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Abstract

The caspase-3 has been shown to be involved in mediating apoptosis

induced by different stimuli. However, it is still unclear whether p53 is
required for the ionizing radiation (IR)-induced caspase-3 activation. In
the present study, we examined IR-induced apoptosis in three closely

related human lymphoblast cell lines that differ in p53 status. Irradiation
of TK6 cells (wild-type/>53) with 4 Gy y-rays resulted in rapid apoptosis,

whereas the apoptotic response was delayed and reduced in WTK1 cells
(mutant pS3) and the TK6 derivative line expressing HPV16 E6 (abrogat
ed p53). The differential apoptotic responses in these cell lines correlated
with caspase-3 activation. IR induced an early as well as a late phase of
caspase-3 activation in TK6 but only a delayed onset Â¡nWTK1 and
TK6-E6-5E cells. The early phase of caspase-3 activation coincided with

an elevation of p53 and bax protein levels. Pretreatment of all three cell
lines with a caspases inhibitor z-VAD-FMK inhibited apoptosis. These
results suggest that IR-induced apoptosis is mediated by a mechanism
involving the caspase-3 cascade, which is shared by both p53-dependent
and -independent pathways. The activation of caspase-3 by IR may thus

engage at least two separate mechanisms, one through the regulation of
the bcl-2 family members by p53, whereas the other yet-to-be-identified

one involves neither p53 nor box.

Introduction

Apoptosis is a programmed cellular suicidal process existing in many
types of cells. Unlike necrosis, apoptosis is characterized by its distin
guishing features such as chromatin condensation, DNA fragmentation
into nucleosomal units, membrane blebbing, and cell shrinkage (1).
Various endogenous and exogenous events, among them IR,3 can trigger

cells to undergo apoptosis. Recent evidence indicates that caspases (for
cysteine aspartic acid-specific proteases: Ref. 2) play an important role in
mediating apoptosis (3). Some caspases, such as caspase-8 or -10, act as
"initiators" of apoptosis, whereas others act as "executioners" (4). One of
these "executioner caspases" is the caspase-3/CPP32/YAMA/apopain

(hereafter refer to as caspase-3: Ref. 5). Caspase-3 is constantly expressed

in an inactive precursor form that can be activated through proteolysis in
the apoptotic process. Active caspase-3 will cleave its cellular substrates
including poly(ADP-ribose) or PARP, MDM2, fodrin, and lamin. Cleav

age of these factors may contribute to the apoptotic changes in cells (6).
Furthermore, it was shown recently that active caspase-3 releases a
caspase-activated DNase from its inhibitory complex, which enables
caspase-activated DNase to relocalize from cytoplasm into nuclei and

cleave genomic DNA (7). Many different apoptotic stimuli, especially
those causing DNA damage, appear to induce apoptosis by activating
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caspase-3. Indeed, a recent study by Datta et ai (8) demonstrated that
IR-induced apoptosis is mediated by caspase-3.

The p53 tumor suppressor plays an important role in the cellular
response to IR. Irradiation of cells with wt p53 gene elevates the level
of cellular p53 protein mainly through a posttranslational mechanism.
The p53 protein regulates the expression of a variety of downstream
"effector" genes, among them are members of the bcl-2 family of

which some (such as bcl-2 and bcl-X) inhibit apoptosis, whereas
others (such as box and had) promote it (9). Although IR-induced
apoptosis depends on p53 in many types of cells, p53-independent

apoptosis has also been described in other types of cells treated with
IR (10). It is not known whether IR-induced p53-dependent and
-independent apoptosis are both mediated and/or regulated by the
caspase-3 pathway.

To address this question and further define the role of p53 in
IR-induced apoptosis, we examined apoptosis pathways in three
closely related human lymphoblast cell lines (TK6, WTK1, and TK6-
E6-5E), all derived from the same donor, which differ in p53 status.

TK6 cells have a wt p53, whereas WTK1 cells carry a T to C
transition in exon 7 of the p53 gene, resulting in a change of Met to
He at codon 237 (11, 12). The TK6-E6-5E line is a TK6 derivative

expressing HPV16 E6 protein, which abrogates p53 function (13) .

Materials and Methods

Cell Culture and Induction of Apoptosis. The TK6 and WTK1 human
lymphoblast cell lines and their HPV16 E6-transduced derivative TK6-E6-5E

have been described in detail previously (13). Cells were routinely maintained
in suspension culture in RPMI 1640 containing 10% heat-inactivated horse
serum at 37Â°Cin 5% CO2/95% air and 100% humidity. The cell density in the
culture was maintained at O.I to 1 x IO6 cells/ml by subculture at regular

intervals. To induce apoptosis. cells in exponential growth were irradiated at
room temperature with a single dose of 4 Gy y-rays from a "'Co irradiator at

a dose rate of ~7.5 Gy/min. For the inhibitor study. x.-VAD-FMK (Bachern.

