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The Level of ROS and
DNA Damage Mediate with the Type
of Cell Death, Senescence or Apoptosis
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1. Introduction

Cell senescence, originally defined as the proliferative arrest that occurs in normal cells after
a limited number of cell divisions, is now more broadly regarded as a general biological
program of terminal growth arrest. Replicative senescence of cells due to telomeric changes
exhibits similar features with those seen in DNA damage (Vaziri et al., 1997; von Zglinicki,
2001). Therefore, DNA damage is expected to induce rapid cell growth arrest, which would
be phenotypically indistinguishable from replicative senescence (Di Leonardo et al., 1994).
This type of accelerated senescence that does not involve telomere shortening is triggered in
normal cells by the expression of supraphysiological mitogenic signals (Orr et al., 1994). Not
only normal cells, but also cancer cells can be induced readily to undergo senescence by
genetic manipulation or by treatment with chemotherapeutic agents, radiation, or
differentiating agents.

Reactive oxygen species (ROS), which are byproducts of normal cellular oxidative
processes, are involved in senescence (Chen et al., 1998). Senescent cells have higher levels
of ROS than normal cells (Hagen et al., 1997), and oxidative stress caused by sublethal
doses of H,O» or hyperoxia can force human fibroblasts to arrest in a manner similar to
senescence (Dumount et al., 2000). Additionally, both oncogenic Ras and p53 induce
senescence in association with increased intracellular ROS (Lee et al., 1999; Macip et al.,
2003). p53 induces the accumulation of ROS presumably through a transcriptional
influence on pro-oxidant genes (Polyak et al., 1997). Up-regulation of p21 also causes
increased ROS levels in both normal and cancer cells (Macip et al., 2002), although the
molecular mechanism remains unknown.

Recent evidence has suggested that p21 mediates apoptosis in a p53-independent manner
(Roninson, 2003; Hsu et al., 1999), although its role in this apoptotic pathway remains
controversial. In view of the possible roles played by ROS in both senescence and apoptosis,
and the capacity of p21 to elevate ROS levels, we investigated the involvement of ROS in
p2l-induced cell death. Additionally, we studied how the status of p21 expression
modulated ROS levels to achieve alternative cell fates.
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798 Senescence

2. Exogenous p21 protein induces senescence and apoptosis induced by p21
mediated through p53

We generated the recombinant adenovirus vector contained either the full-length p21 (Ad-
p21). An adenovirus containing an empty vector (mock) was used as a control. We
transferred these constructs into two cancer cell lines (LoVo, and HCT116) using an
adenovirus infection system. The cell lines were initially selected based on their
susceptibility (>80%) to adenovirus. The expression of p21 protein corresponding to the
transfected vector was demonstrated by immunoblots (data not shown).

Infection of these cancer cell lines with 20MOI Ad-p21 resulted in growth arrest, which
became irreversible after four days. This permanent growth arrest was accompanied by the
presence of a senescence-specific marker, SA-pB-gal positivity, as well as morphological
changes such as a dramatic increase in cell size, and enlarged and prominent nuclei.

HCT116

Mock (40MOI) Ad-p21 (20MOI) Ad-p21 (40MOI)
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Fig. 1. Induction of senescence and apoptosis by p21 overexpression.

When LoVo and HCT116 cells were transfected with 20 MOI Ad-p21, cells were enlarged,
flattened and had increased SA-B-gal positivity. At 40 MOI (LoVo and HCT116), cells were
detached from the plate and floating. The small panel on the lower right for 40 MOI shows
positive cells with the TUNEL assay. Mock transfected cells showed no change in
morphology and were not positive for the TUNEL assays. The populations of apoptotic

cells in LoVo and HCT116 infected with 40 MOI Ad-p21 after infection of 48 hrs are shown
in right graph as indicated by the significant increased of sub G1 fraction. Data represent the
average of three independent experiments and standards deviations are indicated by error
bars. Bar=10pm
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The apoptosis of cancer cells following DNA damage is p53-dependent and yet p21-
independent (Waldman et al., 1996; Deng et al., 1995). However, due to differences in the
experimental conditions for investigation the effects, contradictory conclusions have been
drawn regarding the relationship between p21 and the induction of apoptosis (Tsao et al.,
1999; Kagawa et al., 1999). In order to investigate the basis for the striking differences in the
biologic responses to p21 expression, we measured the kinetics of p21 protein increase, as
well as its expression levels following Ad-p21 infection by increasing MOI of the viral
vector. Whereas 20 MOI Ad-p21 infection resulted in elongated, growth-arrested cells
showing the morphological features of senescence, cells infected with 40 MOI Ad-p21
became rounded, contracted, and lost their ability to adhere to the plate with Apo-taq
positive staining (Fig. 1). We used flow cytometry to measure the DNA contents of cancer
cell lines following treatment Ad-p2l. In LoVo and HCT116 cells, a hypoploid peak
corresponding to a subG1 population had increased following infection with Ad-p21 (40
MOI) (data not shown). These results are characteristic of apoptosis.

