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Prostaglandin E2 reduces radiation-induced 
epithelial apoptosis through a mechanism 

involving AKT activation and bax translocation
Teresa G. Tessner, Filipe Muhale, Terrence E. Riehl, Shrikant Anant, and William F. Stenson

Division of Gastroenterology, Department of Internal Medicine, Washington University School of Medicine, St. Louis, Missouri, USA.

Prostaglandin E2 (PGE2) synthesis modulates the response to radiation injury in the mouse intestinal epi-
thelium through effects on crypt survival and apoptosis; however, the downstream signaling events have not 
been elucidated. WT mice receiving 16,16-dimethyl PGE2 (dmPGE2) had fewer apoptotic cells per crypt than 
untreated mice. Apoptosis in Bax–/– mice receiving 12 Gy was approximately 50% less than in WT mice, and the 
ability of dmPGE2 to attenuate apoptosis was lost in Bax–/– mice. Positional analysis revealed that apoptosis 
in the Bax–/– mice was diminished only in the bax-expressing cells of the lower crypts and that in WT mice, 
dmPGE2 decreased apoptosis only in the bax-expressing cells. The HCT-116 intestinal cell line and Bax–/–  
HCT-116 recapitulated the apoptotic response of the mouse small intestine with regard to irradiation and 
dmPGE2. Irradiation of HCT-116 cells resulted in phosphorylation of AKT that was enhanced by dmPGE2 
through transactivation of the EGFR. Inhibition of AKT phosphorylation prevented the reduction of 
apoptosis by dmPGE2 following radiation. Transfection of HCT-116 cells with a constitutively active AKT 
reduced apoptosis in irradiated cells to the same extent as in nontransfected cells treated with dmPGE2. Treat-
ment with dmPGE2 did not alter bax or bcl-x expression but suppressed bax translocation to the mitochondrial 
membrane. Our in vivo studies indicate that there are bax-dependent and bax-independent radiation-induced 
apoptosis in the intestine but that only the bax-dependent apoptosis is reduced by dmPGE2. The in vitro stud-
ies indicate that dmPGE2, most likely by signaling through the E prostaglandin receptor EP2, reduces radia-
tion-induced apoptosis through transactivation of the EGFR and enhanced activation of AKT and that this 
results in reduced bax translocation to the mitochondria.

Introduction
The small-intestinal epithelium is continuously replaced by the 
replication of transit cells in the crypt and the subsequent migra-
tion of their progeny to the villous epithelium (reviewed in ref. 
1). Radiation injury kills the replicating transit cells, but some 
stem cells in the base of the crypt survive. These surviving stem 
cells play a central role in the regeneration of the crypts and even-
tually the entire mucosa after radiation injury (reviewed in ref. 
2). Higher doses of radiation kill more stem cells and reduce the 
number of regenerative crypts.

Cells respond to radiation-induced DNA damage with cell cycle 
arrest, DNA repair, and apoptosis (reviewed in refs. 3–5). Exog-
enous agents can modulate the pattern of cellular response to 
radiation. Prostaglandin E2 (PGE2) is radioprotective for intesti-
nal epithelium; that is, administration of 16,16-dimethyl PGE2 
(dmPGE2), a stable analog of PGE2, prior to radiation increases 
the number of surviving crypts after radiation (6, 7). The increased 
crypt survival seen with PGE2 signaling correlates with diminished 
radiation-induced apoptosis (8, 9). The radioprotective effects of 
PGE2 have practical consequences for radiation therapy (reviewed 
in refs. 10, 11). COX, the central enzyme in PG synthesis, has 2 
isoforms, COX-1 and COX-2. Many colon cancers express COX-2, 

resulting in increased PGE2 production and decreased sensitivity 
to radiation therapy (11). Administration of selective COX-2 inhib-
itors prior to radiation increases the sensitivity of COX-2–express-
ing tumors to radiation therapy (12–16). The mechanisms by 
which COX-2 expression and PGE2 production affect the response 
to radiation therapy are not known.