Terranee. CA) was added to the cell cultures at a concentrations of 1(K)or 2(K)
fjLMl h before irradiation and remained in culture until cell collection.

Measurement of Apoptosis. Apoptosis was measured by examination of
the "DNA ladder" for DNA fragmentation and flow cytometry profiles for

sub-G, cell populations. Detection of DNA laddering was carried out by use of
the ApoAlert LM-PCR ladder kit from Clontech according to the manufactur
er's instructions. For flow cytometric analysis of DNA content, ~1 X IO6 cells

were collected, washed, and resuspended in 200 /xl of PBS. Then 800 ju.1of
70% ethanol were added to the cell suspension, and the mixture was incubated
overnight at 4Â°Cto fix the cells. Fixed cells were pelleted, resuspended in 30%

ethanol, and incubated for 2 min on ice. followed by a short centrifugation. The
cell pellet was resuspended in PBS containing 0.05% BSA and incubated on
ice for 2 min. Cells were then pelleted and stained in the dark for at least l h
with 50 fig/ml of propidium iodide in 0.5 ml PBS containing 40 fig/ml RNase
A. Stained cells were analyzed by fluorescence activated flow cytometry.

Caspase-3/CPP32 Activity. The caspase-3/CPP32 activity was measured

by using the ApoAlert CPP32 Fluorescent Assay kit (Clontech) according to
the manufacturer's instructions.

Western Blot Analysis. Protein samples were extracted as described previ
ously (13). Briefly, cells were washed with cold PBS and lysed on ice for 20 min
in a lysis solution consisting of 50 mM Tris-HCl at pH 8.0. 150 mM NaCI. 0.02%

4277

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/19/4277/2467808/cr0580194277.pdf by guest on 19 M

ay 2023



IR-INDUCED CASPASE-3 ACTIVATION AND APOPTÃœSIS

sodium a/ide, \% NP40, KX)jug/ml phenylmethylsulfonyl fluoride, and 1
apri)tinin. After centrifugation. supernatant containing protein was collected. Pro
tein concentration was quantified by use of a Bio-Rad Protein Assay kit. Equal

amounts of protein were loaded into each lane of a 10 or 159r polyacrylamide gel.
electrophoresed, and blotted onto a polyvinylidene difluoride membrane. Mem
branes were probed with the following antibodies: p53 monoclonal (Oncogene:
I:KXX) dilution): CPP32/caspase-3 polyclonal (PharMingen; 1:4000 dilution):
PARP polyclonal (Santa Cru/ Biotechnology: 1:200 dilution): a-tubulin poly
clonal (Sigma Chemical Co.: 1:5000 dilution); and bax and bcl-2 polyclonal

(Upstate Biotechnology: 1:100 dilution). The signals were detected by a enhanced

chemoluminesent (ECL) system.

Results

IR Induces Differential Apoptotic Responses in Human Lym-
phoblast Cell Lines. To examine the IR-induced apoptotic response,
the cells were irradiated with 4 Gy y-rays and then collected at

diffÃ©renttime points for analyses of the apoptotic response by: (a) a

flow cytometric method, in which cells were fixed and stained with
propidium iodide and those containing a sub-G, DNA content were

defined as apoptotic (Fig. 1/4): and (h) detection of DNA fragmenta
tion by agarose gel electrophoresis (Fig. IÃŸ).As shown in Fig. 1/4, the
background level of apoptosis in nonirradiated cells was similar for
TK6 (wt p53), WTK1 (mut p53), and TK6-E6-5E (abrogated p53)

cells. After irradiation, the TK6 cells underwent rapid apoptosis with
about 35% of the population becoming apoptotic by 48 h after
irradiation, whereas the WTK1 cells showed a delayed and reduced
apoptotic response with 2.5-3.0-fold fewer apoptotic cells at the 24-
and 48-h time points. Apoptosis in TK6-E6-5E cells also appeared to
be delayed, with levels at the 24- and 48-h intermediate between the

TK6 and WTKI cells. The apoptotic response of the vector control
lines TK6-E6-20C and WTK 1-E6-5A (13) were similar to that of their

parental TK6 and WTK1 cells, respectively (data not shown).
These results are consistent with those in Fig. IÃŸ,which shows the

y Ray (4Gy)-induced Apoptosis

Fig. 1. IR-induced apoptosis in human lympho-

blast cell lines. A. flow cytometric analysis quanti
fying apoptotic cells with sub-G, DNA content.
Bars, mean Â±1 SD. Inset, examples of flow cytom-

etry profiles at 48 h after irradiation. B. DNA frag
mentation detected by a Ligation-mediated PCR

method
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internucleosomal DNA degradation with a characteristic "DNA lad
der" observed in all three cell lines. As can be seen, the WTK1 cells

had less DNA fragmentation compared with the TK6 cells. There was
also a difference in the extent of DNA laddering between the TK6 and
the TK6-E6-5E cells.

