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Growth factor modulation of p53-mediated
growth arrest versus apoptosis
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Irradiation of mammalian cells can cause cell cycle perturbations and apoptotic cell death. We have
investigated the modulation of these physiologic end points by growth factor stimulation: irradiation of a
murine hematopoietic cell line in the presence of interlekin-3 (IL-3) induces G, arrest, and irradiation in the
absence of IL-3 results in rapid apoptotic cell death. Both of these end points are dependent on p53. Transient
removal of IL-3 at the time of irradiation results in decreased clonogenic survival of irradiated cells. The
removal of IL-3 results in a failure of the irradiated cells to arrest at the G, checkpoint, despite induction of
p53 and p21WAFY/CIPL and then the cells enter S-phase where they undergo apoptosis. There are no
cytokine-related changes in Bcl-2, Bax, or Bcl-x protein levels that could account for the modulation of G,
arrest versus apoptosis by growth factors. In contrast, rapid p53-independent alterations of basal levels of
gadd45 and p21WAF!/CIP1 expression are linked to IL-3 withdrawal, suggesting a potential mechanism for this
modulation. Constitutive activation of cytokine-like pathways with induced expression of v-Src or activated
c-Raf inhibits the radiation-induced apoptosis and the alterations in p21WAF!/<P1 and gadd45 expression.
These observations suggest additional molecular mechanisms that can contribute to the development of
radioresistance and resistance to apoptosis during tumorigenesis and provide an explanation for the observed
lack of p53 mutations in some tumor types. In addition, these data suggest that oncogenic changes occurring
during multistep tumorigenesis could be classified as those that either enhance or decrease apoptosis

tendencies.
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Exposure of cells to DNA-damaging agents can result in
(1) timely repair of the damage and maintenance of ge-
netic fidelity in daughter cells, {2) cell death, or (3) the
development of heritable genetic changes in viable
daughter cells by the replication of damaged DNA or the
segregation of damaged chromosomes before repair. The
latter outcome could generate the genetic changes that
contribute to the development of a malignant pheno-
type. Therefore, the gene products that control timely
repair and appropriate cell death after DNA damage are
likely to be critical determinants of neoplastic evolution.
In addition, as most antineoplastic agents are DNA-dam-
aging agents, these same gene products probably influ-
ence response and cure rates during the treatment of hu-
man tumors.

The tumor suppressor gene product p53 is a critical
mediator of cellular responses to DNA damage in mam-
malian cells. Both G, cell cycle arrest (Kastan et al. 1991,
1992; Kuerbitz et al.,, 1992) and apoptotic cell death
(Clarke et al. 1993; Lotem and Sachs 1993; Lowe et al.
1993) after ionizing irradiation (IR) have been shown to
be dependent on normal p53 function. Cellular irradia-
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tion initiates a signal transduction pathway that results
in a post-transcriptional increase in the levels of p53
protein and subsequently p53-dependent increases in
the transcription of several gene products, including
gadd45 [growth arrest and DNA damage (-inducible]],
p21WAFICIPL and Mdm?2 (Kastan et al. 1992; Barak et al.
1993; El-Deiry et al. 1993, 1994; Wu et al. 1993; Chen et
al. 1994; Dulic et al. 1994; Slebos et al. 1994; Zhan et al.
1994a). It is suspected, but not yet proven, that the
former two gene products contribute to the growth arrest
or apoptosis, or both, that occurs after IR {El-Deiry et al.
1993, 1994; Harper et al. 1993; Dulic et al. 1994; Slebos
et al. 1994; Smith et al. 1994; Zhan et al. 1994b).
Whether IR induces a G, cell cycle arrest (e.g., fibro-
blasts) or rapid programmed cell death (e.g., lymphoid
cells) appears to be cell-type dependent (Kastan et al.
1992; Clarke et al. 1993; Lowe et al. 1993; Slichenmyer
et al. 1993); however, the determinants of these two dis-
parate cellular outcomes after irradiation have not yet
been clarified. Thus far, the role of p53 in mediating
apoptosis has been studied most effectively in either pri-
mary thymocytes from genetically manipulated mice
(Clarke et al. 1993; Lotem and Sachs 1993; Lowe et al.
1993) (which are not very amenable to further genetic
manipulation or to clonogenic survival studies), systems
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in which an overexpressed temperature-sensitive p53 al-
lele has been introduced stably into cells (Yonish-
Rouach et al. 1991; Wu and Levine 1994}, or in cells
where expression of adenovirus Ela drives the cell down
a pathway resulting in p53-dependent apoptosis (Debbas
and White 1993; Lowe and Ruley 1993; Lowe et al. 1994).
Because Ela overexpression by itself is cytotoxic, how-
ever, these latter systems are limited by the additional
requirements for the use of either an overexpressed, tem-
perature-sensitive mutant p53 (Debbas and White 1993),
coexpression of a gene product that blocks apoptosis,
such as adenovirus E1b19 or Bcl-2 {Debbas and White
1993}, or the introduction of another genetic change
[such as Ras mutation and overexpression (Lowe et
al. 1994)], all of which allow the cell to tolerate Ela
expression.

We chose to attempt the study of this ““decision fork”
in a cell system in which the introduction of exogenous
genes was not required to generate either the apoptosis
or G, arrest phenotype, in which the p53 alleles were
endogenous, in which alterations in clonogenic survival
could be assessed, and in which physiologic events that
normally induce p53-dependent responses were in-
volved. Baf-3 is a nonmalignant, bone marrow-derived,
interleukin 3 {IL-3}-dependent murine lymphoid lineage
cell line (Palacios and Steinmetz 1985). It has been dem-
onstrated previously that exposure of Baf-3 cells to IR
results in rapid apoptosis if IL-3 has been withdrawn,
whereas no apoptosis after IR is obvious in the presence
of IL-3 (Collins et al. 1992; El-Deiry et al. 1994). We
confirmed these initial observations and went on to use
this cell system to investigate the molecular mediators
of IR-induced apoptosis. In the presence of IL-3, Baf-3
cells arrest transiently in both the G; and G,/M phases
of the cell cycle after IR, and the G, arrest is dependent
on p53 function. In contrast, withdrawal of IL-3 at the
time of irradiation results in a failure of the G, arrest
checkpoint and rapid p53-dependent apoptotic cell
death. Clonogenic studies demonstrate that the presence
of growth factor at the time of IR provides a survival
signal for the irradiated cells. Thus, this cell system of-
fers an opportunity to evaluate what growth factor-mod-
ulated gene products affect the outcome of the cell after
DNA damage induction of p53. Rapid decreases in the
levels of p21WAFY<IPL and rapid increases in gadd45 ex-
pression associated with growth factor withdrawal pro-
vide suggestive models for mechanisms involved in
growth factor alteration of p53-dependent G, arrest ver-
sus apoptosis. Overexpression of oncogenic kinases,
whose normal counterparts are involved in growth factor
signaling, similarly inhibits the apoptotic end point and
suggests yet another mechanism for generation of tumor
cell resistance to antineoplastic therapies.

