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The p53 pathway displays a large degree of redundancy in the expression of a number of pro-apoptotic mechanisms
following DNA damage that, among others, involves increased expression of several pro-apoptotic genes through
transactivation. Spatial and temporal cellular contexts contribute to the complexity of the regulation of apoptosis, hence
different genes may show a cell- and tissue-dependent specificity with regard to the regulation of cell death and act in
concert or show redundancy with one and another. We used siRNA technology to assess the effect of multiple ablations
of documented pro-apoptotic p53 target genes (PPG) in the colorectal cancer cell line HCT116 and generated mice
deficient in both of the extrinsic and intrinsic PPGs genes Dr5 and Puma following treatment with chemotherapeutics
and ionizing radiation. DR5, Fas, Bax, Bad, Puma and Bnip3L were induced by 5-FU and adriamycin (ADR) in HCT116 cells
in a p53-dependent manner. The resulting caspase 3/7 activity in HCT116 cells following treatment were suppressed
by ablated expression of the PPGs in the extrinsic as well as the intrinsic pathway. To our surprise, knocking-down any
of the PPGs concomitantly with DR5 did not further inhibit caspase 3/7 activity whereas inhibiting DR5-expression in
HCT116Bax knockdown (kd) and HCT116Fas kd did, suggesting that these genes act downstream or in synergy with
DR5. This was supported by our in vivo observations, since Puma and Dr5 were equally efficient in protecting cells of
the spleen from sub-lethal radiation-induced apoptosis but less effective compared with irradiated p53” mice. To our
surprise, Dr5”; Puma’ mice did not show additive protection from radiation-induced apoptosis in any of the investigated
organs. Our data indicates that the intrinsic pathway may rely on extrinsic signals to promote cell death in a cell- and
tissue-dependent manner following DNA damage. Furthermore, p53 must rely on mechanisms independent of DR5 and

PUMA to initiate apoptosis following y-radiation in the spleen and thymus in vivo.

Introduction

The p53 protein plays a critical role in inhibiting carcinogenesis,
as half of all human tumors carry inactivating mutations in the
p53 gene, and the other half may have dysfunctional p53 as a
consequence of alterations in post-translational events or inhibi-
tion of upstream activators." Under normal physiological condi-
tions, the level of p53 are kept low and functionally switched
off, whereas stressors, such as DNA damage, oncogenic signal-
ing, hypoxia or nucleotide depletion, result in activation of p53.?
Activated p53 accumulates as a tetramer in the cell nucleus and
act as a transcription factor for genes involved in cell cycle arrest
and programmed cell death (apoptosis).® In the case of cell cycle
arrest, p21 appears sufficient to block cell cycle progression in
G, phase until repair of damaged DNA has occurred or the
cellular stress has been resolved.* However, the p53-dependent
apoptotic response is more complex and involves transcriptional
activation of multiple pro-apoptotic target genes that display
tissue, cell and context-dependent specificity in their ability to
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execute apoptosis. p53 transactivates key molecules in several
apoptosis pathways, including Fas, DR4, KILLER/DR5, DcRI,
DcR2, Bid, Puma, Noxa, Bad, Bak, Bax, p53AIPI, caspase 6,
Apafl and Bnip3L (also referred to as Nix)>® and may also trans-
repress anti-apoptotic genes such as Bc/-2 and Survivin.®

The use of mice lacking functional p53 has made the existence
of a DNA damage-induced type of apoptosis evident, which pres-
ents itself only in the presence of functional p53. p53-null mice
are resistant to apoptosis induced by y-radiation in the develop-
ing nervous system,’ spleen, thymus'® and the small intestine.'*?
Additionally, p53-deficient mice are resistant to apoptosis trig-
gered by 5-fluorouracil (5FU) in the small intestine,'® arabinofu-
ranosylcytosine in sympathetic neurons' and by adriamycin in
the thymus, spleen and small intestine.'” However, loss of either
Bax or Bak alone is not sufficient to confer resistance to apoptotic
stimuli, whereas cells lacking both Bax and Bak become resistant
to many types of cellular stress.” In contrast, Puma-null thymo-
cytes, developing neurons and hematopoietic cells do not trig-
ger apoptosis following DNA damage.'®"” HCT116 Puma’" cells
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are resistant to apoptosis induced by p53 overexpression.'® P53-
triggered death receptor induction may also play a role in DNA
damage-triggered apoptosis, since Dr5-deficient mice show
reduced amounts of apoptotic cells in their thymus, spleen and
white matter of the brain following ionizing radiation.” These
studies have established the importance of the p53-dependent
pro-apoptotic target genes in the execution of apoptosis. However,
it is largely unclear to what extent PPGs show redundancy and
interdependency, perhaps due to the tedious nature of generating
mice deficient in multiple genes.