We found that PGE2 synthesis plays a critical role in the response 
to radiation injury by the normal mouse intestinal epithelium. 
Administration of indomethacin, which inhibits both COX-1 and 
COX-2, in the period 24–48 hours after radiation significantly 
decreased the number of surviving small-intestinal crypts (17). Irra-
diated COX-1 knockout mice have decreased intestinal crypt sur-
vival and increased apoptosis compared with their WT littermates, 
demonstrating an important role for PGs produced through COX-1 
in regulating radiation-induced apoptosis (8). Studies with E prosta-
glandin (EP) receptor knockout mice demonstrate that the effects of 
PGE2 on radiation-induced apoptosis and crypt survival are medi-
ated through the EP2 receptor (9); however, the downstream signal-
ing events initiated by PG signaling have not been elucidated.

PGE2 elicits cellular responses via G-coupled 7–transmembrane 
domain receptors of 4 subtypes: EP1, EP2, EP3, and EP4 (reviewed 
in ref. 18). EP2 and EP4 were originally distinguished by their 
ability to increase cAMP levels (reviewed in ref. 19). EP2 mediates 
the reduction of apoptosis and the enhancement of crypt sur-
vival observed in the intestine of dmPGE2-treated irradiated mice 
(9). One possible signaling pathway for the effects of PGE2 on 
apoptosis is the phosphorylation of AKT, a ubiquitously expressed 
serine/threonine kinase that is downstream of PI3K (reviewed in 
ref. 20). Signaling through EP2 or EP4 is coupled to activation of 

Nonstandard abbreviations used: dmPGE2, 16,16-dimethyl PGE2; EP, E prostaglan-
din; MEK, mitogen-activated/extracellular-regulated kinase; myrAKT, myristoyl-AKT; 
PGE2, prostaglandin E2; siRNA, small interfering RNA.
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AKT (21). AKT phosphorylation mediates antiapoptotic and pro-
survival events (reviewed in refs. 20, 22, 23). Phosphorylated AKT 
inactivates proapoptotic proteins including bad, caspase-9, and 
forkhead and activates antiapoptotic proteins including NF-κB 
and cAMP response element–binding protein (20). The possible 
inactivation of the proapoptotic protein bax by phosphorylated 
AKT is of particular interest, because bax mediates radiation-
induced apoptosis in the CNS (24) and ovarian and pancreatic 
cancer cell lines (25, 26). Bax is expressed in the cells at the base of 
the intestinal epithelial crypt (27–29). Under resting conditions, 
bax is localized in the cytoplasm. In response to proapoptotic sig-
nals, including radiation, bax translocates to the mitochondria, 
where it permeabilizes the mitochondrial membrane, resulting in 
the release of cytochrome c and apoptosis (reviewed in refs. 30–32). 
Recent studies indicate that AKT signaling prevents bax transloca-
tion to the mitochondria (33, 34) via direct phosphorylation of Ser 
184 (35). Bax mediates apoptosis induced by chemotherapeutic 
agents in the intestinal cell line HCT-116 (36), and bax translo-
cation is associated with radiation-induced apoptosis in mouse 
thymocytes (37). However, the 1 study that addressed the role of 
bax in mediating radiation-induced apoptosis in the intestine sug-
gested that it was not involved (38).

In this study we attempted to define the downstream signaling 
events that mediate the antiapoptotic effects of PGE2 in the intes-
tinal epithelium. We focused on AKT phosphorylation and the 
inhibition of bax translocation as possible mediators of the effects 
of PGE2 on apoptosis, because AKT and bax are known to play key 
roles in radiation-induced apoptosis (5, 20, 30). Using Bax–/– mice, 
we found that there was both bax-dependent and bax-indepen-
dent radiation-induced apoptosis in the intestine and that only 
the bax-dependent apoptosis was blocked by dmPGE2; moreover, 
positional analysis of apoptosis demonstrated that PGE2 only 
affected apoptosis in the bax-expressing cells at the base of the 
crypt. HCT-116 cells were used to define the intermediate steps 
in the inhibition of apoptosis in cells treated with dmPGE2 prior 
to irradiation. We found that in HCT-116 cells administration of 
dmPGE2 activates AKT phosphorylation, which, in turn, blocks 
the translocation of bax from the cytoplasm to the mitochondria.

