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SUMMARY

Apoptosis in the immature thymus can be induced by both
p53-dependent and -independent pathways, the former being
activated by exposure to DNA-damaging agents and the latter
being induced by glucocorticoids [Nature (Lond.) 362:847-849;
Nature (Lond.) 362:849-852 (1993)]. We report that the DNA-
damaging agents etoposide and y-radiation induced similar
levels of apoptosis in both proliferatively enriched and quies-
cent immature rat thymocytes, as assessed by flow cytometry
and the formation of both kilobase-pair and 180-bp integer
fragments of DNA. However, a marked stabilization of p53
occurred exclusively in the proliferatively enriched population,
which was also enriched for immature CD4~CD8~ and mature
CD4+CD8~/CD4-CD8* cells. In contrast, DNA damage-in-

duced apoptosis in quiescent mature peripheral T cells was
associated with an accumulation of p53. Our studies suggest
that stabilization of p53 in thymocytes in response to DNA
damage may be developmentally regulated. in immature thy-
mocytes obtained from p53-null mice, DNA-damaging agents
induced apoptosis at significantly lower levels and at later times
than that seen in cells from p53 wild-type animals. These data
support the hypothesis that DNA-damaging agents induce ap-
optosis primarily via a p53-dependent pathway in immature
thymocytes as previously reported. We report here that DNA
damage can also induce apoptosis by a p53-independent path-
way in a particular subpopulation of immature thymocytes.

Apoptosis is a specific mode of cell death that is character-
ized by a well-defined pattern of morphological, biochemical,
and molecular changes (1-3). Apoptosis can be triggered by
diverse factors in the cell environment, and it plays a key role
in normal cell turnover, tissue and organ development during
embryogenesis, and immune and toxic cell killing (4-6).

Death of immature thymocytes triggered by corticosteroid
hormones or other agents is generally considered to be a
classic model of apoptosis. In this system, apoptosis is best
characterized morphologically by chromatin condensation
and cell shrinkage (4, 7). It has also been characterized
biochemically by the cleavage of DNA into nucleosomal size
fragments of 180-200 bp or multiples thereof, which are
detected by gel electrophoresis as a DNA ladder (3, 6, 8).
More recently, we and others have shown that DNA is ini-
tially cleaved to 200-300- and 30-50-kbp fragments (9-12),
which are then further degraded to produce oligonucleosomes
and the typical DNA ladder pattern. In thymocytes, apopto-
sis is dependent on de novo RNA and protein synthesis (2,
13). However, due to their propensity for rapid apoptosis

This work was supported in part by the Cancer Research Campaign, UK
(CRC Project Grant SP2152/0201) (N.A.J. and C.D.) and the Medical Research
Council, UK.

after a plethora of stimuli, including corticosteroids (14),
y-radiation (15), anti-CD3 antibodies (16), and DNA topo-
isomerase II inhibitors such as etoposide (VP-16) (9), imma-
ture thymocytes have been described as “primed” for apopto-
tic cell death (4).

The finding that in addition to its physiological role apo-
ptosis can be induced by a diverse array of pathogenic stimuli
has led to increased efforts to identify the genes responsible
for initiating apoptosis. A number of genes that influence
cellular susceptibility to enter apoptosis have been identified,
including c-myc (17), v-abl (18), adenovirus E1A (19), bcl-2
(20), and p53 (21). Wild-type p53 is classified as a tumor-
suppressor gene (22) and has been termed the “guardian of
the genome” (23). p53 protein level is stabilized after DNA
damage (a post-translational event) and can then induce a G,
growth arrest (24) and/or direct the induction of apoptosis
(25, 26), thus ensuring the prevention of proliferation on a
damaged genome. p53 has been proposed to inhibit progres-
sion through G, into S phase via transactivation of WAF1/
Cipl, which inhibits G, cyclin-dependent kinases (27, 28),
allowing time for DNA repair. The introduction of wild-type
p53 into certain cell lines that have lost endogenous p53
function results in growth arrest (29) and/or apoptosis (21,
30). Wild-type p53 but not mutant p53 is required for irradi-

ABBREVIATIONS: bp, base-pair(s); PBS, phosphate-buffered saline; FIGE, field inversion gel electrophoresis; FBS, fetal bovine serum; kbp,

kilobase pair(s).
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ation-induced apoptosis in thymocytes (31), and p53 exerts a
significant and dose-dependent effect on thymocyte apoptosis
induced by irradiation and DNA-damaging agents (26). How-
ever, these researchers showed that p53-null thymocytes still
respond to a number of other apoptotic stimuli, including
several that mimic physiological cell deletion signals (i.e.,
glucocorticoids, calcium-associated activation, and aging in
vitro).

A recent study from this laboratory to investigate the de.

pendence of thymocyte apoptosis on the phase of the cell cycle
demonstrated that glucocorticoids induce apoptosis from
Gy/G, and G,/M phases of the cell cycle, whereas etoposide
can also induce apoptosis from S phase (32). The majority of
immature thymocytes are nonproliferating cells in the G,
phase of the cell cycle (33). However, using discontinuous
Percoll gradient centrifugation, thymocytes can be separated
into two distinct subpopulations on the basis of their size: the
larger dividing thymocytes obtained constitute 15-20% of
total cell number, and the remaining smaller cells are the
predominantly quiescent thymocytes (14, 34).