Here, we address the possibility of synergy between pro-
apoptotic proteins in the p53 pathway by employing siRNA to
target the expression of several PPGs and subsequently screen for
caspase 3/7 activity following chemotherapy in HCT116 colorec-
tal cancer cells. We also generated mice lacking both Dr5 and
Puma and subjected these mice to exposure to sub-lethal doses
of ionizing radiation in order to evaluate the concomitant role of
these two pro-apopototic molecules in p53-dependent apoptosis
in normal radio-sensitive tissues in vivo. Our results indicate a
previously unknown interdependency between key pro-apoptotic
genes involved in the intrinsic (mitochondrial) and extrinsic
pathway for the execution of DNA damage-induced apoptosis.

Results

5FU triggers p53-dependent cell death in HCT116 and PA-1
cells. To study p53-dependent apoptosis in human cancer cells,
we screened a number of cell lines [PA-1, U20S (osteosarcoma
cells), H460 (lung cancer cells), HCT116] expressing wild-type
p53 with a number of chemotherapeutics (5FU, Adriamycin
[ADR], cyclophosphamide, gemcitabine) known to cause DNA
damage for a combination that triggered p53-dependent cell
death. In order to verify the dependency for p53 in the execu-
tion of apoptosis, we silenced p53 in PA-1, U20S and H460
cells using micro RNA against p53 (Sup. Fig. 1B and data not
shown). We used HCT116-p53" cells for their counterpart, as
we could not obtain efficient p53 knockdown in the HCT116 cell
line (Sup. Fig. 1A). We were able to confirm that both 5FU and
ADR induced p53-dependent cell death in HCT116 cells and
adriamycin in PA-1 cells by sub-G, analysis and long-term cell
culture survival following exposure (Fig. 1). The other combina-
tions of cells and chemotherapeutics failed to induce apoptosis
associated with reduced long-term cell culture survival or did so
independently of p53. Based on these results, we used HCT116
and PA-1 cells to study p53-dependent cell death.

DRS5, Fas, Bax, Bad, Puma and Bnip3L were induced by 5SFU
and adriamycin in HCT116 cells in a p53-dependent manner.
We next studied the expression of PPGs or anti-apoptotic genes
that are reported to be repressed by p53 under the previously
established conditions triggering p53-dependent cell death. As
shown in Figure 2, DR5, Fas, Bax, Bad, Puma and Bnip3L were
induced by 5FU and ADR in HCT116 cells in a p53-dependent
manner. In contrast, the expression levels of Noxa and Apafl
were very low in this particular cell line, and there were no appre-
ciable change after treatment with ADR or 5FU. As we lacked
a good antibody for p53AIP1, we performed semi-quantitative
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RT-PCR to analyze the expression of the gene following treat-
ment with chemotherapeutics. However, we were unable to find
conditions where this gene could be upregulated by 5SFU or ADR
in a p53-dpendent fashion (Sup. Fig. 2). Based on these results,
we decided to target DRS5, Fas, Bax, Bad, Puma and Bnip3l for
multiple-gene silencing, utilizing siRNA to study the relation-
ship among the genes and their contribution to the p53 apoptotic
response.

Fas and DRS5 triggers p53-dependent apoptosis following
5FU treatment in colorectal cancer cells in vitro. We inhibited
expression of the p53-inducible pro-apoptotic genes alone and in
combinations and assessed caspase 3/7 activity using the caspase
Glo assay following treatment with chemotherapy. We treated
the cells with 20 pg/ml of 5FU, since these conditions showed
p53-dependent caspase 3/7 activation in the preliminary experi-
ments. The effect of gene silencing was confirmed by protein gel
blot (Sup. Fig. 3).