Results
We had previously demonstrated that dmPGE2 decreases radia-
tion-induced apoptosis in the small intestine. To determine 
whether bax mediates the effects of dmPGE2 on radiation-induced 
apoptosis, we administered dmPGE2 to WT and Bax–/– mice prior 
to irradiation and performed positional analysis of apoptosis. 
The apoptotic index in WT C57BL/6 mice was markedly increased 
6 hours following 12 Gy irradiation (Figure 1A). The apoptotic 
index was highest for cell positions 3–5 (corresponding to the 
putative position of the crypt stem cell) and gradually decreased 
at positions higher in the crypt. One-way ANOVA indicated sta-
tistically significant differences for cell positions 2–8 (Table 1). 
Treatment of WT mice with dmPGE2 prior to irradiation resulted 
in a reduced apoptotic index for cell positions 3–5 (Figure 1A). 
However, the apoptotic index for cell positions higher in the crypt 
was unaffected. Irradiated Bax–/– mice exhibited a reduction in 
apoptotic index for cell positions 2–8 compared with WT mice. 
Treatment of Bax–/– mice with dmPGE2 did not result in any fur-
ther change in apoptotic index. The total number of apoptotic 
cells per crypt after irradiation was also reduced in dmPGE2-treat-
ed WT mice compared with untreated mice (Figure 1B), but the 
reduction was less striking than that seen in the positional analy-
sis. Similarly, the number of apoptotic cells per crypt was reduced 

Table 1
Statistical significance of treatment-group differences in cell-
positional apoptotic index

CP WT + dmPGE2 Bax–/– Bax–/– + dmPGE2

2 0.084 0.002 0.023
3 0.010 0.001 0.002
4 0.043 0.009 0.005
5 0.034 0.003 0.003
6 0.867 0.005 0.008
7 0.910 0.031 0.023
8 0.545 0.040 0.025

Data are P values versus WT by 1-way ANOVA analysis. CP, cell position.

Figure 1
Apoptosis and crypt survival in dmPGE2-treated irradiated WT and 
Bax–/– mice. (A) Apoptotic index. WT or Bax–/– mice received vehicle or 
dmPGE2 (0.5 mg/kg) 1 hour prior to irradiation (12 Gy). Mice were killed 
6 hours after radiation, and the cell-positional distribution of apoptosis 
in the crypts was scored. Data are the mean ± SEM. *P < 0.05, WT 
compared with Bax–/– or with Bax–/– plus dmPGE2; †P < 0.05, WT com-
pared with WT plus dmPGE2, Bax–/–, or Bax–/– plus dmPGE2. WT, n = 8; 
WT plus dmPGE2, n = 4; Bax–/–, n = 6; Bax–/– plus dmPGE2, n = 4. (B) 
Apoptotic cells in small-intestinal crypts 6 hours after radiation. WT or 
Bax–/– mice received vehicle (white bars) or dmPGE2 (black bars) 1 hour 
prior to irradiation. Mice were killed 6 hours after radiation, and the num-
ber of apoptotic cells per crypt was scored. Data are the mean ± SEM. 
*P < 0.05; **P < 0.0001 compared with WT plus vehicle. WT plus vehicle, 
n = 16; WT plus dmPGE2, n = 4; Bax–/– plus vehicle, n = 7; Bax–/– plus 
dmPGE2, n = 4. (C) Crypt survival. WT or Bax–/– mice received vehicle 
(white bars) or dmPGE2 (black bars) 1 hour prior to irradiation. Mice 
were killed 84 hours after radiation, and the number of surviving crypts 
per cross section was scored. Data are the mean ± SEM. *P < 0.05;  
**P < 0.0001. WT plus vehicle, n = 7; WT plus dmPGE2, n = 4; Bax–/– plus 
vehicle, n = 12; Bax–/– plus dmPGE2, n = 8.
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in Bax–/– mice with no further effect of dmPGE2. The reduction 
in total number of apoptotic cells per crypt in Bax–/– mice com-
pared with WT (approximately 50%) was larger than that induced 
by dmPGE2 treatment of WT mice and probably reflects the 
additional reduction in apoptosis at cell positions 6–8 that was 
observed in Bax–/– mice. For both dmPGE2-treated WT and Bax–/–  
mice, the reduction in apoptosis correlated with a comparable 
increase in crypt survival (Figure 1C).