Results

Growth factor modulation of G, arrest vs. apoptosis
after irradiation

Baf-3 cells are murine bone marrow-derived cells with
lymphoid surface markers and are dependent on IL-3 for

Growth factors and p53-mediated apoptosis

their growth in culture {Palacios and Steinmetz 1985). In
addition, it has been shown that IL-3 inhibits the onset
of apoptotic cell death after exposure of Baf-3 cells to
DNA-damaging agents, such as IR, etoposide, and cis-
platin (Collins et al. 1992). The mechanism by which
this protection from apoptosis occurs has not yet been
elucidated. Recently we confirmed that Baf-3 cells ex-
posed to IR in the absence of IL-3 rapidly undergo apop-
totic cell death with classic DNA fragmentation into
nucleosomal-sized DNA ladders and further demon-
strated that Baf-3 cells irradiated in the presence of IL-3
exhibit cell cycle arrests in both the G, and G,/M phases
of the cell cycle while failing to exhibit DNA ladders
(El-Deiry et al. 1994). Two hours after IR, p53 protein
levels increased whether apoptosis (—IL-3) or cell cycle
arrest (+IL-3) was the outcome.

We chose to use this system to investigate the deter-
minants of cellular outcome after p53 induction by IR.
Cell cycle arrest and apoptotic cell death were analyzed
simultaneously by flow cytometry using propidium io-
dide staining to assess cell cycle stage and in situ label-
ing of DNA fragmented ends with terminal deoxynucle-
otide transferase (Tdt)-incorporated biotinylated nucle-
otides to assess apoptosis (Gorczyca et al. 1993).
Exposure of Baf-3 cells to 4 Gy of IR {1 Gy =100 rads) in
the presence of IL-3 resulted in cell cycle arrests in both
G, and G,/M phases with maximum depletion of
S-phase cells at ~8 hr after IR, and recovery of the cell
population to a relatively normal cell cycle distribution
by 22 hr after IR (Fig, 1A, row 2). No Tdt™/apoptotic
cells were seen in these cells irradiated in the presence of
IL-3. In contrast, Tdt™ /apoptotic cells began to appear in
<4 hr when Baf-3 cells were irradiated in the absence of
IL-3, and by 8 hr, the vast majority of cells were Tdt™
(Fig. 1A, row 4). The time course of the appearance of
apoptotic cells resulting from growth factor withdrawal
alone was much slower with Tdt* cells predominantly
appearing between 12 and 24 hr after growth factor with-
drawal (Fig. 1A, row 3).

The cell cycle stage-specific appearance of Tdt* cells
in Baf-3 cells irradiated in the absence of IL-3 was re-
markably different than that seen with growth factor
withdrawal alone. After IL-3 withdrawal alone, the cells
appeared to continue to progress through the cell cycle
until they began to accumulate in G, and then exhibit
DNA fragmentation. Irradiated cells appeared to progress
from G, into S-phase and it was in S-phase that cells first
began to exhibit DNA fragmentation (Fig. 1A, row 4).
Thus, in contrast to the G, arrest observed in cells irra-
diated in the presence of IL-3, cells irradiated in the ab-
sence of growth factor failed to arrest in G,, entered into
S-phase, and underwent apoptotic cell death. Evaluation
of the G, /S ratio (which should increase in cells exhib-
iting G, arrest) over time after irradiation demonstrates
quantitatively the presence of the G, arrest in cells irra-
diated with IL-3 and its absence in cells irradiated with-
out IL-3 (Fig. 1B). These observations suggest that despite
induction of p53, Baf-3 cells irradiated in the absence of
IL-3 fail to arrest at the typical p53-dependent check-
point in G, and undergo rapid apoptotic cell death.
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Figure 1. The presence or absence of growth
factor modulates whether Baf-3 cells undergo
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G, arrest or apoptosis after IR. (A) Baf-3 cells
were mock-irradiated or irradiated with 4 Gy
of IR either in the presence or absence of 30
U/ml of recombinant murine IL-3. Cells were
harvested 4, 6, 8, 10, and 22 hr after irradiation

and subjected to the Td¢/PI assay for apoptosis
as described in Materials and methods. Propid-
ium iodide staining evaluates cellular DNA
content, and biot-dUTP incorporation repre-

propidium iodide

sents the extent of fluorosceinated avidin bind-

ing to biotinylated dUTP-labeled DNA frag-
ments labeled at apoptotic DNA ends by ter-
minal transferase. Discrimination of the
various cell cycle stages and apoptotic cells is
indicated in the top left histogram for orienta-
tion. (B) The number of cells containing G, and
S-phase content of DNA from the experiment
presented in A were quantitated. Data compar- B 5
ing cells irradiated in the presence or absence
of IL-3 are presented and expressed as the G,/$
ratio. (C) Cells were treated as in A, harvested,
and lysed in Laemmli sample buffer at 30-min
intervals after irradiation for <3 hr and at 6 hr.
Lysates were then immunoblotted for p33 pro-
tein. Each lane contains lysate corresponding
to equivalent cell number. Equal loading was
confirmed by fast green staining.
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To determine whether differences in the length or ex-
tent of p53 induction after IR could account for whether
an irradiated cell underwent G, arrest or apoptosis and
whether p53 induction may be involved in apoptosis ini-
tiated by IL-3 withdrawal alone, a detailed time course
was performed measuring p53 protein levels by immu-
noblot analysis. After IR, p53 protein levels increased
rapidly, peaking by 1.5 hr, and then decreased rapidly
toward basal levels by 3 hr in Baf-3 cells cultured either
in the presence or absence of IL-3 (Fig. 1C). p53 protein
levels did not appear to increase above basal levels in
cells that were grown in the absence of IL-3 alone, sug-
gesting that p53 does not participate directly in the ini-
tiation of this apoptotic pathway. Three independent
experiments indicated that neither the extent nor
the length of p53 induction differs in cells undergoing
G, arrest compared with those undergoing apoptosis
after IR.