In the current study, we examined the relationship be-
tween p53-dependent apoptosis induced by DNA-damaging
agents in immature rat thymocytes and their proliferation
status. In addition, we asked whether stabilization of p53 by
DNA damage correlates directly with subsequent apoptosis.
Primary rat thymocytes provide one of the best characterized
model systems for the study of apoptosis, as well as a conve-
nient system in which to examine apoptotic death from G,
Therefore, we separated thymocyte subpopulations by dis-
continuous Percoll density gradient centrifugation (34) and
investigated the sensitivity of two populations comprising
proliferatively enriched and predominantly quiescent cells to
DNA damage-induced apoptosis. Exposure to DNA-damag-
ing agents induced similar levels of apoptosis in both popu-
lations, but only in the former was a marked increase in p53
protein level observed. In contrast, exposure of a purely qui-
escent population of mature peripheral T cells to DNA-dam-
aging agents resulted in the induction of apoptosis and a
concomitant stabilization of p53. These results suggest that
DNA-damaging agents can induce apoptosis in a subpopula-
tion of immature thymocytes without an accumulation of p53
and that activation of this pathway is not necessarily depen-
dent on proliferation status but rather on the maturity of the
cell population. Furthermore, we demonstrate that DNA-
damaging agents can induce a significant level of apoptosis in
a subpopulation of immature thymocytes from p53-null mice.
These data confirm the presence of an apoptotic pathway in
a subpopulation of predominantly quiescent immature thy-
mocytes that can be activated by DNA-damaging agents and
is independent of p53.

Materials and Methods

Rat thymocyte preparation and incubations. Male Fischer
344 rats (65-85 g; bred at the University of Leicester) were allowed
food and water ad libitum and killed with an intraperitoneal over-
dose of pentobarbitone (Sagatal; 60 mg/kg). Thymocytes were iso-
lated as described previously (35) and diluted with RPMI 1640
(GIBCO BRL, Paisley, Scotland) containing 10% FBS (GIBCO BRL)
to give a final suspension of 2 X 107 cells/ml. Unless otherwise
stated, incubations were carried out for <4 hr at 37° under a humid-
ified atmosphere of 95% air/6% CO, in the presence or absence of
dexamethasone (0.1 uM) or etoposide (10 uM) or after exposure to

y-radiation (4 Gy). For irradiation, immediately before plating, thy-
mocytes were suspended in 1.5-ml screw-capped nylon tubes and
exposed to y-rays from a Vickrad °Co source at ~6.5 Gy/min. Where
stated, thymocytes were separated by Percoll density gradients into
four fractions (F1-F4), as described below. Cells from fractions (F1 or
F2) were incubated for <4 hr either alone or after exposure to
etoposide (10 uM) or y-radiation (4 Gy).

Peripheral T cell preparation and incubations. Rat mesen-
teric lymph nodes were isolated from male Fischer 344 rats (130-150

g bred at the University of Leleester) as deseribed previously (36).
Purified peripheral T cells were diluted with RPMI 1640 containing
10% FBS to give a final suspension of 2 X 107 cells/ml. Incubations
were carried out for <4 hr at 37° under an atmosphere of 95% air/5%
CO, in the presence or absence of etoposide (10 uM).

Mouse thymocyte incubations. Male p53-null and wild-type
mice (4-5 weeks old), generated by the appropriate crosses and
genotyped (37), were used to obtain thymocytes as described previ-
ously (35). Unless otherwise stated, incubations were carried out for
=20 hr at 37° under a humidified atmosphere of 95% air/56% CO, in
the presence or absence of methylprednisolone (10 uM) or etoposide
(10 uM) or after exposure to y-radiation (4 Gy). For irradiation,
immediately before plating, thymocytes were resuspended at 1 X 107
cells/ml and exposed to y-rays from a '3’Cs source at 3.8 Gy/min.
Where stated, thymocytes were separated by Percoll density gradi-
ents, as described below, and cells from fraction F1 or F2 were
incubated for <4 hr either alone or after exposure to methylpred-
nisolone (10 uM), etoposide (10 uM), or y-radiation (4 Gy).

Quantification of apoptosis by flow cytometry. Subsequent
to treatment, thymocytes or cells from the Percoll fractions were
incubated with the bisbenzimidazole dye Hoechst 33342 and pro-
pidium iodide to quantify the percentage of apoptotic cells, essen-
tially as described previously (35), except that analysis was per-
formed using a Becton Dickinson FACSVantage flow cytometer and
Lysis II software (Becton Dickinson, Oxford, UK). Briefly, 1 x 10°
cells were incubated with Hoechst 33342 (1.5 ug/ml) in RPMI 1640
containing 10% FBS at 37° for 10 min. The cells were then cooled to
4°, centrifuged at 200 X g for 5§ min, and resuspended in PBS
containing propidium iodide (5 ug/ml). Normal thymocytes have a
high forward light scatter (indicative of a large size) and exhibit a
low blue fluorescence with Hoechst 33342. In contrast, apoptotic cells
have a low forward light scatter (indicative of a smaller size) and
exhibit a high blue fluorescence. These cells have been shown to be
apoptotic based on a number of criteria, including ultrastructure,
smaller size, and the presence of DNA ladders (35). In experiments
using immature mouse thymocytes, the cells were incubated for <20
hr after exposure to an apoptotic agent. Incubation of thymocytes for
=20 hr results in an increase in the appearance of cells with high
blue fluorescence, which over this time period leads to a rise in the
proportion of cells that include propidium iodide (secondary necro-
sis). As a result, the extent of apoptosis in this part of the study was
based on the percentage of viable cells (with both low blue fluores-
cence and propidium iodide exclusion) remaining in the population
at each time point.

Percoll gradients. Discontinuous Percoll gradients were used to
separate normal and apoptotic thymocytes as described previously
(14, 34). The density of the gradients was calibrated by density
marker beads. The buoyant densities at the 0-60%, 60-70%, 70-
80%, and 80-100% interfaces were 1.063, 1.075, 1.099, and 1.119
g/ml, respectively. Cells were removed from these interfaces (frac-
tions F1-F4, respectively) and mixed with five volumes of RPMI
1640, washed twice, and resuspended in RPMI 1640 containing 10%
FBS.