The result of single gene silencing suggested that, not only did
genes involved in the initiation of apoptosis at the level of mito-
chondria participate in the activation of caspase 3/7 following
treatment with 5FU, but so did the members of the TNF death
receptor family (DR5 and Fas, Fig. 3B). Silencing of DR5 dis-
played the greatest inhibition (80%) of caspase 3/7 activity fol-
lowing 5FU of all the genes tested (Fig. 3B). This was somewhat
surprising but consistent with what has been reported earlier with
respect to death receptor signaling following DNA damage.”*

We further analyzed the results of concomitant gene silenc-
ing in order to address the relative impact and potential syn-
ergy between genes that trigger p53-dependent apoptosis. We
found that only Bax, Puma and Bnip3L displayed additive inhi-
bition effects on caspase 3/7 cleavage to that of DR5 knock-
down (Fig. 3C). The combination reduced the level of caspase
3/7 activity to basal levels, suggesting that these genes partici-
pate in distinct pathways that trigger p53-dependent apoptosis
in HCT116 cells following SFU. In contrast, when silencing
Fas in combination with the BH3-only pro-apoptotic proteins
(Fig. 3D), concomitant inhibition of Bnip3L was most effec-
tive in inhibiting caspase 3/7 activity. Silencing both DR5 and
Fas also caused an additive inhibition of caspase 3/7 activation.
Interestingly, ablating Fas expression on top of ablated DR5
expression did not cause any additive effect (Fig. 3C). This indi-
cates that Fas-dependent caspase 3/7 cleavage may show unilat-
eral dependency on the DR5-TRAIL-system. Indeed, it has been
shown that Fas-induced liver damage is accelerated by the pres-
ence of TRAIL in mice in vivo,** supporting a role for TRAIL
in Fas-induced apoptosis. Furthermore, Fas-induced activation of
caspase 3/7 showed a differential dependency on the BH3-only
proteins compared with DRS5, since no additive effect on caspase
3/7 cleavage following siRNA-inhibition of either Puma or Bax
was detected after SFU exposure (Fig. 3D).

Silencing of Bax and DR5 decreased the caspase activity to
basal levels comparable to that of untreated cells (Fig. 3E). A sim-
ilar synergy was also seen for DR5 and Puma (Fig. 3F) and DR5
and Bnip3L (Fig. 3G). When the effect of silencing combinations
for Bax, Puma and Bnip3L were compared (Fig. 3E-G), there
were no significant additive effects among these genes, suggesting
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Figure 1. Induction of p53-dependent cell death in HCT116 and PA-1 cells. Cells were treated with different concentrations of adriamycin or 5FU for
16 h and subjected to sub-G, analysis (left) and long-term cell survival assay as described in the Materials and Methods section (right). HCT116 and
HCT116-p537 cells (A) and PA1 cells and the clones of p53-knockdown cells (B).

they act on a redundant signal transduction pathway that trig-
gers p53-dependent apoptosis in HCT116 colorectal cancer cells
following 5FU, in concert with previously published data. We
were unable to detect any effect of Bad silencing on caspase 3/7
cleavage following treatment with SFU throughout the experi-
ment (Fig. 3H).

Loss of Dr5 and Puma do not synergistically protect from
cell death following ionizing irradiation in vivo. In order to
investigate synergy between the extrinsic and intrinsic (mito-
chondrial) cell death pathways in vivo, we generated mice lacking
both Dr5 and Puma. Previous studies demonstrated that p537,
Dr5" and Puma’™ mice are protected from apoptosis following
ionizing radiation.'®"* Neither D757 nor Puma’™ mice display
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any severe phenotype early in life and neither did mice lacking
both Dr5 and Puma (i.e., Dr5"; Puma’™ mice) (data not shown).
However, p53" mice developed malignancies at a rate and
phenotype consistent with what has been previously described
in reference 26. Thus, knocking out both Puma and Dr5 did
not recapitulate the tumor susceptibility phenotype of p53-null
animals even though they presumably would act through non-
redundant, pro-apoptotic signal transduction pathways.
The p53-dependent pro-apoptotic  response
increased transcription of D75 and Puma,'® suggesting that
apoptosis could be triggered following DNA damage by endog-

involves

enous TRAIL.% In order to investigate how the downstream
DNA damage response was affected by loss of Dr5 and Puma,
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subjected to protein gel blot analysis for known p53 target genes.