p53 is required for both IR-induced G, arrest
and apoptosis in Baf-3 cells

To establish the dependency of both pathways on p53,
Baf-3 cells were transfected stably with the high-risk hu-
man papillomavirus (HPV) E6 gene after selection for the
coexpression of neomycin resistance. E6 promotes the
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degradation of endogenous p53 by a ubiquitin-mediated
pathway (Scheffner et al. 1990) and has been shown to
abrogate both p53 induction and G, arrest in irradiated
cells (Kessis et al. 1993; Demers et al. 1994; Dulic et al.
1994). Several stable clones of Baf-3 cells expressing E6
were isolated based on the absence of p53 induction after
IR. Figure 2A demonstrates the absence of p53 induction
in one such E6-expressing Baf-3 clone, E6.18, after IR in
the presence or absence of IL-3. Pooled Baf-3 cells ex-
pressing neomycin resistance alone induced p53 to an
equivalent extent as parental cells. Both IR-induced G,
arrest and apoptosis were abrogated in E6.18 cells as in-
dicated by the persistence of cells in S, low G, /S ratios as
compared with neomycin control cells, and the absence
of biotinylated dUTP-labeled cells 8 hr after exposure to
IR {Fig. 2B). Similarly, overexpression of a mutant p53
transgene inhibited IR-induced apoptosis (data not
shown). The G, arrest pathway is still intact in irradiated
E6.18 cells consistent with previous observations dem-
onstrating that cells lacking wild-type p53 function only
lose the G, checkpoint after exposure to IR (Kastan et al.
1991). Interestingly, loss of p53 function through expres-
sion of E6 appeared to delay IL-3 withdrawal-induced
apoptosis by 24-48 hr suggesting that p53 affects this
apoptotic pathway, but, in contrast to IR-induced apop-
tosis, is not required (data not shown).


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 23, 2022 - Published by Cold Spring Harbor Laboratory Press

A
IL-3 + + = = + + = =
4 Gy - + = + = + - o+
P33 —> -— -
Topol —
neo E6
B +IL-3 - IL-3
0 Gy 4 Gy 0 Gy 4 Gy
1R I i
o : | neo
B | | - | _
o G1/S Gusl ] G1/S z G1s
4.0 . .. 18 3.7 1.4
[ ST 0 [ ST | g e L
= ¥ :
b= . :
_% & 1 ’
G1/S| ] G1/S| Gi/S G1/S
IR 1| [ CORCUBINEN 17 J1 (N CINE ST I e O L) |

biot-dUTP

Figure 2. Abrogation of both IR-induced apoptosis and G, ar-
rest through stable expression of the HPV-16 E6 protein. (A] A
polyclonal population of cells expressing neomycin resistance
alone (neo) or clone E6.18 (E6) was assayed for p53 protein levels
by immunoblot analysis 1.5 hr after exposure to 4 Gy of IR
either in the absence or presence of IL-3, or (B) for the abilility
of IR to induce G, arrest in the presence of IL-3 or apoptosis in
the absence of IL-3 by FACScan analysis as in Fig. 1A. Cells
were harvested 8 hr after irradiation. The source of IL-3 for these
experiments was 10% WEHI 3B-conditioned media.

Transient removal of IL-3 sensitizes Baf-3 cells
to irradiation-induced cell death

Although abrogation of the G, checkpoint through loss
of p53 function does not appear to influence the survival
of many cell types after IR (Slichenmyer et al. 1993), loss
of p53-mediated apoptosis in response to irradiation has
been demonstrated to render lymphoid cells (e.g., murine
thymocytes) resistant to cell death (Clarke et al. 1993;
Lotem and Sachs 1993; Lowe et al. 1993). Because of the
limited ability to culture cells, such as murine thymo-
cytes, clonogenic survival could not be assessed in these
studies; therefore, the extent of survival after irradiation
was determined by short-term assays such as membrane
permeability. To determine the long-term effect of the
presence or absence of rapid p53-mediated apoptosis on
cell survival after IR, clonogenic survival was assessed in
Baf-3 cells irradiated both in the presence and absence of
IL-3. Transient removal of IL-3 for 6 hr decreased the
surviving fraction of cells by approximately twofold after
exposure to various doses of IR (Fig. 3). The importance
of clonogenic assays for such assessment is illustrated by
the fact that although the presence of growth factor dur-
ing IR inhibits detectable apoptosis (see Fig. 1), and
membrane permeability assays at early time points
would support absolute radioresistance (Collins et al.
1992), clonogenic survival assays reveal a measurable in-
hibition of colony formation after IR.

Growth factors and p53-mediated apoptosis

Levels of apoptosis-influencing gene products
are not altered during IR-induced apoptosis

Apoptosis-protecting gene products, such as Bcl-2
{Nunez et al. 1990; Otani et al. 1993) and Bcl-x, (Boise et
al. 1993}, have been linked to growth factor-related path-
ways. Withdrawal of growth factor has been associated
with down-regulation of Bcl-2 expression (Nunez et al.
1990; Otani et al. 1993) and it has been hypothesized
that this is responsible for the increased tendency of
these cells to undergo apoptosis under these conditions.
Furthermore, p53 not only has been demonstrated to
down-regulate Bcl-2 levels but also to induce the levels
of Bax, an apoptosis-promoting protein {(Miyashita et al.
1994; Selvakumaran et al. 1994). Therefore, it is conceiv-
able that the combined effect of irradiation in the ab-
sence of IL-3 may be to increase the susceptibility of
Baf-3 cells to apoptosis by down-regulation of Bcl-2 or
Bcl-x; or the up-regulation of Bax protein levels. Neither
Bcl-2 nor Bax protein levels changed <24 hr after IL-3
withdrawal (Fig. 4). Bcl-x; levels do appear to be down-
regulated by 24 hr; however, during the period of exten-
sive apoptosis induced by IR in the absence of IL-3 (i.e.,
3, 6, and 9 hr}, levels of Bcl-x;, do not appear to decrease.
We do note that there may be a small increase in Bax
protein levels in irradiated cells both in the presence and
absence of IL-3, but whether these changes are physio-
logically significant is difficult to interpret. Therefore,
whether IR induction of p53 results in G, arrest or apop-
tosis does not appear to be determined by alterations in
the expression of Bcl-2, Bel-x;, or Bax. However, these
studies do not eliminate the possibility that IL-3 with-
drawal may influence the activities of these proteins
through some other mechanism, thereby increasing the
susceptibility of Baf-3 cells to IR-induced apoptosis.
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Figure 3. Transient removal of growth factor increases irradi-
ation-induced cell death assessed by clonogenic survival. Baf-3
cells were exposed to a range of doses of IR either in the pres-
ence or absence of WEHI 3B-conditioned media and incubated
for 6 hr. Cells were then harvested, counted, and assayed for
colony formation.
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Figure 4. Bcl-2, Bcl-x;, and Bax protein levels do not change
before IR-induced apoptosis. Baf-3 cells were irradiated or
mock-irradiated in the presence or absence of WEHI 3B-condi-
tioned media and harvested for immunoblot analysis 1.5, 3, 6, 9,
and 24 hr after IR. Lysates corresponding to equivalent cell
number were loaded into each lane, and equal loading was con-
firmed by fast green staining of membrane and immunoblotting
against topoisomerase I. The same lysates were analyzed for
each immunoblot.