3. The fate of cancer cells as a result of ROS generated by overexpressed
p21 from adenoviral transfection

To investigate the roles of ROS in the senescent or apoptotic cell fates triggered by p21
expression in LoVo and HCT116 cells, we measured ROS levels with the fluorescent probe
APF (Setsukinai et al., 2003), a marker of changes in the general accumulation of cellular
oxidants. FACS analysis of APF-stained LoVo and HCT116 cells revealed a progressive
increase in ROS levels following 20 MOI Ad-p21 infection. After three days of infection,
when senescent morphological changes were first observed, the ROS levels in the cells were
increased more than 2-fold. We next examined whether ROS levels were involved in the
decision between senescence and apoptosis in LoVo and HTC116 cells. Both cells infected
with 40 MOI Ad-p21 exhibited much higher ROS levels (4-fold) than did the cells infected
with 20 MOI Ad-p21 (2-2.5 fold) (Fig. 2a).

We then established whether different cell fate outcomes were due to the levels of induced
ROS and p21 protein. We investigated whether the antioxidant N-acetyl-L-cysteine (NAC),
could protect cells from senescent phenotypes induced by 20 MOI Ad-p21 infection or the
apoptotic phenotype by 40 MOI Ad-p21 infection. Both LoVo and HCT116 cells that
harbored the wild type p53 gene were infected with 20MOI Ad-p21 were cultured in the
presence of 10mM NAC for three days. Ad-p21 markedly induced SA-B-gal positive cells in
the absence of NAC, and cultivation in the presence of NAC significantly suppressed the
appearance of SA-[3-gal-positive cells (Fig. 2b). Similarly, cultivation of LoVo and HCT116
cells in the presence of NAC for 3 days markedly inhibited apoptosis in response to 40 MOI
Ad-p21 infection (Fig. 2c), thus suggesting that the induction of both senescence and
apoptosis by p21 occurs via the generation of ROS.

4. Endogenous p21 protein up-regulation by sodium butyrate (NaB) induces
cell death in a colon cancer cell line, HCT116

Next, we investigated whether up-regulation of endogenous p21 protein has an
effect similar to that of Ad-p21 infection. We have previously demonstrated that NaB induced
p21 expression, resulting in growth arrest and cell death in gynecologic cancer cells. ®)
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Fig. 2. ROS levels in cancer cell lines in response to p21 expression levels.

(a) ROS levels were evaluated by FACS analysis after staining LoVo and HCT116 cells with
the fluorescent probe APF. Relative ratio of the geometric mean that is the average of the
logarithm of the linear value for events expressed as the anti log in Ad-p21 (20 MOI or 40
MOI) infected cells as compared to the control (20MOI). Generated ROS levels were
significantly higher in the cancer cells infected with 20 MOI Ad-p21 than those in control
infected cells. *P < 0.05 In LoVo and HCT116 cells, generated ROS levels were significantly
higher in the cancer cells infected with 40 MOI Ad-p21 than those in 20 MOI. **P < 0.05
Apoptosis was induced in the former and senescence in the latter.

(b) Senescence induced by p21-overexpression was inhibited by NAC (ROS scavenger).
LoVo and HCT116 cells were cultured in 10 mM NAC and were infected with 20 MOI Ad-
p21. The ratio of SA-B-gal positive cells after 74 hrs of the infection was significantly
decreased in the presence of NAC. Results represent mean values of three experiments, and
error bar shows the standard deviation.

(c) Induction of apoptosis with 40 MOI Ad-p21 was also inhibited by the addition of NAC in
LoVo and HCT116 cells, as indicated by the significant decrease of sub G1 fraction. Results
represent mean values of three experiments, and error bars shows the standard deviation.
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To evaluate the induction of senescence in HCT116 cells, we analyzed the cell cycle
alteration and SA-f gal staining in response to NaB. We measured the DNA contents of
cancer cell lines treated with varying concentrations of NaB by flow cytometry. In HCT116,
treatment with 0.5 to 1.0 mM NaB resulted in a decrease in the fraction of S phase
(21%—>4%) and G1 phase cells (57%—>22%). Most cells accumulated in G2/M, suggesting
arrest at the G2/M checkpoint. A hypoploid peak corresponding to the subG1 population
was evident by flow cytometry following treatment with greater than 2.0mM NaB (Fig. 3a).
This population corresponded to cells undergoing apoptotic cell death.

A. HCT116

control NaB 1.0mM NaB 5.0mM

G1phase 57.7% G1phase 21.6% G1 phase 9.4%
S phase 21.2% S phase 4.0% S phase 0.4%
G2/M phase 15.6% G2/M phase 62.3% G2/M phase 8.8%
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Fig. 3. (a) Effect of NaB on cell cycle analysis and the induction of cell death. DNA contents
of HeLa and HCT116 cells with or without NaB for 24 hrs were analyzed by flow cytometry.
NaB treatment reduced the percentage of cells in S phase and triggered the accumulation of
cells in G2/M phase in HCT116 treated with of 1.0 mM NaB.