Figure 2. Induction of p53 target genes by ADR and 5FU HCT116 and HCT116 p53”- cells were treated with ADR or 5FU for 16 h and the cell lysates were

we subjected wild-type, Dr5", Puma*", Puma’™ and Dr5";
Puma’™ and p537 female mice (4-6 weeks) to 5 Gy of whole-
body irradiation. The number of apoptotic cells (as measured by
TUNEL-staining and sub-G, analysis) was markedly increased
following irradiation in all tissues investigated relative to control
(data not shown and Fig. 4B). Loss of p53 led to a substantial
reduction in TUNEL-staining and sub-G, fraction in both the
lymphoid/hematopoietic organs as well as the Gl-tract follow-
ing irradiation (Fig. 4). This suggests that cell death following
irradiation is highly, if not exclusively, dependent on p53 in the
bone marrow, spleen and thymus at this time-point. Loss of
Dr5 led to a reduction of TUNEL-positive cells/sub-G, frac-
tion in the bone marrow, thymus and a substantial reduction of
TUNEL-positive cells in the white pulp of the spleen (Fig. 4),
whereas only a very modest reduction in TUNEL-positive cells
in the crypts in the small intestine and colon D757 animals were
found. However, despite that DR5 mediates radiation-induced
apoptosis in the hematopoietic and lymphoid organs in vivo, it
is not the only p53-dependent mediator of cell death following
irradiation.

Interestingly, loss of Puma in the bone marrow led to an
equivalent reduction of cell death following irradiation com-
pared with loss of p53 in the organ (Fig. 4B). This suggests that
PUMA is an essential p53-dependent mediator of cell death in
the bone marrow. Indeed this is also in agreement with previ-
ous findings that document increased survival of Puma-deficient
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animals to lethal doses of ionizing irradiation that trigger severe
myelosuppression.'®” Furthermore, a pronounced, organ-specific
gene dose dependency was also observed for the puma-gene. One
allele was sufficient to significantly quench apoptosis in the bone
marrow (Fig. 4B), but this puma genotype offered no protection
for radiation-induced apoptosis in the spleen and thymus. This
indicates an organ-specific mechanism for PUMA in the trigger-
ing of apoptosis following y-radiation.

Despite the importance of Puma as a p53-dependent pro-
apoptotic gene, a substantial fraction of the cells dying in the
bone marrow must rely on DR5-signaling for efficient triggering
of apoptosis, suggesting that DR5 may act upstream of PUMA
for the initiation of radiation-induced apoptosis in (some) bone
marrow cells. Indeed, irradiated Dr5"; Puma’ mice did not
show any detectable synergistic protection from cell death in any
of the radio-sensitive organs investigated (Fig. 4), indicating that
PUMA and DRS5 trigger radiation-induced apoptosis through a
common mechanism.

Loss of caspase 9 cleavage correlates with radioprotection
in Puma’ and Trp53” and, to a lesser extent, Dr5” animals.
The contribution of the intrinsic pathway to caspase 9 cleavage
and apoptosis in radio-sensitive tissues of the different genotypes
was analyzed by immunostaining for asp353-cleaved caspase 9
(CC9) (Fig. 5). In general, the organ compartments containing
caspase 9 cleavage correlated well with the TUNEL staining. In
the spleen, CC9 was localized to the white pulp, a compartment
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target genes.
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Figure 4. p53-, Puma- and Dr5-dependent apoptosis in radiosensitive organs in vivo. Mice 4-6 weeks of age were subject to whole-body irradiation
(5 Gy) and sacrificed 8 h later. (A) Apoptosis was detected by TUNEL staining (FITC/green) counter stain by propidium iodide. (B) Apoptosis (sub-G,
population) was quantitated ex vivo by flow cytometry and sub-G, analysis. Representative photographs and flow cytometry data from two indepen-
dent experiments are shown.