Growth factor modulation of p53-responsive gene
products

Three different gene products have been identified that
are induced in a p53-dependent manner after IR:
p21WAFL/CIPL 054d45, and mdm?2. p21WAFY/ CIPL hag been
implicated in mediating the G, cell cycle checkpoint
because of its ability to associate with and inhibit G,
cyclin/cyclin-dependnet kinase 2 (cdk2) complexes (El-
Deiry et al. 1993, 1994; Harper et al. 1993; Xiong et al.
1993; Dulic et al. 1994). In addition, p21WAF}/CIPL hag
been shown to bind directly to proliferating cell nuclear
antigen (PCNA) and inhibit PCNA-dependent DNA rep-
lication in vitro (Flores-Rozas et al. 1994; Waga et al.
1994). Similar to p21WAFY/CIPL ¢2dd45 has been found to
bind to PCNA, and in addition it appears to stimulate
excision repair in vitro (Smith et al. 1994) and suppress
cell growth in transfected cells (Smith et al. 1994; Zhan
et al. 1994b). Mdm? is believed to be involved in a neg-
ative feedback loop by inhibiting p53-mediated trans-
activation (Barak et al. 1993; Wu et al. 1993; Chen et al.
1994). Whether any of these three proteins are involved
in IR-induced apoptosis is currently unknown. There-
fore, we proceeded to test whether any of these p53-re-
sponsive gene products are induced differentially by IR
in the presence or absence of growth factor.

Total RNA was isolated from Baf-3 cells at 1, 2, and 4
hr after exposure to 4 Gy ionizing radiation in the pres-
ence or absence of IL-3 and analyzed by Northern blot
hybridization to various cDNA probes. After exposure to
IR in the presence of IL-3, the condition under which
Baf-3 cells undergo G, arrest, both p21WAFI/CIF1 gpnd
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Mdm?2 mRNA are induced by IR (Fig. 5A). Interestingly,
we failed to see a significant increase in gadd45 levels
after IR, although we did observe measurable increases
in gadd45 after treatment of Baf-3 cells with the alkylat-
ing agent methyl methane sulfonate (MMS) (data not
shown). When irradiated in the absence of IL-3, the con-
dition in which Baf-3 cells undergo rapid p53-dependent
apoptosis, Mdm2 mRNA levels increased to an equiva-
lent extent as when cells are irradiated in the presence of
IL-3. In contrast, significant changes in the levels of
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Figure 5. [L-3 modulates the levels of gadd45 and p21WAFL/CIP1
in both irradiated and nonirradiated cells independently of p53
function. {A) Total RNA from irradiated or mock-irradiated
Baf-3 cells cultured in the presence or absence of WEHI-condi-
tioned media was isolated from cells at 1, 2, and 4 hr after IR and
subjected to Northern analysis. The same membrane was
stripped and reprobed for each of the mRNA species labeled. (B)
Immunoblot analysis of p21WAF/CIP1 protein levels 2 and 4 hr
after irradiation in the presence or absence of WEHI 3B-condi-
tioned media. (C) Neomycin and E6.18 cells were compared for
their ability to modulate p21WAF/CIPL g3dd45 mRNA levels in
response to IL-3 manipulation by Northern blot analysis. Total
RNA was isolated from undisturbed cells (0 hr], cells that had
been incubated in IL-3-free media for 1 and 3 hr {1 3; —IL-3), or
cells that had been starved of IL-3 for 3 hr and then re-exposed
to IL-3 (100 U/ml of recombinant murine IL-3 for 1 and 3 hr;
labeled as 1 3; +IL-3). Northern hybridization against gapdh is
presented as a control for equal loading in both A and C.

gapdh
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p21WAFI/CIPL 4nd gadd45 were observed in this situation.

p21WAFI/CIPL ;i RNA levels rapidly decreased after IL-3
withdrawal. IR induced p21WAF/CPL mRNA rapidly as
observed in cells cultured with or without IL-3 after IR
(Fig. 5A). However, the combined effect of IL-3 with-
drawal and IR resulted in 50-75% less induction of
p21WAFI/CIPL ;RN A as compared to the levels of induc-
tion observed in cells irradiated in the presence of IL-3 at
2 hr, the time point at which maximal p21WAF1/CIPL jp.
duction is observed. Consistent with the results ob-
tained through Northern analysis, immunoblot analysis
of p21WAFL/CIPL protein levels confirmed that the induc-
tion of p21WAF/CIPL protein was substantially less in
Baf-3 cells irradiated in the absence of IL-3 as compared
with those cells irradiated in the presence of IL-3 (Fig.
5B). In sharp contrast to p21WVAF/CIPL gadd45 mRNA
levels did not fall after IL-3 withdrawal but, rather, in-
creased approximately fourfold. Therefore, IL-3 appears
to regulate p21 WAFI/CIPL and gadd45 mRNA levels dif-
ferentially. These alterations in p21WAFV/CIPL and
gadd45 expression with growth factor withdrawal occur
over a time frame that could account for whether Baf-3
cells undergo G, arrest or apoptosis after exposure to IR.

To demonstrate further that expression of p21WAFL/CIPL
and gadd45 is modulated rapidly by IL-3 and to deter-
mine whether p53 plays a role in this regulation, Baf-3
cells expressing the E6 protein or neomycin resistance
alone were subjected to IL-3 withdrawal for <3 hr, after
which purified recombinant murine IL-3 was adminis-
tered. After IL-3 withdrawal for 1 and 3 hr, p21WAFL/CIP
levels are down-regulated rapidly in both neomycin and
E6-expressing Baf-3 cells (Fig. 5C). After readdition of
pure IL-3 to cells that have been starved of IL-3 for 3 hr,
p21WAFL/CIPL i RNA levels returned rapidly to basal lev-
els by 1 hr. gadd45 mRNA levels increased substantially
in response to IL-3 withdrawal and rapidly decreased
back to basal levels upon readdition of pure IL-3 in both
control and E6-expressing cells. There were no consis-
tent changes in Mdm2 mRNA levels in response to
growth factor manipulation. Thus, the decreased
p21WAFL/CIPL 4 increased gadd45 expression upon IL-3
withdrawal were reversed rapidly by readdition of IL-3,
and these growth factor-modulated changes were inde-
pendent of p53 as the E6 transfectants exhibited the
same alterations with growth factor withdrawal.