Thymocyte-subset enrichment and phenotyping. Rat thymo-
cytes were isolated as described previously (35) and where stated
were separated by Percoll density gradients, as described above, to
obtain cell populations F1 and F2. The proliferatively enriched cell
population (F1) was then further enriched for CD4*CD8* by nega-
tive selection with OX-44, a rat homolog of anti-CD63 (38). Cells in
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F1 were incubated with saturating monoclonal antibody-containing
hybridoma culture supernatant OX-44 (European Collection of Ani-
mal Cell Cultures, Salisbury, UK) for 30 min at 4°. The cells were
washed twice with ice-cold PBS and then incubated with goat anti-
mouse IgG-coated Biomag beads (Advanced Magnetics, Cambridge,
MA) at a 10:1 bead-to-cell ratio. The cell suspensions were incubated
for 30 min at 4° with gentle mixing every 5 min. Magnetic beads and
adhering cells were removed using a magnetic particle separator
(model MPC-6, Dynal, Lake Success, NY). The procedure was re-
peated once again, followed by incubation with goat anti-mouse
IgG-coated Dynal beads (Dynal) at a 2:1 bead-to-cell ratio. The cells
recovered were enriched from ~75% to >90% for CD4*CD8" double-
positive cells. Flow cytometric analysis was used to phenotype cell
surface markers on total thymocytes, cells in F1 and F2 and cells in
F1 obtained after negative selection. Briefly, 2 X 10° cells in PBS
containing 0.2% FBS and 0.2% sodium azide were exposed to satu-
rating concentrations of fluorescein isothiocyanate-conjugated anti-
CD4 and phycoerythrin-conjugated anti-CD8 (Serotec, Oxford, UK).
Analysis was performed on a FACScan flow cytometer (Becton Dick-
inson) using Lysis II software. Populations of cells expressing mark-
ers were calculated from quadrants set using the appropriate nega-
tive controls.

DNA analysis. Agarose gel electrophoresis was used to detect
DNA laddering in whole cells (2 X 10 cells) according to the method
of Sorenson et al. (39). DNA of 123 bp or multiples thereof was used
as a standard (GIBCO BRL). FIGE was used to resolve large-molec-
ular-weight fragments of DNA. Agarose plugs containing 1 x 10°¢
cells were prepared and analyzed by FIGE as described previously
(10). Under the conditions used, DNA fragments ranging in size from
4.4 to 460 kbp were resolved. Saccharomyces cerevisiae chromosomes
of 243-2200 kbp (Clontech, Cambridge, UK) and DNA of 0.1-200 kbp
(Sigma Chemical, Poole, Dorset, UK) were used as standards.

Western blot analysis. Western blot analysis was used to detect
p53 protein and Bax protein in rat thymocytes. For each sample, 2 %
107 cells were washed in PBS and lysed in Laemmli buffer (40, 41).
The proteins were separated on a 10% SDS-polyacrylamide gel and
transferred to supported nitrocellulose (Hybond-C Extra; Amersham
International, Buckinghamshire, UK). Electroblotting efficiency and
equal protein content per lane were verified by staining of the mem-
branes with 0.1% Ponceau S. Membranes were blocked, and p53 was
detected with a specific monoclonal antibody (PAb 421: kindly pro-
vided by Prof. D. Lane, University of Dundee, Scotland, UK), which
detects both wild-type and mutant p53. The Bax protein was de-
tected using a protein A affinity purified rabbit polyclonal antisera
raised against a synthetic peptide of amino acids 44-59 of the murine
Bax protein (ELTLEQPPQDASTKKL) (kindly provided by Dr. A.
Metcalfe, University of Manchester, Manchester, UK). p53 and Bax
were then detected using a horseradish peroxidase-conjugated sec-
ondary antibody and a chemiluminescent substrate (ECL; Amer-
sham International). Quantification was performed by densitometric
scanning of autoradiographs using a densitometer and ImageQuant
software, both from Molecular Dynamics (Sunnyvale, CA).

Results

Etoposide or y-radiation but not dexamethasone in-
duces p53 in immature rat thymocytes. Incubation of
immature rat thymocytes for 4 hr with dexamethasone (0.1
uM) or etoposide (10 uM) or after y-radiation (4 Gy) resulted
in the induction of apoptosis as assessed by both flow cytom-
etry and increased internucleosomal cleavage of DNA to yield
a classic DNA ladder (data not shown). As measured by flow
cytometry, the percentages of apoptotic cells were 9.6 + 0.5%,
45.6 * 7.9%, 31.9 * 6.0%, and 41.0 * 6.2% (mean * standard
error; five experiments) in the control and etoposide-, dexa-
methasone-, and radiation-treated thymocytes, respectively.
The flow cytometric method that was used separates and

quantifies normal and apoptotic cells, with apoptotic cells
exhibiting a decreased cell size and a higher blue fluores-
cence as a result of increased Hoechst 33342 staining (35, 42).
After dexamethasone treatment for 4 hr, no p53 protein was
detected by Western blot analysis (Fig. 1). In contrast, cells
incubated for 4 hr after exposure to etoposide or radiation
exhibited a significant increase in p53 protein levels com-
pared with control cells (Fig. 1). In agreement with previous
studies (26, 31), these data demonstrated that p53 expression
accompanied apoptosis induced by DNA-damaging agents in
thymocytes but apparently was not necessary for glucocorti-
coid-induced cell death.

Induction of p53 in proliferatively enriched but not
quiescent immature rat thymocytes. Given the apparent
requirement for p53 accumulation in etoposide- and irradia-
tion-induced apoptosis, we examined the level of p53 protein
in two subpopulations of normal immature rat thymocytes
that we previously characterized by flow cytometry, gel elec-
trophoresis, and electron microscopy (12, 34). Using Percoll
gradient centrifugation, thymocytes were separated into four
fractions of decreasing size and increasing density (F1-F4)
(34). Based on both ultrastructural and biochemical criteria,
the F1 and F2 fractions were enriched for normal prolifera-
tively competent and quiescent thymocytes, respectively (14,
32, 34); cells in F4 were apoptotic, and those in F3 repre-
sented a transient population of preapoptotic cells at an early
but committed stage of the apoptotic process (12, 34). The cell
cycle distribution of unsorted thymocytes and cells in F1 and
F2 was verified by flow cytometric analysis: 15% of unsorted
cells and 27% of cells in F1 were located in S phase compared
with only 4% of cells in F2 (data not shown), confirming that
the proliferatively competent cells were enriched in F1. We
also confirmed this by using *H-thymidine incorporation
(data not shown).