Apoptotic Responses Correlate with Caspase-3 Activation. Be
cause caspase-3 has been implicated as playing a critical role in
mediating apoptosis, we asked whether the differential apoptotic
responses in these cell lines are related to its activation. The activation
of caspase-3 was first monitored by Western analyses of caspase-3
and one of its substrates. PARP (Fig. 14). As can been seen, caspase-3
was activated as early as 3 h after irradiation in the TK6 cells, as
indicated by the appearance of the Mr 12,000 fragment resulted from
the cleavage of the A/r 32,000 caspase-3 precursor, as well as the
appearance of the Mr 85,000 PARP cleavage product. Interestingly,
TK6 cells displayed an early phase (3-12 h after irradiation) as well
as a late phase (48 h) activation of the caspase-3. The activation of
caspase-3 was reduced and delayed in both the WTK1 and TK6-
E6-5E cells, as judged by the intensity of the cleaved M, 12,000
caspase-3 fragment.

To further quantify caspase-3 activation, we measured the
caspase-3 proteolytic activity in untreated control and irradiated
cells using a biochemical activity assay (Fig. 2B). The basal level
of caspase-3 was similar in all three cell lines. As shown in Fig. 2B,
caspase-3 activity increased after irradiation in each of the three
cell lines, although to a different degree. In TK6 cells, the enzy
matic activity increased more than 8-fold by 12 h, declined at 24 h,
and regained a high level at 48 h after irradiation. The activity in
the WTK1 cells, however, did not change significantly until 48 h
after irradiation, when a 7-fold increase occurred. The increase of
enzyme activity in TK6-E6-5E cells was intermediate between that

of TK6 and WTK1 cells. These results are very similar to those of
the Western analysis (Fig. 2A). Notably, the apoptotic responses in
these cell lines as shown in Fig. 1 correlate with caspase-3 acti
vation (Fig. 2), particularly at the 24- and 48-h poslirradiation time

intervals.
Caspase Inhibitor z-VAD-FMK Diminishes IR-induced Apop

tosis. To confirmtherole of caspase-3 activationin radiation-induced
apoptosis. we pretreated the cells with Z-Val-Ala-DL-Asp-fluorometh-
ylketone (z-VAD-FMK) for 1 h before irradiation. Z-VAD-FMK is a
cell-permeable inhibitor of caspase-3 and other caspases (14). As can
be seen in Fig. 3, pretreatment with z-VAD-FMK reduced radiation-

induced apoptosis in all three cell lines.
IR Up-Regulates box in a p53-dependent Manner. Several

members of the hcl-2 family, such as bax, bcl-2, and bel-xl, are
known to be involved in the regulation of caspase activation and
apoptosis. They are also so-called "downstream effectors" of the

p53 gene, because their expressions are regulated by p53 protein
(9). The differential apoptotic responses induced by IR in these cell
lines suggest that p53 is involved in but not required for caspase-3
activation and apoptosis. To explore the role of bcl-2 family
proteins in IR-induced apoptosis in these cell lines, we examined
these proteins by Western blot analysis (Fig. 4). As expected, the
p53 level increased after IR only in wt p53 TK6 cells. The high
basal level of p53 protein in WTK-1 cells with no evidence of
induction after IR reflects the mutation, whereas in TK6-E6-5E
cells, the p53 protein level is very low because of the HPV
Eo-enhanced degradation mediated by the ubiquitin pathway. No
change in the bcl-2 protein level was apparent after IR in any of
these cell lines (Fig. 4). However, IR up-regulated the bax level in
a p53-dependent manner.

TK6 WTK1 TK6-E6-5E

4Gy

Caspase-3

PARP

361 2448 0 361 2448 2448

..JHK ^â€¢â€¢MBHIBBIBÂ«â€¢â€¢ff*^ <*Â»*Â»

**

32KD

12KD

116KD

85KD

B

Fig. 2. Activation of caspase-3 by IR. A, Western analysis of cleavage of caspase-3 and PARP, a substrate of caspase-3. The Mr 12.000 band is the cleavage product of caspase-3.
and the Mr 85,000 band is the cleavage product of PARP. B, relative caspase-3 activity as measured by a fluorescence assay. Results are means of two separate experiments.
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TK6 WTK1 TK6-E6-5E

z-VAD-FMK

4Gy

Fig. 3. z-VAD-FMK, a caspase inhibitor, diminishes apoplosis. Cells were pretreated
with z-VAD-FMK ( + , lOO /IM: + +, 200 /IM) for I h before irradiation with 4 Gy. DNA

samples were collected 48 h alter irradiation for DNA fragmentation analysis.

