mitochondrial sensitivity
to ROS; otherwise cells would undergo a less
drastic response in the form of senescence. Our
results are also consistent with the idea that p21
levels could have a dose-dependent effect in cell
fate decisions (25), since apoptosis increased
proportionally to p21 and the induction of ROS
(see Figure 2B). However, we showed that protein
levels are not necessary determinant, since similar
p21 induction caused different effects depending
on cell context.

Identifying cells that undergo apoptosis after
prolonged p21 expression could help selecting
tumour types that would be more susceptible to
p2l-based treatments. The intrinsic features of
mesenchymal cells could make them more
sensitive to p21-induced ROS, although this would
probably be only one of the defining
characteristics (see Supplementary Figures 5A and
B). Our results suggest that the apoptotic functions
of p21 could be preferentially observed in those
cancer cells that have accumulated higher

intracellular/mitochondrial ROS buffers. This is
consistent with recent data showing that cancer
cells with primed mitochondria respond better to
cell death stimuli (46). Since normal cells usually
have intact antioxidant and DNA repair
mechanisms, therapies that upregulate p21 could
have the potential to be selectively toxic for
sensitive cancer cells.

Recent studies show that cancer cells that die
after p21 upregulation are not a rare event (24,25),
which supports the hypothesis that inducing p21-
mediated apoptosis could be a relevant form of
therapy. Moreover, within the physiological levels
of p21 expression tested in this study, we found
that there was no increase in p53 expression or
activity to account for the induction of apoptosis,
indicating that p53-null cancers would benefit
from these treatments. This suggests that
compounds that induce p21 independently of p53,
like MLN4924 (47), could trigger cell death in
certain cancer types. Our data support the concept
that chemical upregulation of p21 could be a
useful therapeutic approach in selected tumours,
and that the mitochondrial response to ROS could
be a good predictive marker of cancer cell
sensitivity to p21.

mitochondrial damage or defects in the
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FIGURE LEGENDS

Figure 1. p21 induces arrest and cell death in HT1080p21-9. (A) FACS analysis of Pl-stained
HT1080p21-9 cells uninduced (Control) or 5 days after p21 induction with 25 uM IPTG (5d). Bars show
percentages of cells in each phase of the cell cycle. All plots shown in this and other figures represent
mean values of at least three independent experiments and error bars show standard deviation. (B)
HT1080p21 cells uninduced (Control) or induced for 5 days with 100 uM IPTG (5d) stained for SA-Bgal.
Three independent experiments were performed in duplicates. Magnification: 20X. (C) FACS analysis of
Pl-stained HT1080p21-9 1 to 5 days after p21 induction, compared to untreated cells (Control).
Percentages indicate amount of events in SubG; phase of the cell cycle. (D) Immunoblot analysis of
protein levels in lysates of the cells used in C. For this and other figures, immunoblot results were
confirmed with at least two independent experiments. (E) Immunoblot analysis of HT1080p21-9
uninduced or induced for 5 days.

Figure 2. Increase in intracellular ROS correlates with p21 induction of apoptosis in HT1080p21-9.
(A) FACS analysis of DCF-stained HT1080p21-9, 5 days after exposure to 25 uM IPTG, compared to
untreated cells. (B) HT1080p21-9 exposed to from 0 to 500 uM IPTG for 5 days. Top panel: ROS levels
compared to untreated cells, measured by DCF staining. Middle panel: percentage of live cells as
measured by Annexin/Pl staining. Cells that were both Annexin-negative and Pl-negative (lower left
quadrant) were considered alive. Bottom panel: immunoblot of p21 protein expression. (C) Left: FACS
analysis of Pl-stained HT1080p21-9, uninduced or 5 days after p21 upregulation, in the presence or
absence of 10 mM NAC. Cells were cultured in the presence of NAC for the duration of the experiment,
and NAC was added every time media was changed. Right: FACS analysis of the same cells stained with
DCF. Grey vertical line indicates mean fluorescence intensity of Control cells.

Figure 3. Cell fate decisions after p21 upregulation do not depend on differences in p21 expression
or ROS levels. (A) Immunoblot analysis of HT1080p21-9, EJp21 and PC3p21 uninduced (-) and induced
to express p21 for 5 days (+). (B) Top: Intracellular ROS levels as measured by DCF staining of
HT1080p21-9, EJp21 and PC3p21 cells induced for 5 days. Bars represent fold changes in mean
fluorescence intensity from control to induced cells. Bottom: Percentage of events in the SubG, phase, as
measured by PI staining of the same cells.
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Figure 4. Mitochondrial differences between HT1080p21-9 and EJp21 (A) Mitochondrial membrane
potential (MMP) as measured by fold changes in mean fluorescence intensity of TMRE-stained
HT1080p21-9, EJp21 and PC3p21 with p21 expression induced for 1 to 5 days, normalized to values in
uninduced cells. (B) Total mitochondrial mass in NAO-stained HT1080p21-9 and EJp21 after 5 days of
p21 induction, normalized to values in uninduced cells. (C) Confocal microscopy images (40x, bottom
row magnified 2x) of HT1080p21-9 and EJp2l cells stained with mitotracker red CMXRos for
mitochondria (red) and p21 expression (green). Scale bar: 20 pum.

Figure 5. Increased sensitivity to ROS in HT1080p21-9. (A) Comet assay of HT1080p21-9 and EJp21
cells treated or not with 100 uM H,0, for 10 minutes on ice right before analysis. Experiments were
performed in the absence or presence of fpg to determine specific damage due to oxidation (the difference
in tail DNA percentage between the two conditions). Controls show results using fpg buffer. Mean
percentage of tail DNA from three experiments is plotted. Error bars represent standard deviation.
Experiments were performed twice in triplicates. (B) Annexin/Pl-stained uninduced HT1080p21-9 (black
bars) and EJp21 cells (grey bars), 24 hours after exposure to different concentrations of tBH. Percentages
of live cells are plotted. (C) Immunoblot analysis of uninduced HT10180p21-9 and EJp21 untreated (-) or
24 hours after being treated with 100uM tBH for 2 hours and washed thereafter with PBS (+). (D)
Intracellular levels of total glutathione in EJp21 and HT1080p21-9 cells, uninduced (Control) and after 5
days of p21 expression (5d). (E) Immunaoblot analysis of HT10180p21-9 and EJp21 uninduced or after 2
or 5 days of p21 expression. (F) Immunoblot analysis of uninduced HT10180p21-9 cells infected for 24
hours with adenovirus expressing Lac Z (AdLacZ, control) or catalase (AdCat). (G). Representative plots
of FACS analysis of Pl-stained uninduced HT1080p21-9 infected for 24 hours with AdLacZ or AdCat
after being treated with 25 or 50 uM tBH as described. Percentages indicate amount of events in SubG,
phase of the cell cycle.
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