Constitutive expression of oncogenic kinases inhibit
IR-induced apoptosis in cells grown in the absence
of IL-3

The results presented thus far demonstrate that the pres-
ence or absence of growth factor can have a profound
impact on whether Baf-3 cells undergo G, arrest or apo-
ptosis after exposure to IR. Therefore, any oncogenic
changes that result in growth factor independence, such
as through the constitutive activation of protein kinases
involved in growth factor signal transduction (Cleveland
et al. 1994; Okuda et al. 1994), may also decrease the
susceptibility of such a cell type to undergo apoptosis in
response to IR. Hence, we proceeded to examine the ef-

Growth factors and p53-mediated apoptosis

fects of enforced expression of activated Src or Raf ki-
nases on p53-mediated apoptosis in cells grown in the
absence of IL-3. Expression vectors were constructed
such that v-Src (Johnson et al. 1985] or a truncated form
of activated human c-Raf [c-Raf-BXB (Bruder et al. 1992]]
was subcloned into a zinc-inducible expression vector
containing the sheep metallothionien promoter pMT-
CB6+ (Hoang et al. 1994). Several stable transfectants
were isolated that expressed either v-Src or c-Raf-BXB in
a zinc-inducible manner. Results using two v-Src clones
and one c-Raf-BXB clone are illustrated here. Clone
Src10 constitutively expressed a low basal level of v-Src,
and upon addition of zinc, induced v-Src severalfold (Fig.
6A). In contrast, clone Src2 constitutively expressed a
relatively high basal level of v-Src as compared with
Src10 cells and induced a considerably higher level of
v-Src after the addition of zinc (Fig. 6A). Clone BXB7
appeared to express two forms of activated truncated
c-Raf (Fig. 6B). These cells constitutively expressed a
high level of a protein of the expected size for truncated
c-Raf (40-42 kD) (Fig. 6B, labeled BXB). This species was
mildly induced by zinc. However, we also noted a
smaller species of ~30 kD that was reactive with anti-
c-Raf antibodies and was significantly induced by zinc
treatment (Fig. 6B, labeled BXB'). We currently do not
know whether BXB or BXB' is the active species ex-
pressed in these cells.

The individual clones were then evaluated for the
level of apoptosis induced by IR in the absence of IL-3.
Half of the respective populations were pretreated with
zinc for 2 hr before cell washing to remove IL-3. Both
populations were then resuspended in IL-3-free medium
and those cells that had been pretreated with zinc were
again administered the same concentration of zinc, re-
spectively. Cells were then irradiated, incubated for 8 hr,
and processed for FACScan analysis. A pool of neomy-
cin-resistant Baf-3 cells, which had been transfected
with vector alone, served as a control for both the level of
apoptosis induced by IR and any negative effects the
presence of zinc may have on the apoptotic pathway.
Approximately 50% of the neomycin-resistant cells
were positive for apoptosis 8 hr after irradiation in the
absence of IL-3, and the presence of zinc did not inhibit
the generation of DNA ladders (Fig. 6C). The constitu-
tive level of c-Raf-BXB was somewhat protective to the
induction of apoptosis as only 24% of the cells were
Tdt* 8 hr after irradiation in the absence of zinc. The
same was true for the Src2 cell line, where only 22% of
the cells were Tdt* after exposure to IR. The relatively
low constitutive level of v-Src observed in the Srcl0 cell
line did not appear to be sufficient to significantly pro-
tect these cells from IR-induced apoptosis. The addition
of zinc to induce either activated c-Raf or v-Src protected
all of these cell lines almost completely from apoptosis
[Fig. 6C). The induction of v-Src or c-Raf-BXB also ap-
peared to restore the ability of these cells to undergo G,
arrest in the absence of IL-3.

Because our previous data raised the possibility that
IL-3 withdrawal led to enhanced apoptosis after IR be-
cause of down-regulation of p21WAFL/<IPL and up-regula-
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Figure 6. Enforced expression of v-Src or activated c-Raf pro-
tects Baf-3 cells from undergoing IR-induced apoptosis and pre-
vents IL-3 withdrawal-induced modulation of gadd45 and
p21WAFL/CIPL mRNA levels. (A) Immunoblot analysis of v-Src
levels in clones Src2 and Srcl0 clones after the addition of 75 pm
ZnSO, for 0, 2, 4, 8, and 24 hr. (B) Immunoblot analysis for
proteins reactive to c-Raf antibodies in neomycin and clone
BXB7 cells after the addition of 75 pm ZnSO, for 0, 4, 8, and 24
hr. Two different proteins were detected that were inducible by
zinc: BXB of ~40-42 kD and BXB' of ~30 kD. The endogenous
c-Raf protein is noted at ~74 kD. (C) Neomycin (neo), BXB7,
Src2, and Srcl0 cells were pretreated with 75 um ZnSO, for 2 hr,
resuspended in IL-3-free media containing zinc, and irradiated.
After 8 hr, cells were harvested and processed for FACScan anal-
ysis as in Fig. 1. Cells mock-treated with zinc are shown for
each cell line. The percentage of cells positive for apoptosis
(Tdt™*) are shown in the bottom right-hand corners of each his-
togram. (D) Neomycin (neo), Src2, and Srcl0 cells were pre-
treated with 75 um ZnSO, for 2 hr. These cells were then either
harvested immediately (0 hr) or subsequently incubated in IL-
3-free media for an additional 3 hr (3) in the presence of zinc and
then harvested for total RNA isolation and Northern analysis.
Cells mock-treated with zinc are shown for each cell line.
Northern hybridization against gapdh is presented as a control
for equal loading.

tion of gadd45 mRNA levels, we asked whether expres-
sion of these activated kinases, which inhibited IR-in-
duced apoptosis, also prevented these changes in
p21WAFL/CIPL and gadd45 expression after growth factor
withdrawal. Although p21WAF/CIP1 expression in con-
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trol neomycin-resistant cells dropped rapidly with
growth factor withdrawal in the presence or absence of
zinc, this decrease was inhibited markedly by forced
v-Src expression (Fig. 6D). Similarly, the increased
gadd45 expression associated with IL-3 withdrawal was
blocked by v-Src expression. Thus, the apoptosis versus
G, arrest decision fork again correlated with these
changes in p21WAF/CIPL and gadd45 expression.