Freshly isolated thymocytes were separated on Percoll gra-
dients to obtain proliferatively enriched (F1) and primarily
quiescent (F2) fractions. These cells were then incubated for
=4 hr either alone or after exposure to radiation or etoposide.
When cells exposed to either agent were analyzed by flow
cytometry, apoptotic cells (as assessed by the formation of
high blue cells) were clearly detected by 2 hr (Fig. 2). Both
etoposide (Fig. 2A) and irradiation (Fig. 2B) caused an equiv-
alent and time-dependent induction of apoptosis in cells from
F1 and F2 in comparison with control cells. Degradation of
DNA to both large-kilobase-pair and nucleosomal-size frag-
ments is considered an important indicator of biochemical
changes associated with apoptosis (11, 12). DNA from both

CON ETO DEX IR

Fig. 1. Detection of p53 levels in immature rat thymocytes after expo-
sure to apoptotic stimuli. Thymocytes were incubated for 4 hr alone
(CON), after irradiation (IR) (4 Gy), or in the presence of etoposide (ETO)
(10 um) or dexamethasone (DEX) (0.1 uM). Levels of p53 were deter-
mined by Western blot analysis of thymocytes obtained 4 hr after
exposure to the stimulus.
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Fig. 2. Detection of apoptosis in proliferatively enriched and quiescent
rat thymocytes after exposure to etoposide or radiation. Immature
thymocytes were isolated and immediately separated into four sub-
populations (F1-F4) as described in Materials and Methods. Prolifera-
tively enriched (F7) and quiescent (F2) thymocytes, respectively, were

proliferatively enriched and primarily quiescent thymocytes
was examined by both conventional agarose and FIGE. The
latter method separates large-kilobase-pair fragments of
DNA that subsequently give rise to the DNA ladders char-

acteristic of apoptosis (11, 12). In cells from F1 or F2 incu-
bated for 4 hr without treatment, a small amount of degra-
dation of DNA to large fragments of ~10-50 kbp was
observed (lane 3, Fig. 3, A and C, respectively). A time-
dependent increase in this degradation was observed in cells
from F1 and F2 exposed to radiation (lanes 4-7, Fig. 3, A and
C, respectively) or etoposide (data not shown). On further
analysis of these samples by agarose gel electrophoresis, a
time-dependent increase in internucleosomal cleavage of
DNA was observed (lanes 4-7, Fig. 3, B and D). No internu-
cleosomal cleavage was noted at times of <2 hr in cells from
either F1 (Fig. 3B) or F2 (Fig. 3D), but after this it increased
markedly with time in comparison with that observed in
control cells (lane 3, Fig. 3, B and D).

A marked difference between p53 expression in cells from
F1 and F2 was observed after exposure to etoposide (Fig. 4A)
or radiation (Fig. 4B). In the proliferatively enriched popu-
lation (F'1), a time-dependent elevation in the level of p53 was
detected, with a marked increase first observed after 2 hr of
culture (Fig. 4). In contrast, quiescent cells in F2 displayed
only a slight increase in p53 by 4 hr (Fig. 4). This small
increase in p53 was most likely derived from a minor (~5%)
subpopulation of cells from F1 in the F2 fraction. Thus, after
exposure to DNA-damaging agents, the proliferatively en-
riched cells in F1 expressed significantly elevated levels of
p53 in comparison with quiescent cells in F2. When thymo-
cytes in F1 or F2 were incubated for 4 hr without treatment,
no p53 was detected in either fraction (data not shown).
Thus, irradiation and etoposide induced apoptosis to similar
levels in both proliferatively enriched (F1) and quiescent (F2)
thymocytes (Figs. 2 and 3). However, marked elevations in
p53 expression were primarily observed only in the prolifera-
tively enriched cells (Fig. 4).

Induction of apoptosis and accumulation of p53 in
quiescent mature rat T cells. The dissociation between
induction of apoptosis and accumulation of p53 by DNA-
damaging agents in immature quiescent thymocytes (F2)
may be a result of either cell cycle status or maturity of the T
cells. To distinguish between these possibilities, we obtained
a purified population of mature T cells from rat mesenteric
lymph nodes. The cell cycle distribution of this population
was verified by both flow cytometric analysis and 3H-thymi-
dine incorporation, confirming that =98% of the population
were quiescent and not cycling. This purified population of
mature T cells was then incubated for =<4 hr either alone or
after exposure to etoposide. When assessed by flow cytom-
etry, apoptotic cells were clearly detected by 4 hr; the per-
centages of apoptotic cells were 10.7 = 1.9% and 29.3 + 4.6%
(mean * standard error; four experiments) in the control and
etoposide-treated cells, respectively. Quiescent mature T
cells incubated for 4 hr with etoposide exhibited a significant

then further incubated for =4 hr either alone or after exposure to
etoposide (ETO) (10 um) (A) or radiation (/R) (4 Gy) (B). The level of
apoptosis in control (CON) ((J, V) and treated (M, ¥) cells in F1 (O, B
and F2 (V, ¥) was assessed by flow cytometry as described in Materials
and Methods. Values represent the mean * standard error from at least
three separate experiments.
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Fig. 3. Determination of the extent of DNA degradation in proliferatively enriched and quiescent thymocytes after irradiation. Thymocytes were
isolated and immediately separated into proliferatively enriched (F1) and quiescent (F2) thymocytes. Cells from both fractions were then incubated
for =4 hr either without treatment or after exposure to radiation (4 Gy). The extent of DNA degradation in cells in F1 (A and B) and F2 (C and D)
was determined by both FIGE (A and C) and agarose gel electrophoresis (B and D). Lane 3, thymocytes incubated alone for 4 hr. Lanes 4-7, cells
incubated for 1, 2, 3, or 4 hr, respectively, after exposure to radiation. Standards for FIGE in /anes 1 and 2 contain 0.1-200 kbp and S. cerevisiae
chromosomes (243-2200 kbp), respectively, and the distance migrated by several of these size markers is shown. For agarose gel electrophoresis,

the distance migrated by the 123-bp standard is indicated.

increase in p53 protein, resulting in a level of protein com-
parable to that found in our proliferatively enriched thymo-
cyte fraction (F1) at 4 hr (Fig. 5). In agreement with that
found previously (Fig. 4A), the predominantly quiescent im-
mature cell fraction (F2) did not show a significant accumu-
lation of p53 protein by 4 hr (Fig. 5). Thus, it was apparent

that etoposide induced apoptosis to a similar level in both
immature (Fig. 2A) and mature quiescent T cells (see above).
However, marked elevations in p53 expression were observed
only in mature quiescent T cells (Fig. 5).