The suitability of HCT-116 cells, a transformed human colon 
cancer cell line, as a model of mouse intestinal epithelial apoptosis 
was tested by determination of the apoptotic response of these cells 
and Bax–/– HCT-116 cells to irradiation in the presence and absence 
of dmPGE2 (Table 2). Irradiation (6 Gy) increased the percentage 
of apoptotic HCT-116 cells from approximately 8% to approxi-
mately 20%, and this apoptosis was reduced by dmPGE2 treatment 
(6 Gy, 20.0%; 6 Gy plus dmPGE2, 9.3%). The apoptotic response 
of HCT-116 p21 parental cells and HCT-116 Bax+/– cells that were 
unirradiated, irradiated, or irradiated in the presence of dmPGE2 
was the same as that of similarly treated HCT-116 cells (data not 
shown). Additionally, Bax–/– HCT-116 cells exhibited less apoptosis 
(13.8%) following radiation compared with HCT-116 cells (20.0%). 
Treatment with dmPGE2 did not further reduce apoptosis in the 
Bax–/– cells (Table 2). Radiation-induced apoptosis was reduced but 
not eliminated in the Bax–/– HCT-116 cells. This suggests that in 
HCT-116 cells, as in the mouse intestine, there is bax-dependent 
and bax-independent radiation-induced apoptosis. HCT-116 and 
Bax–/– HCT-116 cells also recapitulated the effect of dmPGE2 on 

radiation-induced apoptosis in the mouse small intestine (com-
pare Table 2 and Figure 1).

We then used HCT-116 cells as a model to define the intracellular 
signaling events that mediate the effects of dmPGE2 on radia-
tion-induced apoptosis. The first signaling pathway we investi-
gated was the PI3K/AKT pathway, which modulates several points 
in the apoptotic cascade, including the function of anti- and 
proapoptotic bcl-2 family members. We assessed the activation 
of AKT in the intestinal cell line HCT-116 following irradiation 
at 6 Gy in the presence or absence of dmPGE2 using a phospho-
specific AKT antibody and correcting for total AKT expression. In 
unirradiated cells, dmPGE2 enhanced AKT phosphorylation to a 
level comparable to that observed in HCT-116 cells receiving only 
6 Gy (data not shown). Treatment of HCT-116 cells with dmPGE2 
just prior to irradiation resulted in AKT Ser 473 phosphorylation, 
which increased approximately threefold at 12 hours compared 
with that in irradiated HCT-116 cells not receiving dmPGE2 (Fig-
ure 2). Western analysis of HCT-116 indicated that these cells 
express all 4 EP receptor subtypes (data not shown); therefore we 
used receptor-specific agonists to determine which EP receptor 
was responsible for the increased AKT phosphorylation observed 
with dmPGE2 treatment. The receptor-specific agonists tested 
were butaprost (for EP2), PGE1 alcohol (for EP4), and 17-phenyl-
trinor-PGE2 (for EP1 and EP3). Each agonist was used at a concen-
tration above its KI (18) and at a concentration previously shown 
to activate its target receptor in gastrointestinal cell lines (39–41). 
Tenfold higher concentrations of the agonists shown in Figure 2 
either were toxic or had no effect on AKT phosphorylation (data 
not shown). Only the EP2-selective agonist, butaprost, resulted in 
AKT phosphorylation comparable to that observed in dmPGE2-
treated HCT-116 cells (Figure 2).