Discussion

We used a nonmalignant, growth-factor dependent mu-
rine hematopoietic cell line to investigate the factors
that determine whether DNA damage induction of p53
protein will result in growth arrest or in rapid pro-
grammed cell death. This cell system has the advantages
of (1) allowing us to evaluate the entire p53-dependent
pathway, starting with induction of endogenous p53 by
irradiation; (2} transfectability, allowing evaluation of
the effects of altered expression of various gene products
on cellular outcome after irradiation; (3) the lack of a
requirement for introduction of an exogenous gene such
as adenovirus Ela to drive the cell toward apoptosis; and
(4) the ability to evaluate the effects of manipulation of
this rapid decision fork on long-term cellular outcome,
such as clonogenic survival.

Baf-3 cells that are irradiated in the presence of growth
factor IL-3 arrest transiently in the G, and G,/M phases
of the cell cycle, whereas Baf-3 cells irradiated in the
absence of IL-3 undergo rapid apoptotic cell death. Be-
cause a given dose of IR causes both of these outcomes,
the simple notion that a low dose of IR leads to growth
arrest and a higher dose results in apoptosis is ruled out.
The concept that high p53 protein levels can either cause
growth arrest or apoptosis, depending on cellular con-
text, was predicted from the original observations of
Oren and colleagues that a transfected, overexpressed
temperature-sensitive p53 gene caused growth arrest in
murine fibroblasts (Michalovitz et al. 1990) at the per-
missive temperature while resulting in apoptosis in mu-
rine leukemia cells (Yonish-Rouach et al. 1991). Because
p53-dependent cell cycle arrest is seen in most cell types
after irradiation (Kastan et al. 1991, 1992; Kuerbitz et al.
1992) and loss of p53 function and the G, checkpoint in
such cells does not alter markedly clonogenic survival
(Slichenmyer et al. 1993), whereas p53-dependent apo-
ptosis is evident in irradiated thymocytes (Clarke et al.
1993; Lotem and Sachs 1993; Lowe et al. 1993} (but
where clonogenic survival could not be assessed), we
suggested that cellular outcome after irradiation of cells
with wild-type p53 was modulated by other cellular fac-
tors (Slichenmyer et al. 1993). These factors are likely to
be determined by the differentiated program of the par-
ticular cell type; for example, it may not be desirable for
epithelial-derived cells to die upon exposure to DNA-
damaging agents as they may incur DNA damage fre-
quently. Data from a number of systems in recent years
have solidified the concept that growth factor stimula-
tion can increase tissue cell number by preventing cell
death, rather than by driving cellular proliferation
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(Williams et al. 1990). In the experimental system stud-
ied here, we extend this concept to demonstrate and
evaluate how cytokines can also act as survival signals in
the cellular response to DNA damage.

Apoptosis modulation, p21WAF/ 1 and gadd45

A number of candidate macromolecules which might be
responsible for this decision fork in irradiated cells were
evaluated. The lack of significant changes in the levels of
the antiapoptotic gene products, Bcl-2 and Bel-x;, or the
apoptotic gene product, Bax, in irradiated Baf-3 cells as-
sociated with growth factor withdrawal suggests that
modulation of the levels of these proteins is not respon-
sible for dictating cellular outcome after p53 induction
by irradiation. It is recognized that alterations in activ-
ity, rather than levels, of one of these proteins cannot be
ruled out at this time. Similarly, differential induction of
p53 did not seem to be responsible for determining cel-
lular outcome in the two settings.

Intriguingly, however, growth facter withdrawal led to
arapid decrease in the levels of p21WAFY/CIP1 expression.
Although IR and p53 induction still caused an increase
in p21WAFL/CIP! Jevels in the absence of IL-3, the abso-
lute levels of p21WAFL/CIPL jn the irradiated cells without
IL-3 appeared to be significantly less than the levels in
irradiated cells with IL-3. It has been suggested recently
that p21WAFV/CIPL jnhibition of cyclin/cdk activation is
dependent on the absolute levels of p21WAFY/IP1 protein
(Zhang et al. 1994). Thus, lower absolute levels of
p21WAFL/CIPL ip the irradiated cells in the absence of IL-3
could explain the observation that despite increases in
p53 and increases in p21WAF/CIP1 these cells fail to ar-
rest adequately at the G, checkpoint, enter S-phase, and
undergo apoptotic cell death.

This model would suggest that this decision fork may
be determined, at least in part, by the modulation of

21 WAFL/CIPL sratein levels by cytokines. Modulation of
p21WAF1/CIPL aypression by IL-3 withdrawal is indepen-
dent of p53, as the clones expressing HPV-16 E6 also
exhibited decreases in p21WAFY/CPL expression upon
IL-3 withdrawal. This observation is consistent with the
recent demonstration that serum stimulation of growth-
arrested cells results in p53-independent inceases in
p21WAFI/CIPL exnression {Michieli et al. 1994). This sce-
nario would also be consistent with the model proposed
recently by Wu and Levine {1994) that simultaneous
overexpression of p53 and E2F-1 results in apoptotic cell
death. In our cell sytem, irradiation of the IL-3-deprived
cells results in increased p53 expression but with levels
of p21WAFL/CIPL that may be inadequate to inhibit acti-
vation of cyclin/cdk complexes and thus fail to block
phosphorylation of Rb protein, resulting in the release of
E2F-1 in cells that have increased levels of p53 protein. If
decreased levels of p21WAFL/CIP! gctually result in in-
creased tendency to apoptosis, as this model would pre-
dict, this could explain why p21WAFI/CIP! js mutated so
rarely in human tumors: Mutation and inactivation of
p21WAFL/CIPL ip cells with wild-type p53 would increase
markedly the tendency of a cell to undergo apoptosis
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and, therefore, would not be selected for during tumori-
genesis. Once a cell mutates p53, there might be little
advantage for a tumor cell to mutate p21WAFY/CIFY, Sim-
ilarly, it might predict difficulty in the construction of a
“p21-knockout” mouse.

