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Introduction

Depending on the severity of the DNA insult, DNA damage 
signaling pathways are activated to induce either cell cycle 
arrest to repair DNA damage, or apoptosis to eliminate dam-
aged cells that have suffered a lethal dose of DNA injury.1-3 
Survival of cells bearing DNA damage may lead to accumula-
tion of genetic mutations and cancer. Thus, apoptotic response 
is critically important when the cellular DNA repair machinery 
is overwhelmed.

The tumor suppressor p53 plays a central role in deciding cell 
fate after DNA damage.4,5 In the absence of cellular stress, p53 
is targeted by numerous ubiquitin E3 ligases and maintained 
at very low levels by the ubiquitin-proteasome pathway.6 Upon 
DNA damage, activated ATM/ATR kinases initiate a chain of 
signaling events that lead to p53 posttranslational modifications 
and stabilization. Phosphorylation and other forms of posttrans-
lational modifications block p53 interaction with ubiquitin E3 
ligases, thereby increasing p53 steady-state levels and its activ-
ity.7,8 Activated p53, as the decision maker in response to DNA 
damage, is primarily a sequence-specific transcription factor that 
upregulates PUMA, NOXA, etc. to promote apoptosis. Under 
certain circumstances, p53 can upregulate p21/WAF1, 14-3-3 
and other genes to promote cell cycle arrest.5,9

The 26S proteasome, a multicatalytic enzyme complex, is the 
main intracellular proteolytic system involved in the degradation 
of ubiquitinated proteins.10 Here, we report the surprising obser-
vation that inhibition of proteasome by MG132 blocked apoptosis 
induced by a high dose of UV irradiation. Blockage of apoptosis 
by MG132 correlated with p53 stabilization and upregulation 
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p21/WAF1, a p53 transcriptional target. Additionally, in the 
absence of MG132, robust apoptosis induced by a high dose of 
UV irradiation correlated with rapid p53 degradation.

Results

MG13x2 treatment blocked apoptosis induced by a high dose 
of UV irradiation. When HeLa cells were treated with a high 
dose of UV-C irradiation, i.e., 100 J/m2, most cells under-
went apoptosis within 6 h, as demonstrated by a TUNEL assay 
(Fig. 1A). Surprisingly, when HeLa cells were treated with the 
proteasome inhibitor MG132 for 1 h before UV irradiation of 
the same dose, apoptosis induced by UV was nearly completely 
blocked (Fig. 1A). Although MG132 has been shown to induce 
apoptosis in various tumor cells itself,11-13 MG132 treatment alone 
did not induce apoptosis in HeLa cells under our experimental 
conditions (Fig. 1A, no UV part). These data suggest that pro-
teasome activity is required for apoptosis induced by a high dose 
of UV irradiation.

Inhibition of PARP cleavage by MG132 treatment. 
Caspase-3 is a critical executioner of apoptosis. It is responsible 
for the proteolytic cleavage of the nuclear enzyme poly (ADP-
ribose) polymerase (PARP) and PARP cleavage is an important 
indicator of caspase-3 activation.14 UV irradiation led to accumu-
lation of cleaved PARP, which indicated caspase-3 activation, in 
agreement with apoptosis induction by UV irradiation (Fig. 2). 
Consistent with the TUNEL assay shown above, there was mini-
mal PARP cleavage in MG132 pre-treated HeLa cells after the 
same high-dose UV irradiation (Fig. 2), suggesting that apopto-
sis was prevented by the MG132 treatment.
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UV  damage. Concurrently, inhibition of the proteasome by 
MG132 led to p53 stabilization and increased steady-state protein 
levels (Fig. 4). As expected, the p53 transcriptional target p21/
WAF1 was also upregulated when p53 was stabilized by MG132 
treatment (Fig. 4). Since upregulation of p21/WAF1 and stabiliza-
tion of p53 by MG132 treatment clearly correlated with the strong 
blockage of apoptosis (Fig. 4), it is likely that stabilization of p53 
and p21/WAF1 may play a role in MG132 inhibition of high-dose 
UV-induced apoptosis. We note that, in addition to p53 stabiliza-
tion, inhibition of the proteasome by MG132 presumably stabi-
lizes numerous proteins in cells. Thus, an unidentified factor(s) 
other than p53 and p21/WAF1 may be involved in MG132 inhi-
bition of apoptosis induced by high-dose UV irradiation.