that has been shown to be highly dependent on p53 for the trig-  blotting showed decreased levels of CC9 in the spleen of irra-
gering of cell death following DNA damage.’®?' Indeed, CC9  diated Dr57 animals; further inhibition of caspase 9 cleavage
was essentially lost in the hematopoietic and lymphoid organs  was detected in irradiated spleens from D75 Puma’™ animals
following loss of PUMA or p53 (Fig. 5A). However, the pres- (Fig. 5B). Thus in contrast to the result measuring cell death,
ence of CC9 was overall less affected following loss of DR5 in  caspase 9 cleavage was synergistically inhibited by loss of both
the bone marrow and spleen and very modestly affected in the DR5 and PUMA, and caspase 9 cleavage only partially correlate
Dr5-deficient thymus following ionizing irradiation. Protein gel ~ with DNA fragmentation and apoptosis.
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with 5 Gy analyzed by immunohistochemistry for murine cleaved caspase 9 (asp353) (red-cy3) showed an almost complete absence of positive cells
with the loss of p53 or Puma. (B) The presence of cleaved caspase 9 was reduced following irradiation, as substantiated by protein gel blotting. Full-

length caspase 8 was used as a loading control.

Discussion

The by now well-investigated transcription factor and tumor
suppressor p53 has the ability to trigger programmed cell death
in normal and cancer cells alike following a range of different
types of cellular stress, such as genotoxic damage. We were able
to verify p53 as an important regulator of apoptosis and long-
term survival in the colorectal cancer cell line HCT116 following
5FU (Fig. 1), and subsequently, treatment with chemotherapeu-
tics also led to a p53-dependent upregulation of the expression
of several PPGs (Fig. 2). Bax, Puma, Bad, Bnip3L, Fas and DR5
showed p53-dependent upregulation following ADR and 5FU in
HCT116 cells, whereas we were unable to verify upregulation of
Bak, Bid and caspase 6 under these conditions (Fig. 2).

The reason for the apparent redundancy in PPGs is largely
unclear. The terminal nature of apoptotic cell death may require
multiple layers of regulation to control appropriate initiation of
apoptosis. Furthermore, the apparent redundancy of PPGs may
also define a broad generalized tissue specificity, where only a
select few pro-apoptotic molecules have a prominent role in each
and any given tissue and cell in a context-dependent manner. Our
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data are in agreement with this hypothesis. Following treatment
with 5-FU, DRS5, Fas, Bax, Puma, Noxa and Bnip3L all con-
tributed to caspase 3/7 cleavage in the colorectal cancer cell line
HCT116, whereas we were unable to substantiate a role for Bad
under these conditions (Fig. 3B). Short inhibitory RNA block-
age of DR5 was most efficient in inhibiting caspase 3/7 activa-
tion (80% inhibition of caspase 3/7 cleavage relative untreated
control) of all the genes tested following SFU treatment. Indeed,
previously published data documents the importance of DR5
signaling in the apoptotic response to 5FU in colorectal cancer
cells.! The finding that attenuation of Bad expression did not
significantly influence caspase 3/7 cleavage was somewhat sur-
prising, since Bad may regulate cell death in lung cancer cells
following treatment with etoposide, and Bad’~ thymocytes are
resistant to radiation-induced death in vitro.?*% This suggests
that Bad may have a limited role in HCT116 cells in the control
of apoptosis following treatment with SFU.

The relative synergies between the different PPGs have not
been well established. In order to address this issue, we took
advantage of siRNA technology to simultaneously block pairs of
the PPGs in the HCT116 cells (Fig. 3). We observed a small
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inhibition of caspase 3/7 activity from Bax, Puma and Bnip3L
following silencing of DR5 (Fig. 3C), suggesting that there is
no functional overlap between the extrinsic and intrinsic path-
way in HCT116 cells following treatment with 5FU. In contrast
to DR5, we only observed an additive effect between Fas and
Bnip3L-inhibition with respect to caspase 3/7 cleavage (Fig. 3D).
One possible interpretation of these findings is that Fas employs
Puma and Bax but not Bnip3L to generate signals that cleave
caspase 3/7, whereas Puma and Bax act on a distinct signal trans-
duction pathway following DRS5 activation in HCT116 cells.