gadd45 expression also changed rapidly upon growth
factor withdrawal, but in contrast to p21WAFVCIPL in.
creased levels of expression were noted. This modulation
was also independent of p53 function and represents one
of the first differences between modulation of the expres-
sion of p21WAFY/<IP1 and gadd45 by a particular stimu-
lus. If the change in gadd45 expression was functionally
significant, this would seem to implicate increased ex-
pression of gadd45 in the induction of apoptotic cell
death and might be consistent with the observation that
virtually all types of DNA-damaging agents induce
gadd45 expression (Fornace 1992). Transfection of
gadd45 into tumor cells results in decreased clonogenic-
ity (Zhan et al. 1994b); however, this could result from
either inhibition of cellular proliferation or increased
cell death. Unfortunately, the growth-suppressive effects
of both gadd45 and p21WAF!/<P1 have made it difficult to
obtain cells with stably altered levels of expression, even
when these genes were introduced into cells under the
control of an inducible promoter. Until levels of gadd45
and p21WAFI/CPl expression have been manipulated
successfully, neither of these potential models can be
considered adequately tested. It is also feasible that si-
multaneous modulation of both gene products is re-
quired for the apoptosis end point in these cells and,
thus, manipulation of one gene at a time would not be
sufficient to alter this response pathway. It is intriguing
that both p21WAF/CIPl (Wagq et al. 1994} and gaddd45
{Smith et al. 1994) proteins appear to bind to PCNA;
thus, simultaneous decreases in p21WAFV/CIFL and in-
creases in gadd45 expression upon IL-3 withdrawal could
work together through PCNA in altering cellular fate.

Signal transduction: effects of Src and Raf on
apoptosis

The ability of growth factor stimulation to enhance cell
survival after DNA damage has also been demonstrated
in other cell systems (Neta and Oppenheim 1991; Leigh
et al. 1993; Waddick and Uckun 1993; Fuks et al. 1994;
Haimovitz-Friedman et al. 1994), and serum stimulation
prevents or reduces the cell death caused by overex-
pressed c-myc (Evan et al. 1992) and adenovirus Ela
(Lowe and Ruley 1993). These observations in conjunc-
tion with ours made it natural to investigate the ability
of gene products that participate in growth-related signal
transduction pathways to affect cellular outcome after
p53 induction by DNA damage. Inducible overexpres-
sion of either v-Src or activated c-Raf was able to block
the irradiation-induced apoptosis normally seen in IL-3-
deprived Baf-3 cells and restored the G, arrest in the
irradiated cells despite the absence of IL-3. Both of these
gene products also induced p21WAF1/IP! and inhibited
gaddd5 expression similar to IL-3 treatment. Because
both Src and Raf have been implicated in controlling
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NFxkB/IkB modulation of transcription (Koong et al.
1994}, this could be a natural signaling pathway to im-
plicate in this system.

A link between increased c-Raf kinase activity and ra-
dio resistance has been suggested previously (Chang et
al. 1987; Kasid et al. 1989). Our model system now sug-
gests that this observation may be attributable to an in-
hibition of p53-mediated apoptotic cell death after irra-
diation. Because many tumor cells may have alterations
in expression of many gene products in such signal trans-
duction pathways (e.g., Src, Raf, Ras), they may have
inherent relative insensitivity to DNA-damaging agents
on this basis alone, even if wild-type p53 is present.
Thus, activation of these oncogenes would have a differ-
ent phenotype than activation of oncogenes such as
c-myc, adenovirus Ela, or HPV E7, where overexpression
of the latter group would result in increased tendencies
to apoptosis and require mutations in p53 to abrogate the
apoptosis phenotype (Evan et al. 1992; Debbas and White
1993; White et al. 1994). This requirement has been pro-
posed as the reason that so many tumor cells mutate p53
during multistep tumorigenesis (Lowe et al. 1994; Sy-
monds et al. 1994). Our data further suggest the concept
that oncogenes could be divided into two classes, one
group that enhances apoptotic tendencies and one group
that inhibits them. It is conceivable that whether and
when during tumorigenesis p53 becomes mutated could
be dictated by which class of mutations have occurred
already. For example, tumor types that rarely mutate
p53, such as lymphoid leukemias, germ cell tumors, and
neuroblastomas, may be able to proceed through the tu-
morigenesis process without mutating p53 because they
resist apoptosis by other mechanisms, such as activation
of this other class of oncogenes or constitutive stimula-
tion of growth factor pathways by paracrine or autocrine
mechanisms. Perhaps the observation that Burkitt’s
lymphoma is unusual among hematopoietic malignan-
cies in having a reasonable frequency of p53 mutations
results from overexpression of c-myc (Milner et al. 1993).
Increased apoptosis tendencies attributable to c-myc
overexpression may invoke a greater need to mutate p53
relative to other hematopoietic tumors. Those tumors
that retain wild-type p53 may be more curable with cur-
rent antineoplastic therapies than tumors that resist ap-
optosis by mutating p53 or overexpressing Bcl-2, because
metabolic manipulations could still result in apoptotic
cell death after DNA damage.

These observations suggest that inhibition of such sig-
nal transduction pathways at the time of exposure of
cells to DNA-damaging antineoplastic agents could in-
crease the sensitivity of cells (with wild-type p53) to
these agents. Transient removal of IL-3 only at the time
of irradiation was sufficient to result in decreased clono-
genic survival of the Baf-3 cells. Thus, the cytokine sig-
nal transduction pathway becomes a reasonable rational
target to try to improve efficacy of chemotherapy and
radiotherapy as only brief inhibitions of the pathway
would be required at the time of exposure. Theoretically
selective cytotoxicity could also be achieved by appro-
priate use of cytokines or their surrogates to protect spe-
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cific normal tissues. Further investigations of this and
other systems amenable to manipulation of apoptosis
end points should continue to provide new insights into
potential mechanisms to increase selective cytotoxicity
of tumor cells.

Materials and methods
Expression vectors and plasmid constructions

pCMVEG6 contains the HPV-16 E6 gene subcloned into pCMV-
neobam downstream of the cytomegalovirus promoter (Kessis
et al. 1993) (obtained from K.R. Cho and L. Hedrick, Johns Hop-
kins Univeresity, Baltimore, MD). For the construction of
pMTv-Src, plasmid pMv-Src (Johnson et al. 1985) was cleaved
with Ncol and the 5’ overhang was filled in with DNA poly-
merase. Plasmid DNA was then digested with Xbal, and the
1680-kb v-Src fragment was subcloned into the EcoRV and Xbal
sites of plasmid MT-CB6+ (provided by F. Rauscher, Wistar
Institute, Philadelphia, PA) downstream of a sheep metallothio-
nein promoter. For the construction of pMTBXB, RSV-Raf—-BXB
{Bruder et al. 1992) (obtained from John L. Cleveland, St. Jude’s
Children research Hospital, Memphis, TN} was cleaved with
Clal and Xbal and the resulting DNA fragment, encoding the
truncated form of activated c-Raf cDNA, was subcloned into the
Clal and Xbal sites of MT-CB6+. For DNA transfections, plas-
mid DNAs were linearized after digestion with Scal (pMTv-Src
and pMTBXB) and Xmnl [pCMVEG). All three expression vec-
tors contain a neomycin-resistance marker gene.