Discussion

Apoptosis is a fundamental mechanism to eliminate cells that 
have suffered a lethal dose of DNA damage. Our findings show 
that inhibition of the proteasome by MG132 completely blocks 
apoptosis induced by a high dose of UV irradiation (100 J/m2). 
These data suggest that proteasome-mediated degradation of a 
protein(s) is required to initiate apoptotic response after severe 
UV damage. To our knowledge, degradation of at least two 
proteins has been suggested to play pivotal roles in the apop-
totic response. Elimination of Mcl-1 was demonstrated to be 
required for the initiation of apoptosis.16 Additionally, a recent 
study showed that degradation of Tob is essential for trigger-
ing UV-induced apoptosis.17 While it is likely that additional 

Severe UV damage led to p53 degradation. Because p53 is 
known to decide cell death or cell cycle arrest after DNA dam-
age, we next examined p53 levels before and after UV irradiation. 
p53 is targeted by many ubiquitin E3 ligases and maintained at 
low levels by the ubiquitin-proteasome pathway.15 Indeed, in the 
absence of UV irradiation, p53 levels were kept very low in HeLa 
cells (Fig. 3). As expected, p53 was stabilized when HeLa cells were 
exposed to a low level of UV irradiation (10 J/m2). Furthermore, 
p53 steady-state levels were increased when the proteasomal activi-
ties were inhibited by MG132 (Fig. 3). Surprisingly, instead of p53 
stabilization, p53 was rapidly degraded where cells were exposed 
to 100 J/m2 UV irradiation (Fig. 4). MG132 treatment increased 
p53 steady-state levels and inhibited p53 degradation induced by a 
high dose of UV irradiation. Since p53 was found to be degraded 
after a high dose of UV irradiation, the same dose that induced 
robust apoptosis (Fig. 1), these data suggest that apoptosis induced 
by high doses of UV irradiation is p53-independent.

Correlation of apoptosis inhibition by MG132 with p53 
stabilization and p21 upregulation. As stated above, MG132 
treatment significantly blocked apoptosis induced by severe 

Figure 1. (A) TUNEL assay showing that MG132 inhibited a high dose of 
UV irradiation induced apoptosis. HeLa cells were treated with MG132 
(5 μM) or DMSO for 60 min before UV treatment. A UV-C crosslinker was 
used to expose cells at a dose of 100 J/m2. TUNEL assay was performed 
using the In Situ Cell Death Detection Kit (Roche).

Figure 2. Protein gel blot showing a high dose of UV irradiation 
induced PARP cleavage and its inhibition by MG132. HeLa cells were 
treated with MG132 (5 μM) or DMSO for 60 min before UV treatment. 
Cell lysates were collected for protein gel blot analysis using an anti-
body specific for the cleaved form of PARP as described in Materials and 
Methods.

Figure 3. Protein gel blot showing increased p53 levels after MG132 
treatment and p53 stabilization after a low-dose of UV irradiation. HeLa 
cells were treated with MG132 (5 μM) or DMSO for 60 min before UV 
treatment. Cell lysates were collected for protein gel blot analysis as 
described in Materials and Methods.

Figure 4. MG132 treatment inhibited p53 degradation and led to p21 
upregulation. HeLa cells were treated with MG132 (5 μM) or DMSO for 
60 min before UV treatment. Cell lysates were collected for protein gel 
blot analysis as described in Materials and Methods.
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with 10% FBS, 100 units/ml penicillin and 100 μg/ml strepto-
mycin (Invitrogen). The following reagents were used: MG132 
(Sigma, C2211), anti-p53 antibody (Upstate, 05-224), anti-
PARP antibody (Abcam, ab2317), anti-p21 antibody (Cell 
Signaling, DCS60), DAPI or 4',6-diamidino-2-phenylindole 
(Sigma, D9654).

Apoptosis assay. This has been described previously in refer-
ence 26. Briefly, cells were grown on glass coverslips, UV irradi-
ated and incubated for various repair periods. Cells were fixed 
with 4% paraformaldehyde in phosphate-buffered saline, per-
meabilized and DNA strand breaks were labeled with fluorescein 
using the In Situ Cell Death Detection Kit (Roche) according to 
the manufacturer’s instructions.