The in vivo role for DR5 and PUMA following ionizing radi-
ation. Mice lacking Dr5 and Puma are protected from apoptosis
in the brain, bone marrow, spleen and thymus following ionizing
irradiation.”” In vitro findings support a role for DR5 in the DNA
damage response, as expression of dominantnegative DR5 or
knockdown of DR5 protects different tumor cell lines, indepen-
dently of exogenous TRAIL, from cell death induced by DNA
damage.”"** Puma-deficient mice are protected from a number
of pro-apoptotic cellular stresses that may cause cell death in a
p53-dependent or p53-independent manner. For example Puma-
deficient mice have been shown to be resistant to cardiomyocyte
death following ischemia reperfusion.” Independently of p53,
PUMA has been shown to promote apoptosis following stimula-
tion with TNFa, and this is a result of increased expression of the
Puma gene mediated by the p65 component of NFkB.*

Apoptosis in vivo following sub-lethal whole-body ionizing
radiation were almost exclusively p53-depdent in the bone mar-
row, spleen, thymus and GI tract (Fig. 4). This is in agreement
with what has been previously published in reference 31 and 37.
Both Dr5 and Puma contributed significantly to cell death in the
bone marrow, spleen and thymus. However, Puma represented a
dominant gene in the bone marrow, where loss of a single allele
was sufficient to block cell death following y-radiation (Fig. 4B).
Concomitant loss of D75 and Puma did not offer any additional
protection from apoptosis following ionizing radiation to mimic
that observed in p537 mice in the thymus and spleen, suggest-
ing that cell death following irradiation in these organs relies on
mechanisms downstream of p53 other than DR5 or PUMA.

Although identifying Bid as a connector between the extrinsic
(death receptor mediated apoptosis) and #ntrinsic (mitochondrial
apoptosis) pathway, the present model does not directly support
an interaction between DR5 and PUMA in the execution of radi-
ation-induced apoptosis. Thus, based on previously published
data, anti-apoptotic synergism would have been anticipated with
lack of both PUMA and DR5 following ionizing radiation, if
crosstalk between the extrinsic and intrinsic pathway would have
occurred exclusively through Bid. Thus, our data might be inter-
preted as an indication that DR5 and PUMA are redundant in
the execution of radiation-induced apoptosis in mice in vivo.

In conclusion, our collective data supports cell-specific mech-
anisms in the triggering of p53-dependent apoptosis following
DNA damage. Our in vivo data suggest a molecular mechanism
exists that places pro-apoptotic members of the intrinsic pathway
downstream of TRAIL death receptor signaling following DNA
damage in certain cells and tissues, or, alternatively, a common
pro-apoptotic molecule (e.g., Bid) downstream of both is rate
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limiting for the onset of apoptosis. However, additional experi-
ments are required to reveal the precise biochemical mechanism
in greater detail. Potentially, the presence of BH3-only pro-
apoptotic molecules may be an important predictor of the tumor
response to combination therapies utilizing TRAIL or anti-DR5
antibodies in concert with DNA damaging therapy. Along those
lines, small inhibitory molecules targeting Bcl-2 and Bcl-X| have
been shown to sensitize TRAIL-resistant glioma cells to TRAIL
death receptor-mediated apoptosis.*® Thus, identifying critical
molecules at the level of mitochondria may be important in eluci-
dating targets that may enhance TRAIL death receptor agonists
activity on human malignancies.

Materials and Methods

Mice. Mice harboring targeted mutations of the Dr5 alleles”
were crossed with mice with targeted Puma alleles.'® Dr5*";
Puma*" mice were used to generate Dr5"; Puma’", Puma’", Dr5"
and wild-type (i.e., Dr5*"*; Puma*") littermates. Litters were gen-
otyped as previously described in reference 16 and 19.

Ionizing irradiation treatment. At 4—6 weeks of age, mice
received a single dose of 5 Gy whole-body vy-irradiation from
¥7Cs source (at a dose rate of 1.4 Gy/min), according to a
University of Pennsylvania Institutional Animal Care and Use
Committee (IACUC) protocol. At 8 h after the treatment, ani-
mals were euthanized. Tissues were harvested and fixed in freshly
prepared 4% paraformaldehyde overnight at 4°C. The samples
were washed in phosphate-buffered saline and then transferred
to 70% ethanol and embedded in paraffin for histology, snap-
frozen in liquid nitrogen for protein gel blot, or single-cell sus-
pensions were prepared for flow cytometric analysis.