DNA-damaging agents can induce apoptosis in im-
mature thymocytes from p53-null mice. Given the ap-
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Fig. 5. Comparison of p53 levels in proliferatively enriched and quies-
cent immature rat thymocytes and quiescent mature T cells. Immature
thymocytes were incubated for 4 hr after exposure to etoposide (10 um)
and then separated into proliferatively enriched (F7) and quiescent (F2)
thymocytes. Mature quiescent T cells (PT) were purified from rat mes-
enteric lymph nodes and incubated for <4 hr either alone (CON) or after
exposure to etoposide (ETO) (10 um). Levels of p53 were detected as
described in Materials and Methods.

parent dissociation between the level of apoptosis and accu-
mulation of p53 in quiescent immature rat thymocytes (F2),
we sought to determine whether unfractionated immature
thymocytes (the majority of which are quiescent) can undergo
apoptosis in the absence of p53. Immature thymocytes from
both wild-type mice and mice carrying a germ-line disruption
of the p53 gene (p53-null) (37) were incubated for <20 hr
after treatment with the glucocorticoid methylprednisolone
(10 uM) or the DNA-damaging agents etoposide (10 uM) or
y-radiation (4 Gy). When cells obtained from wild-type ani-
mals were analyzed by flow cytometry, all three agents
caused a significant and time-dependent induction of apopto-
sis in comparison with control cells (Fig. 6A). The extent of
apoptosis in these studies was assessed by measuring the
percentage of viable cells remaining in the population at each
time point (see Materials and Methods). Thymocytes isolated
from p53-null animals retained their sensitivity to the glu-
cocorticoid methylprednisolone but were significantly resis-
tant to the induction of apoptosis by the DNA-damaging
agents, even =20 hr after treatment (Fig. 6B). In agreement
with previous studies using unfractionated thymocytes (26,
31), these data demonstrated that p53 is apparently required
for the initiation of apoptosis in immature thymocytes but
only when it is induced by agents that cause DNA-strand
breakage.

To determine whether p53 is required for DNA damage-

2h 3h 4h

ETO F2

Fig. 4. Determination of pS3
levels in proliferatively en-
riched and quiescent rat thy-
mocytes after exposure to
etoposide or radiation. Imma-
ture thymocytes were iso-
lated, immediately separated
into proliferatively enriched
(F1) and quiescent (F2) cells,
and then incubated for 0-4 hr
either alone or after exposure
to etoposide (ETO) (10 um) (A)
or radiation (/R) (4 Gy) (B). p53
was detected by Western blot
analysis, as described in Ma-
terials and Methods, with the
treatment of cells indicated
above the appropriate lane.

IR F2

2h 3h 4h

induced apoptosis after Percoll fractionation of immature
mouse thymocytes, we examined the sensitivity of the two
subpopulations of proliferatively enriched (F1) and quiescent
(F2) cell populations from both wild-type and p53-null mice.
Freshly isolated thymocytes were separated on Percoll gra-
dients to obtain F1 and F2 fractions. The cell cycle distribu-
tion of unsorted mouse thymocytes and cells in F1 and F2
was verified by flow cytometric analysis: 15% of unsorted
cells and 42% of cells in F1 were located in S phase compared
with 14% of cells in F2 (data not shown), confirming that the
proliferatively competent cells were enriched in F1. Unlike
the purified population of quiescent immature rat thymo-
cytes (F2) obtained previously, a pure fraction of quiescent
cells in F2 was not obtained through fractionation of mouse
thymocytes. Therefore, a comparison of cells in the F2 frac-
tions obtained from rat and mouse cannot be made, at least
not on the basis of their cell cycle status.

Cells in F1 and F2 were incubated for =20 hr, either alone
or after exposure to methylprednisolone, etoposide, or y-ra-
diation. When cells obtained from wild-type mice were ana-
lyzed by flow cytometry, all three agents caused an equiva-
lent induction of apoptosis (as assessed by the percentage of
viable cells remaining in the population) in thymocytes from
either F1 or F2 when compared with control cells (Fig. 7A).
Thymocytes in F1 and F2 that were isolated from p53-null
mice retained normal sensitivity to induction of apoptosis by
methylprednisolone (Fig. 7B). In contrast, the DNA-damag-
ing agents etoposide and y-radiation did not induce an equiv-
alent level of apoptosis in fractionated cells obtained from
p53-null mice compared with cells from p53 wild-type ani-
mals (Fig. 7). However, both etoposide and y-radiation in-
duced a significant level of apoptosis in cells in F1 and F2
from p53-null mice compared with control cells from p53-null
mice (Fig. 7B). In cells in the F1 and F2 Percoll fractions from
p53-null mice, y-radiation induced a significant level (<20%
by 20 hr) of apoptosis (Fig. 7B), and this induction of apopto-
sis was more evident after exposure to etoposide, with <45%
of cells being apoptotic by 20 hr (Fig. 7B). This apparent
induction of apoptosis by DNA-damaging agents in the ab-
sence of p53 was not observed at earlier times of <8 hr but
was clearly evident by 14 hr (Fig. 7B, inset).