MG132 treatment, UV irradiation and protein gel blot. HeLa 
cells were grown to about 60% confluence in DMEM at 37°C in 
the presence of 5% CO

2
. MG132 dissolved in DMSO was added 

(5 μM final concentration). For mock treatment, DMSO alone 
was added. Cells were incubated for 1 h before UV irradiation. 
For UV treatment, medium in the Petri dishes was removed, 
and cells were exposed to 10 or 100 J/m2 UV (254 nm) using 
a UV crosslinker (UVP, model CL-1000). Medium containing 
MG132 or DMSO alone was added back to the respective Petri 
dishes, and cells were transferred back to the incubator for the 
time course experiment. We used a trypan blue exclusion assay, 
as described in reference 27, to first estimate cell survival before 
using a TUNEL assay to analyze apoptosis. For protein gel blot, 
2x SDS-sample buffer was added directed to the Petri dishes to 
break cells. Cell lysates were boiled for 10 min for SDS-PAGE 
analysis.
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unidentified anti-apoptotic proteins need 
to be eliminated to allow cell death, it 
seems certain that the proteasome plays 
an essential role in the initiation of apop-
tosis, presumably by regulating the levels 
of proteins bearing anti-/or pro-apoptotic 
activities.

Since p53 stabilization and upregula-
tion of p21/WAF1 after MG132 treatment 
clearly correlates with MG132 inhibition 
of UV-induced apoptosis (Fig. 4), it is 
likely that stabilization of p53 and p21/
WAF1 may play a role in the observed inhi-
bition of apoptosis. It is generally believed 
that p53 is stabilized after DNA damage 
by posttranslational modifications, which 
will block p53 binding to ubiquitin E3 
ligases (Fig. 5A). Stabilized p53 will then 
decide cell fate by regulating gene expres-
sion (Fig. 5A). Thus, it is surprising that 
p53 is degraded rapidly after a high dose of 
UV irradiation, while p53, as expected, is 
stabilized after a lower dose of UV irradia-
tion. What might cause p53 degradation 
after severe UV damage? We speculate that strong UV irradia-
tion may block p53 posttranslational modifications by inactivat-
ing its modifying enzymes. Alternatively, strong UV irradiation 
may promote interactions of ubiquitin E3 ligases with even post-
translationally modified p53 to stimulate its degradation. It is 
also likely that strong UV irradiation may trigger p53 degrada-
tion via a proteasome-independent mechanism, since we observed 
p53 degradation after UV irradiation even in cells treated with 
MG132 (Fig. 4). Rapid degradation of p53 by the proteasome 
will prevent p53-directed cell cycle arrest. It is also likely that 
degradation of an anti-apoptotic factor X (such as Mcl-1 or Tob) 
by the proteasome is involved. This will ensure swift activation of 
apoptosis in a p53-independent manner after severe UV damage 
(Fig. 5B). This is in contrast to p53-dependent decision making 
events after “manageable” levels of DNA damage (Fig. 5A).

Our observation may have important implications in cancer 
therapy, since therapeutic strategies often target DNA to induce 
apoptosis and reactivation of p53 in tumors is thought to enhance 
radio- and chemosensitivity.18,19 Therefore, it will be of interest 
to investigate the roles of the 26S proteasome and p53 in apop-
tosis induced by high doses of ionizing radiation. In this regard, 
proteasome inhibitors have been shown to be effective in can-
cer treatment,13,20-22 largely because proteasome inhibitors often 
induce apoptosis in tumor cells.23-25 If the proteasome is required 
for apoptosis induced by strong ionizing radiation, a combination 
of proteasome inhibitors with ionizing radiation may not be an 
effective strategy to treat cancer patients.

Materials and Methods

Cell lines, culture and reagents. HeLa cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented 

Figure 5. (A) The central role of p53 in DNA damage signaling. DNA damage signal transduction 
leads to p53 phosphorylation and disruption of the p53-ubiquitin E3 ligase interaction. Activated 
p53 acts as a transcription factor to promote cell cycle arrest or apoptosis by regulating gene ex-
pression. (B) A model depicting MG132 inhibition of p53-independent apoptosis after severe DNA 
damage. Rapid degradation of p53 (or an anti-apoptotic factor X) by the proteasome will ensure 
swift activation of apoptosis in a p53-independent manner after severe UV damage. Apoptosis 
will be inhibited by factor X/or p53 when proteasomal removal of these factors is blocked by 
MG132.
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