Cell culture and DNA transfections

Baf-3 (Palacios and Steinmetz 1985) cells were cultured in RPMI
(GIBCO Life Sciences) containing 10% fetal bovine serum (At-
lanta Biologicals) and 10% WEHI 3B-conditioned medium as a
source of IL-3. In some experiments, Baf-3 cells were cultured in
the presence of purified recombinant murine IL-3 (GIBCO Life
Sciences). Before irradiation, exponentially growing cells were
washed twice in serum-free RPMI and resuspended in media
either containing or lacking IL-3. Clonogenicity was measured 6
hr after irradiation by seeding known concentrations of cells by
limiting dilution into 96-well plates in media containing IL-3.
Cells were seeded under conditions such that growth in a well
originated from a single cell. After 8 days, plates were scored for
colonies and plating efficiency was calculated by dividing the
number of wells containing growth by the total number of cells
seeded. The surviving fraction was then calculated by normal-
izing the plating efficiency of treated cells to that observed for
nonirradiated control cells that had been incubated either in the
presence or absence of IL-3, respectively, during the course of
the experiment.

To generate stable DNA transfectants, 107 cells were resus-
pended in 1 ml of PBS plus 15 pg of linearized plasmid DNA and
electroporated (1.2 kV, 25 pFD; Bio-Rad Gene Pulser). Cells
were then allowed to recover for 24-48 hr and stable transfec-
tants were selected for neomycin resistance with 0.5 mg/ml of
geneticin (GIBCO Life Sciences). Individual clones were iso-
lated by limiting dilution of a polyclonal neomycin-resistant
population into 96-well plates and then screened for the expres-
sion of the transfected gene of interest by immunoblot analysis.
In the case of pPCMVE6 transfectants, clones were screened for
the absence of p53 induction by IR. pMTv-Src and pMTBXB
transfectants were screened for v-Src, and truncated human
c-Raf expression induced by Zn*2 A concentration of 75 uM
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ZnSO, was used to induce the expression of v-Src and c-Raf-
BXB in all experiments indicated.

Immunoblot analysis

Cells were harvested, counted, and solubilized in Laemmli sam-
ple buffer as described previously (Kastan et al. 1992). Cell ex-
tracts corresponding to equivalent cell numbers were loaded
into each lane, and total cellular proteins were then separated
by SDS-PAGE. After wet electrotransfer onto nitrocellulose
membranes, equivalent loading was confirmed by fast green
staining as described previously {Kastan et al. 1992). Immuno-
blots with antibodies to p53 (a mixture of PAb421 and PAb420;
Oncogene Science), to human c-Raf (C-20) and murine
p21WAFL/CIPL (M-19) (Santa Cruz Biotechnology), and to topoi-
somerase I (Topogen|) were used. Antibodies to v-Src (monoclo-
nal antibody 327) were purified from hybridoma cells provided
by Joan Brugge {Ariad, Cambridge, MA). Antibodies to murine
Bcl-2 and Bax were provided by John Reed (Lajolla Cancer Re-
search Foundation, CA), and antibodies to murine Bcl-x were
provided by Craig Thompson (University of Chicago, IL). After
primary antibody staining, blots were stained with horseradish
peroxidase-conjugated secondary antibodies and autoradio-
graphed using enhanced chemiluminescence {Amersham Life
Sciences).

Northern analysis

Total RNA was purified from Baf-3 cells using the single-step
acid guanidinium thiocyanate-phenol—chloroform extraction
method {Chomczynski and Sacchi 1987). Equal amounts of total
RNA were electrophoresed on formaldehyde—agarose gels and
transferred onto Nytran membranes (Schleicher & Schuell).
cDNA probes were random prime labeled with [32P]dCTP ac-
cording to manufacturer’s directions (Boehringer Mannheim)|
and hybridized to immobilized RNA for 2 hr in Rapid-hyb
buffer (Amersham Life Science) at 65°C for p21WAFL/CIPL
Mdm2, and gapdh, and at 62°C for gadd45. Blots were first
washed at room temperature with 2x SSC, 0.1% SDS, and then
at 65°C with 0.2x SSC, 0.1% SDS (p21WAFI/CIPL Mdm9  and
gapdh), or at 62°C with 0.5x SSC, 0.1% SDS (gadd45). Northern
blots were quantitated by PhosphorImager analysis.

For cDNA probes, a 0.8-kb murine p21WAFI/CIP1 ¢DNA frag-
ment was excised from the vector pPCMW35 (provided by Bert
Vogelstein, Johns Hopkins University, Baltimore, MD) after di-
gestion with EcoRI; a 1.2-kb Chinese hamster ovary gadd4s
cDNA fragment was excised from the vector pXR45m (Papatha-
nasiou et al. 1991) {provided by Al Fornace, National Institutes
of Health) after digestion with Kpnl and Sacl; a 3-kb murine
mdm2 cDNA fragment was excised from vector B101 (provided
by Donna L. George, University of Pennsylvania) after digestion
with EcoRl; and a 780-bp human gapdh ¢cDNA fragment was
excised from vector pBS-GAP-PX {provided by Paula Vertino,
Johns Hopkins) after digestion with Xbal and PstI.

Flow cytometry

Baf-3 cells were analyzed for both cell cycle positions and apo-
ptosis using a Tdt/PI assay (Gorczyca et al. 1993). Briefly, cells
were first fixed in PBS containing 1% formaldehyde to immo-
bilize apoptotic DNA fragments and then fixed in 70% metha-
nol to permeabilize cells. Apoptotic DNA fragments were then
end-labeled in situ with biotinylated dUTP (Boeringer Mann-
heim) by terminal transferase and then stained with fluoresce-
inated avidin {Boeringer Mannheim)|. Cells were then counter-
stained with 25 pg/ml of propidium iodide (Sigma) containing
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20 pg/ml of RNase A (Sigma) and analyzed by flow cytometry
on a FACScan flow cytometer (Becton Dickinson). A total of
9000 events were collected, and ungated data are presented in
all figures shown.
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