To assess whether internucleosomal cleavage of DNA, a
classic marker of apoptosis, occurred in parallel with the
induction of apoptosis as assessed by flow cytometry, DNA
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Fig. 6. Detection of apoptosis in immature thymocytes obtained from
wild-type and p53-null mice after exposure to apoptotic stimuli. Imma-
ture thymocytes were isolated from wild-type and p53-null mice and
incubated for =20 h either alone (Con) (W) or after exposure to meth-
ylprednisolone (Mp) (10 um) ((J), etoposide (Eto) (10 um) (V), or y-radi-
ation (/) (4 Gy) (*). The level of apoptosis in wild-type (A) and p53-null
(B) mice was assessed by flow cytometry as described in Materials and
Methods. The percentage of viable cells remaining in the population at
20 hr was used to determine the extent of apoptosis. Values represent
the mean + standard error from three separate experiments. The data
were analyzed as a split-plot randomized-block analysis of variance
(56).

from either proliferatively enriched (F1) or predominantly
quiescent (F2) thymocytes obtained from both wild-type and
p53-null mice was examined by conventional agarose gel
electrophoresis. An increase in internucleosomal cleavage of
DNA was observed in cells in either F1 or F2 from wild-type
mice after treatment with all three apoptosis-inducing
agents compared with that seen in control cells (data not
shown). In the cells from F1 and F2 obtained from p53-null
mice, a significant increase in internucleosomal cleavage was
observed after treatment with either methylprednisolone or
etoposide (Fig. 8). In contrast, y-radiation resulted in only a
small increase in internucleosomal cleavage above that ob-
served in control cells (Fig. 8). Thus, the induction of apopto-

sis as assessed by the extent of internucleosomal DNA cleav-
age (Fig. 8) was in agreement with that obtained through the
quantitative assessment of apoptosis by flow cytometry (Fig. 7).

Bax levels do not change during DNA damage-in-
duced thymocyte apoptosis. The human bax gene is a
target for p53-directed transcriptional activation (45). It was
therefore of interest to investigate changes in Bax protein
levels after DNA damage-mediated stabilization of p53 and
the role that Bax may play in the DNA damage-response
pathway in mouse thymocytes. As shown in Fig. 9, Bax
protein is expressed at a similar level in proliferatively en-
riched (F1) and predominantly quiescent (F2) thymocytes
obtained from both p53 wild-type and p53-null thymocytes.
No change in the level of Bax protein could be detected >20
hr after treatment of the p53 wild-type or p53-null thymo-
cytes with the nongenotoxic agent methylprednisolone (Fig.
9) or after exposure to the DNA-damaging agents y-radiation
or etoposide (Fig. 9). Determination of levels of the Bax
protein at 4, 8, and 14 hr after the above treatments also
showed no change, thus ruling out the possibility that any
changes in Bax levels occurred early and transiently after the
DNA-damaging insult (data not shown).

DNA damage-induced accumulation of p53 occurs
primarily in a subpopulation of CD53-positive thymo-
cytes. Although the majority of immature thymocytes are
CD4*CD8", the thymus also contains some cells at different
stages of development, including immature CD4-CD8~ and
mature CD4*CD8 /CD4~CD8" cells. Our data demonstrat-
ing that accumulation of p53 occurred in parallel with DNA
damage-induced apoptosis in quiescent mature T cells (Fig.
5) suggested that stabilization of p53 in thymocytes may be
dependent on the maturity of the cell rather than the cell
cycle status. We investigated this possibility by determining
whether the DNA damage-induced accumulation of p53 ob-
served in immature rat thymocytes may have occurred in a
mature subpopulation of cells before their release into the
periphery (i.e., in mature single-positive cells). Freshly iso-
lated thymocytes were separated on Percoll gradients to ob-
tain proliferatively enriched (F1) and primarily quiescent
(F2) fractions. Cells in F2 comprised primarily immature
CD4*CD8" double-positive cells (~95%), with only ~4% of
cells being either double-negative or single-positive for CD4
or CD8 (Fig. 10A). In contrast, cells in F1 contained only
~T75% CD4*CD8" cells but were enriched for both immature
CD4~CD8~ and mature CD4*CD8/CD4CD8" cells (~25%
in total). Because the majority of p53 detected in thymocytes
after DNA damage was observed in cells in F1 (Fig. 4), it was
possible that p53 accumulation had occurred predominantly
in one of these cell populations for which this fraction was
enriched. We investigated this possibility by enriching for
immature double-positive cells using negative selection with
anti-CD53. Depletion of CD53-expressing cells in F1 resulted
in an enrichment for CD4*CD8" cells from ~75% to ~93%
together with a concomitant loss in single-positive and dou-
ble-negative cells for CD4 or CD8 (Fig. 10A). Depletion of
cells in F1 with anti-CD53 did not significantly alter the
percentage of cells in S phase (data not shown). When cells in
F1 (before negative selection with anti-CD53) were treated
with etoposide, a marked accumulation of p53 was observed
(Fig. 10B), which was in agreement with our earlier obser-
vations (Fig. 4). In contrast, the identical treatment of cells in
F1 after negative selection with anti-CD53 resulted in accu-
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Fig. 7. Detection of apoptosis in immature thymocyte fractions (F1 and F2) obtained from wild-type and p53-null mice. Immature thymocytes
were isolated and immediately separated on discontinuous Percoll gradients to obtain a proliferatively enriched fraction (F7) and a primarity
quiescent fraction (F2). Cells from both fractions were then incubated for =20 hr either alone (Con) or after exposure to methylprednisolone (Mp)
(10 um), etoposide (Eto) (10 um), or y-radiation (I) (4 Gy). The level of apoptosis in wild-type (A) and p53-null (B) mice was assessed by flow
cytometry as described in Materials and Methods. The percentage of viable cells remaining in the population at 20 hr was used to determine the
extent of apoptosis. Values represent the mean * standard error from three separate experiments. /nsets, time course from a typical experiment
for induction of apoptosis in cells in the F2 fraction from wild-type (A) and p53-null (B) mice. Cells were incubated for <20 hr either alone (W) or
after exposure to methylprednisolone (10 uM) (CJ), etoposide (10 um) (V), or y-radiation (4 Gy) (+). Differences among groups were compared using

Fisher's least significant difference statistic (56).

mulation of only very low levels of p53 (Fig. 10B). Etoposide
induced similar levels (~45% by 4 hr) of apoptosis in cells in
F1 with or without negative selection. These data demon-
strate that the majority of DNA damage-induced p53 accu-

mulation detected in F1 had occurred predominantly in a
subpopulation of CD53-positive cells because removal of
these cells resulted in a dramatic loss of the p53 response to
DNA damage.
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Fig. 8. DNA degradation after exposure to apoptotic stimuli in imma-
ture thymocyte fractions obtained from p53-null mice. Immature thy-
mocytes were isolated and immediately separated on discontinuous
Percoll gradients to obtain a proliferatively enriched fraction (F7) and a
primarily quiescent fraction (F2). Cells from both fractions were then
incubated for 20 hr either alone (Con) or after exposure to methylpred-

nisolone (Mp) (10 um), etoposide (Eto) (10 um), or y-radiation (In) (4 Gy).
The extent of DNA degradation in cells in F1 and F2 was determined by
agarose gel electrophoresis as described in Materials and Methods.
The distance migrated by the 123-bp standard is indicated.