Discussion

After exposure to IR, many types of mammalian cells undergo
upoptusis. The apoptotic response occurs both in cells with wlp53 and
in cells with mutant or null p53. indicating the existence of both
p53-dependent and -independent mechanisms of apoptosis (10). Al
though the molecular mechanisms and signal pathways for IR-induced

apoptosis are still largely unknown, recent evidence indicated that
IR-induced apoptosis involves activation of caspase-3 in a human

tumor cell line (8). The present study was carried out in three human
lymphoblast cell lines differing in p53 status to examine the role of
p53 in the activation of caspases and apoptosis induced by IR. Our
results suggest that the apoptotic response to IR in these cell lines is
mediated by the activation of caspase-3. which is regulated by but not

dependent on functional p53.
Although it seems apparent that normal p53 expression is not an

absolute requirement for programmed cell death, the differential apop
totic responses of these three cell lines to IR likely reflect their p53 status
because these cell lines were derived from the same donor source and
thus closely related (II, 13). This is consistent with numerous other
studies that have shown that p53-independent apoptosis generally occurs
at later times than the p53-dependent apoptosis (15), and this may in part

be due to the direct involvement of p53 as a transcription factor as well
as a "damage sensor" in the regulation of cell proliferation and death. The

difference in the apoptotic responses between WTK1 and TK6-E6-5E

may reflect the different effects of p53 mutation versus loss of p53
function. Although it is still unclear whether certain p53 mutations have
so-called "gain of function" effects in apoptosis, such a mechanism is not
impossible because "gain of function" of p53 mutations were reported in

the mitosis checkpoint (16) as well as in activation of human topoisomer-
ase-I (17).

Despite the differing kinetics of IR-induced p53-dependent and -inde
pendent apoptosis, both pathways appear to converge at a "switch" point

and use a common mechanism for the ultimate apoptotic event. This
point may well be the activation of caspase-3 and the accompanying
cascade. Indeed, previous studies had shown that both p53-dependent and
-independent apoptosis induced by IR and other DNA-damaging agents
may be blocked by hcl-2 ( 18), indicating a common apoptosis mecha
nism regulated by hcl-2. Recent studies demonstrated that members of the
bd-2 family may play a central role in caspase-3 activation by regulating
the release of cytochrome c from mitochondria into cytosol. Once cyto-
solic, cytochrome c and dATP will trigger caspase-3 activation (19). The
present study offers further support for the involvement of caspase-3 as a
common pathway in IR-induced apoptosis by showing that, regardless of
p53 status in these human lymphoblast cells: (Â«)the activity of caspase-3
correlates quantitatively and temporally with apoptosis in IR-treated cells;

and (b) preincubation with a caspase inhibitor protected all three cell lines
from IR-induced apoptosis.

Our results also show that although p53 is not required for the activa
tion of caspase-3 in IR-induced apoptosis, it is apparently involved in the
process by up-regulating pro-apoptotic box expression. Because box is a
downstream effector of the p53, it is not unexpected that box is up-

regulated by IR only in the TK6 cells, correlating with the accumulation
of the wt p53 but not in the WTK1 and TK6-E6-5E cells. Although bd-2

is also a downstream effector of p53 and has been observed to be
down-regulated by p53, especially the high levels of exogenous p53
expressed from vectors, no significant change of the bcl-2 protein level

was detected in the TK6 cells after IR (Fig. 4). This may be due to the
relatively high basal level of bcl-2 protein in all of these cells and/or the

insufficient elevation of the physiological level of endogenous p53 in
duced by IR. Because proapoptotic box and unti-apoptotic bcl-2 form a

heterodimer in regulating the release of cytochrome c (20), an increase in
the level of bax after IR in the TK6 cells may favor the activation of the
caspase-3 in these cells. Indeed, the activation of caspase-3 in the TK6

cells occurred as early as 3 h after irradiation and coincided with the
increase of p53 and bax protein levels. In contrast, the activation of
caspase-3 in the WTK1 and TK6-E6-5E cells was much delayed to 48 h

after irradiation, indicating that the onset of the process was delayed in the
absence of functional p53. Interestingly, the late phase caspase-3 activa

tion in the TK.6 cells also occurred at this time. We speculate that the
early activation may be p53 dependent, whereas the later one may be p53
independent.

In summary, our study indicates that IR-induced apoptosis is me
diated by a mechanism involving the caspase-3 cascade, which is
shared by both the p53-dependent and -independent pathways. How
ever, the activation of caspase-3 by IR may engage at least two
separate mechanisms, one through the regulation of the bcl-2 family
members by p53. whereas the yet-to-be-identified other one appar
ently involves neither p53 nor bcl-2 members.

Fig. 4. Western analysis of p53. bax. and bcl-2

protein levels 0 to 48 h after irradiation with 4 Gy.

TK6 WTK1 TK6-E6-5E

Bcl-2
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