(b) Treatment with 1.0 mM NaB induced morphological change in HCT116 cells that
included enlargement and flattening as well as an increase in the number of SA-3-gal
positive cells (arrows). Bar=10pm
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Incubation of HCT116 cells with 1.0 mM NaB for five days resulted in morphologic changes.
These changes included an enlarged, flattened shape, increased cytoplasmic to nuclear ratio
and decreased cell density accompanied by SA-p-gal staining (Fig. 3b).

5. Increased ROS levels in NaB-induced senescence and apoptosis of cancer
cells

To investigate the contribution of ROS to senescence or apoptosis of HCT116 cells triggered
by the treatment with different concentrations of NaB, we measured ROS levels as described
above. FACS analysis of APF-stained cancer cell lines revealed a progressive increase in
ROS levels following NaB treatment. The levels of ROS were increased following treatment
both with 1 mM of NaB (2-3 fold) that induced senescence in HCT116 cells and with 5 mM
of NaB (5-fold) that induced apoptosis compared with no treatment in HCT116 cells (Fig.
4a). The ROS level in apoptotic cells induced by NaB was markedly higher than that in
senescent cells.

To further establish whether different cell fate outcomes were due to the induced ROS level,
we investigated the effect of the antioxidant N-acetyl-L-cysteine (NAC) on the senescent
phenotype. HCT116 cells were treated with 0.5 mM NaB in the presence or absence of 5SmM
NAC for 5 days. The increase of cell numbers in the G2/M fraction following treatment with
0.5 mM NaB was abrogated by co-treatment with 5mM NAC (Fig. 4b). As shown in Fig. 4c,
culture in the presence of NAC significantly suppressed the number of SA-f-gal-positive
HCT116 cells (23%—10%). This was accompanied by a decrease in ROS level, which
suggested that the induction of senescence by NaB occurred via the generation of ROS. The
treatment with NAC, however, could not prevent the apoptotic induction by higher
concentrations of NaB in and HCT116 cells (data not shown), though the reason remained
unknown.

6. DNA damage response (DDR) signals mediate NaB-induced cancer cell
death

To clarify the association of NaB-induced cancer cell death with the DNA damage
response, we next assayed for DDR signals including ATM and its downstream signals.
One of the first processes initiated by DSB (double strand break) is massive
phosphorylation of the tail of the histone variant H2AX (Redon et al., 2002). Foci of
phosphorylated H2AX (YH2AX) are rapidly formed at the DSB sites and are thought to be
essential for further recruitment of damage response proteins. yH2AX is dependent on the
ATM protein and other members of the ATM family. ®1) To examine the effect of NaB on
DDR signals-related proteins, we analyzed the changes of DSB-related proteins expression
levels in response to NaB by immunoblotting. Incubation with 1-5 mM NaB for 48 hrs
resulted in the accumulation of YH2AX and ATM in HCT116 cells. The downstream
proteins such as p53, phosphorylated p38 MAPK, and p21 were up-regulated by 1-5mM
NaB after 48 hrs of incubation (Fig. 5a). In HCT116 cells, the levels of the DSB marker
YH2AX were enhanced about 20 times when apoptosis was induced by incubating with
2 mM NaB and about 3.6 times when senescence was induced by 0.5 to 1.0 mM NaB for
24 hrs compared with the control (Fig. 5b).
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Fig. 4. Enhancement of ROS levels in cancer cell lines in response to NaB.

(@) ROS levels were evaluated by FACS analysis after staining HCT116 cells with the
fluorescent probe APF. The ROS levels in apoptotic cells treated with 1.0 mM NaB are
significantly higher than those in senescent cells induced by 5.0 mM NaB (P<0.05).
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Data represent the average of three independent experiments and standards deviations are
indicated by error bars.

(b) Treatment of NAC reduced the proportion of cells accumulating in G2/M phase and the
ratio of senescent cells following NaB treatment. HCT116 cells were cultured with 0.5 mM
NaB in the presence or absence of 0.5 mM NAC for 24 hrs.

(c) ROS level (left graph) and the ratio of senescent cells (right graph) after 96 hrs of
treatment significantly decreased in the presence of NAC (P<0.05) compared to when NAC
was absent. Results represent the mean values of three experiments, and error bars shows
the standard deviation.
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Fig. 5. NaB induced the expression of proteins associated with DSB.

(a) Western blot of ATM, phosphorylated H2AX (YH2AX), p53, phosphorylated p38 MAPK,
p21 and MAPK after treatment with NaB treatment for 48hrs.

(b) The level of yH2AX protein in cells treated with 2.0 mM NaB for 24 hrs, was higher than
that in cells treated with 1.0 mM NaB, a level which induced senescence. Levels of yH2AX
associated with the type determination of cell death.

7. Conclusion

In this study, we obtained the following evidence. Exogenous and endogenous p21 up-
regulation (Ad-p21 infection and NaB treatment) are able to induce senescence or apoptosis
in cancer cell lines. The magnitude of ROS induced by p21 was critical for the p21-mediated
cell fate decision. These findings help account for the differences in the p21-mediated cell
fate decisions observed in various studies.
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