Discussion

DNA-damaging agents induce a p53-independent ap-
optosis in quiescent immature thymocytes but not in
quiescent mature T cells. When thymocytes were enriched
for proliferating (F1) and quiescent (F2) cells by Percoll frac-
tionation before the addition of DNA-damaging agents, apo-
ptosis was induced by DNA damage independent of p53 sta-
bilization in the F2 fraction. Percoll fractions F1 and F2
displayed a marked differential sensitivity to stabilization of
p53 (Fig. 4) despite being equally susceptible to apoptosis
(Figs. 2 and 3). These results suggested that the accumula-
tion of p53 in the proliferatively enriched cell population (F1)
either preceded or coincided with the initiation of apoptosis.
The very low level of p53 detected in the predominantly
quiescent cell fraction (F2) by 4 hr was inconsistent with a
critical role for p53 in the onset of apoptosis in quiescent
cells. A possibility that cannot be totally excluded is that a
very low level of p53, below that detectable by Western blot
analysis, is required to induce apoptosis in quiescent imma-
ture rat thymocytes. Our data thus suggest that apoptosis
may have occurred in these cells via a p53-independent path-
way and primarily in a population of quiescent cells.

To investigate whether a p63-independent mechanism per-
sists throughout the development of T cells and correlates
with a quiescent state, we measured the accumulation of p53
in mature quiescent T cells isolated from rat mesenteric

pS3 wt

F1 F2

| | 1

Con Mp Eto

Ir Con Mp Eto Ir

S

pS3 null

F1 F2

Fig. 9. Determination of Bax protein levels in proliferatively enriched
and quiescent pS3-null and wild-type mouse thymocytes after expo-
sure to apoptotic stimuli. Immature wild-type and p53-null mouse thy-
mocytes were isolated, immediately separated into proliferatively en-
riched (F1) and quiescent (F2) cells, and then incubated for 20 hr either
alone (Con) or after exposure to methylprednisolone (Mp) (10 um),
etoposide (Eto) (10 um), or y-radiation (/) (4 Gy). Bax protein was
detected by Western blot analysis as described in Materials and Meth-
ods. The treatment of cells is indicated above the appropriate lane.

lymph nodes. After exposure to etoposide, an accumulation of
p53 was observed in these cells (Fig. 5) concomitant with the
induction of apoptosis. Thus, our observation of an apoptotic
pathway induced by DNA-damaging agents and independent
of p53 accumulation in quiescent immature thymocytes may
be specific to T cells only at a particular stage of development.

Temporal relationship between p83 accumulation
and DNA degradation. In addition to a quantitative mea-
surement of apoptosis, the extent of apoptosis induced by
DNA damage was assessed by examination of DNA integrity
through the use of gel electrophoresis (Fig. 3). That DNA in
apoptotic cells (proliferating and quiescent) degrades ini-
tially into fragments of >700, 200-300, and 30-50 kbp (10—
12) and then to 180-bp integers of the archetypal DNA ladder
was confirmed in the current study (Fig. 3). The elevation in
p53 observed in proliferatively enriched cells (F1) within 2 hr
(Fig. 4) accompanied the formation of large kilobase-pair
fragments of DNA (Fig. 3A) and preceded internucleosomal
cleavage (Fig. 3B), which is consistent with p53 being re-
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Fig. 10. DNA damage-induced accumulation of p53 in F1 cells is diminished after depletion with anti-CD53. Immature rat thymocytes were
isolated and immediately separated into proliferatively enriched (F7) and primarily quiescent cells (F2). Cells in F1 were further enriched for
CD4+CD8™* by negative selection with anti-CD53. Cells in F1, both before and after depletion, as well as cells in F2 were phenotyped for CD4 and
CD8 as described in Materials and Methods. A, The percentage of CD4~CD8~, CD4*CD8~, CD4~-CD8*, and CD4*CD8" cells are shown in the
appropriate quadrants. Cells from F1, both before and after depletion with anti-CD53, and cells in F2 were incubated for 4 hr either alone (Con)
or with etoposide (Eto) (10 um). B, p5S3 protein was detected by Western blot analysis as described in Materials and Methods. The treatment of

cells is indicated above the appropriate lane.

quired either at the initial cleavage of intact DNA to kilo-
base-pair fragments or at some stage before their formation.
In a population of predominantly quiescent immature thy-
mocytes undergoing apoptosis induced by DNA-damaging
agents, a similar increase in the formation of large fragments
of DNA was detected within 2 hr (Fig. 3C) but in the absence
of any significant elevation in p53 (Fig. 4).
DNA-damaging agents can induce apoptosis in a
subpopulation of immature thymocytes from p53-null
mice. To rule out the possibility that nondetectable levels of
p53 protein could be responsible for DNA damage-induced
apoptosis in quiescent immature thymocytes, we examined
DNA damage-induced apoptosis in p53-null thymocytes (37).
In immature thymocytes (primarily quiescent) obtained from
p53-null mice, we identified an apoptotic pathway that was
indeed activated by DNA-damaging agents (Figs. 7 and 8).
This p53-independent apoptosis was late in onset (20 hr) and
less pronounced than the p53-dependent apoptosis observed
for p53 wild-type animals (Fig. 7). Interestingly, the DNA
topoisomerase II inhibitor etoposide was a much better in-
ducer of apoptosis via this p53-independent pathway than
was y-radiation (Figs. 7 and 8). Thus, it seems that a sub-

population of cells within a primarily quiescent population of
immature thymocytes can undergo p53-independent apopto-
sis in response to DNA-damaging agents. This p53-indepen-
dent pathway occurs much later and is less sensitive to DNA
damage than the major p53-dependent apoptotic pathway in
immature thymocytes.