In vitro cell culture. The human colorectal carcinoma cell
line HCT116, osteosarcoma cell line U20S, lung cancer cell
line H460 and teratocarcinoma cell line PA-1 were purchased
from ATCC. P537- HCT116 cells were kindly provided by
B. Vogelstein (Johns Hopkins University, Baltimore, MD).
HCT116 and PA-1 cells were cultured in McCoy’s 5A and BME
medium supplemented with 10% FCS and antibiotics in humidi-
fied 5% CO, at 37°C, respectively.

Assessment of long-term cell viability. To assess the long-
term effect of chemotherapy, 5 x 10* cells were seeded in a well of
24-well plates in duplicate. Next day, cells were treated with SFU
(0, 0.5, 1.0, 5.0 and 10.0 wg/ml) or with Adriamycin (0, 0.05,
0.1, 0.5 and 1.0 pg/ml). The media containing the drugs were
changed every 48 h, and the culture was maintained for 7 d,
and then the remaining cells were fixed with 50% methanol and
stained with Coomassie brilliant blue (CBB).

sub-G, analysis. After the indicated treatments, the cells were
collected and fixed with 70% ethanol at 4°C. The samples were
stained with propidium iodide (Sigma) and subjected to flow
cytometric analysis using Epics Elite flow cytometer (Beckman-
Coulter, Fullerton, CA). In vivo studies, the bone marrow, spleen
and thymus were isolated 8 h after y-irradiation; single cell sus-
pensions were prepared and analyzed for sub-G, FACS analysis.

Protein gel blot analysis. Protein gel blotting was performed
by standard methods. Apoptotic responses in in vivo studies were
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performed as described previously in reference 5. Briefly, snap-
frozen tissues were thawed quickly and homogenized in radioim-
munoprecipitation assay (RIPA) buffer (1x phosphate-buffered
saline, 1% Nonidet P-40 or Igepal CA-630, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate). Homogenates were
sonicated and centrifuged at 14,000 rpm for 20 min, and the
protein concentration of the supernatants as determined by the
Bradford method (Bio-Rad). The samples were separated on
a Tris-Glycine gel (Invitrogen) under denaturing conditions.
Proteins were electro-blotted onto a polyvinylidene difluoride
membrane. After incubation with the indicated antibodies, the
proteins were detected using ECL Protein gel blotting Detection
kit (GE Healthcare, Piscataway, NJ).

Anti-Bax, anti-Bcl2 and anti-DR4 antibodies were purchased
from Becton Dickinson (Franklin Lakes, NJ). Anti-DR5 antibody
was purchased from Sigma (St. Louis, MO). Anti-Bad, anti-Bid,
anti-survivin, anti-mouse cleaved caspase 9, anti-mouse caspase
8, anti-caspase 6 antibodies were purchased from Cell Signaling
(Boston, MA). Anti-p53 (DO1), anti-Fas and anti-Bnip3L anti-
bodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-Bak, anti-Noxa, anti-WAF1 (p21) and anti-
Puma antibodies were purchased from Calbiochem (San Diego,
CA).
were incubated with secondary horseradish peroxidase-conju-
gated antibodies (1:4,000) (Pierce, Rockford, IL) and subse-
quently detected by the enhanced chemiluminescence method
(Amersham/GE Healthcare Biosciences, Piscataway, NJ).

RT-PCR analysis. Cells were washed, collected, and total
RNA was prepared using Trizol LS Reagent (Invitrogen) accord-

Following primary antibody incubation, membranes

ing to the manufacturer’s instruction. One pg total of RNA
was reverse-transcribed using TagMan Reverse Transcription
Reagents (Applied Biosystems, Foster City, CA) according to
the manufacture’s instruction. For amplification of p5347PI and
their splice variants, 5-ATG GGA TCT TCC TCT GAG GC-3'
was used as a common forward primer. 5-TCA CTG CAA CCT
CAA CGG TG-3' was used as a reverse primer. 5-TTA CTG
CAC TGT CAG GAT CC-3' and 5-TCA GTT CCC AGC
TCT GTC CA-3" were used as reverse primers for the B-isoform
and <y-isoform, respectively. PCR reaction consists of 95°C for
30 sec, 56°C for 1 min and 72°C for 1 min and amplified from
25 to 35 cycles. The PCR products were separated by 2% agarose
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