DNA damage-induced accumulation of p53 in T cells
is maturation status dependent rather than cell cycle
dependent. The ability of DNA-damaging agents to induce
apoptosis in p53-null thymocytes was not solely dependent
on cell cycle status because cells in both F1 and F2 obtained
from p53-null animals were equally susceptible to apoptosis
(Figs. 7 and 8). Further characterization of the proliferatively
enriched immature thymocyte population F1 revealed that
this fraction was also enriched for immature CD4-CD8"
cells and mature CD4*CD8 /CD4CD8" cells (Fig. 10). En-
richment of cells in F1 for CD4*CD8™" cells by depletion of
CD4"CD8~ and CD4"CD8 /CD4 CD8* cells with anti-
CD53 did not alter their cell cycle status and resulted in very
low levels of p53 accumulation induced by DNA damage (Fig.
10). Thus, DNA damage-induced stabilization of p53 in cells
in F1 was not cell cycle dependent and had occurred in
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immature CD4~CD8" cells, mature CD4*CD8 /CD4-CD8*
cells, or both. Although we cannot distinguish between these
possibilities, it is likely that some of the DNA damage-in-
duced p53 accumulation had occurred in the mature single-
positive cells because these are the precursors of mature
quiescent peripheral T cells, which also show an accumula-
tion of p53 after treatment with etoposide (Fig. 5). If this is
true, then DNA damage-induced accumulation of p53 in thy-
mocytes may be developmentally regulated, as has been re-
ported with other apoptosis-associated genes, such as bcl-2
(46).

Bax is not elevated during DNA damage-induced ap-
optosis. The Bcl-2 family of proteins are important modula-
tors of apoptotic responses to a wide variety of cellular insults
in a number of cell types. The Bax protein is a Bcl-2-related
protein that can promote cell survival in heterodimeric form
with Bcl-2 but can also form homodimers that are thought to
precipitate apoptosis and accelerate cell death (47). Of par-
ticular interest to the current study is that the human bax
gene is a target for p53-directed transcriptional activation
(45) and could therefore mediate the DNA damage-induced
apoptosis via a p53-dependent pathway that we describe. No
difference could be detected in the levels of Bax between
freshly isolated p53-null cells and their wild-type counter-
parts. Furthermore, there was no change in the level of Bax
protein within thymocytes (wild-type or p53-null) after expo-
sure of these cells to genotoxic stress (see Fig. 9). Increases in
the level of bax RNA and protein have been shown in M1
myeloid cells expressing a temperature-sensitive mutant of
p53 when switched to the permissive temperature (48), and
elevation of bax RNA occurs after exposure to ionizing irra-
diation of several cell types that express wild-type p53 (49).
bax RNA has also been shown to increase on mitogenic stim-
ulation of T cells, a nongenotoxic event, and bax RNA levels
further increase on irradiation of these cells (50). These data
provide further evidence that Bax plays an important role in
p53-mediated apoptosis. However, the lack of change in Bax
protein levels on induction of apoptosis reported in the cur-
rent study in p53 wild-type and p53-null thymocytes con-
firms the previous observation that Bax protein is expressed
in the thymus but that this expression has no correlation
with areas of the thymus that are undergoing apoptosis (51).
In addition, a recent report has also shown that there is no
elevation of bax RNA on DNA damage-induced elevation of
p53 in Burkitt lymphoma and lymphoblastoid cell lines (52).
Similarly, Knudson et al. (53) reported that Bax-deficient
thymocytes display normal sensitivities to y-radiation, indi-
cating that Bax is not required for p53-dependent apoptosis.
These data imply that previous observations that show that
Bax plays an important role in p53-mediated apoptosis are
cell type dependent (48, 49).

Results of the current study demonstrate that immature
thymocytes obtained from p53-null mice undergo apoptosis
after exposure to DNA-damaging agents but that this apo-
ptosis occurs in a small subpopulation of cells and is slower in
onset than that seen in cells obtained from wild-type ani-
mals. The observation that mice homozygous for the null
allele of p53 apparently develop normally suggests that p53
is not required for cell death in many, perhaps most, in-
stances during development, although these mice die early
from multiple neoplasms (37). The current study is the first
demonstration of the induction by DNA-damaging agents of a

p53-independent apoptosis in a subpopulation of normal qui-
escent cells. More evidence for the existence of p53-indepen-
dent pathways of DNA damage-induced apoptosis has been
provided by the study of Strasser et al. (54), which demon-
strates that mitogenically activated T lymphocytes and cy-
cling T lymphoma cells from p53-null mice can undergo ap-
optosis after irradiation. Furthermore, recent studies of the
induction of apoptosis by y-radiation in normal intestinal
epithelia cells from p53-null mice suggests that DNA dam-
age-induced apoptosis can occur. In agreement with the re-
sults presented here for thymocytes, p53-independent apo-
ptosis occurs more slowly within the intestine after
irradiation than that seen in the corresponding p53 wild-type
cells.! Thus, by combining our data with those described
above, it becomes apparent that p53-independent pathways
of DNA damage-induced apoptosis operate in normal and
transformed quiescent and cycling cells.

The mechanism by which DNA damage is sensed by the
cell in the absence of p53 is not yet known, although studies
of irradiated embryonic fibroblasts that are deficient in in-
terferon regulatory factor-1 suggest that this molecule is a
possible candidate (55). The suppression of apoptosis attrib-
utable to dysfunctional p53 has been widely reported, and
attempts to rectify wild-type p53 function and thus restore
apoptotic responses are under way. However, it is becoming
increasingly apparent that p53-independent mechanisms of
DNA damage-induced apoptosis can operate, and they war-
rant further investigation.
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