EP2 activation and EP4 activation have been linked to increased 
phosphorylation of AKT (19, 21); however, the transduction events 
mediating this event remain unclear. Transactivation of the EGFR 
in response to PGE2 signaling occurs in several gastrointestinal 
cell lines (42, 43) and results in AKT phosphorylation in LS174T 
cells via an src-dependent pathway (43). Therefore we determined 

Table 2
Percent apoptosis in HCT-116 and Bax–/– HCT-116 cells

Treatment HCT-116 HCT-116 +  Bax–/– Bax–/– + 
  LY294002  LY294002
Vehicle 7.6 ± 0.3 11.3 ± 0.6 5.9 ± 0.3D 10.1 ± 1.0
dmPGE2 5.6 ± 0.3A 10.8 ± 0.5 6.4 ± 0.3 9.8 ± 0.3
6 Gy 20.0 ± 1.0A 23.4 ± 1.2 13.8 ± 0.5E 18.9 ± 0.3F

6 Gy +  9.3 ± 0.4A,B 23.6 ± 0.4C 10.8 ± 1.3 20.3 ± 0.2
 dmPGE2

Apoptosis was determined 24 hours after treatment by flow cytometry 
using annexin V–FITC and propidium iodide staining. Where indicated, 
cells received 10 μM dmPGE2 and/or 10 μM LY294002 prior to irradia-
tion. Data are average percent apoptosis ± SEM (n = 4–15) determined 
in at least 2 separate experiments. AP < 0.005 compared with HCT-116 
plus vehicle. BP < 0.0001 compared with 6 Gy. CP < 0.0001 compared 
with irradiated HCT-116 plus dmPGE2. DP < 0.005 compared with  
HCT-116 plus vehicle. EP < 0.0002 compared with HCT-116 plus 6 Gy.  
FP < 0.0005 compared with irradiated Bax–/–.

Figure 2
Effect of radiation and PGE2 analogs on AKT phosphorylation. HCT-116  
cells were treated with DMSO, 10 μM dmPGE2, or one of the EP recep-
tor agonists, butaprost (10 μM), PGE1 alcohol (1 μM), or 17-phenyltri-
nor-PGE2 (17-PT-PGE2; 10 μM), irradiated at 6 Gy, and lysed at the indi-
cated times. Duplicate lysates were combined, proteins were separated 
by SDS-PAGE, and phosphorylated AKT (P-AKT) was detected using 
a phosphospecific antibody. Blots were stripped and reprobed for AKT. 
Upper panel: Densitometry of Western blot, showing phospho-AKT 
(P-AKT) corrected to total AKT. Squares, DMSO; circles, dmPGE2; tri-
angles, butaprost; diamonds, PGE1 alcohol; X’s, 17-phenyltrinor-PGE2. 
Lower panel: Representative Western blot. Data are representative of 
at least 3 separate experiments.
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whether this mechanism wvas responsible for the enhanced 
phosphorylation of AKT in dmPGE2-treated HCT-116 cells. As 
shown in Figure 3A, dmPGE2 treatment of HCT-116 cells enhanced 
EGFR phosphorylation. Both the src inhibitor PP2 and the EGFR 
kinase inhibitor PD153035 dramatically attenuated dmPGE2-
stimulated AKT phosphorylation in irradiated HCT-116 cells (Fig-
ure 3B). The ability of dmPGE2 to enhance the phosphorylation 
of AKT in irradiated HCT-116 cells (Figure 2) suggested that the 
PI3K/AKT signaling cascade is responsible for the decrease in 
(bax-dependent) apoptosis observed in dmPGE2-treated mice. 
Consistent with the central role of PI3K/AKT in cell survival, the 
PI3K inhibitor LY294002 increased baseline apoptosis in both 
HCT-116 and Bax–/– HCT-116 cells (Table 2). However, LY294002 
treatment did not further increase apoptosis in irradiated  
HCT-116 cells. LY294002 treatment of irradiated Bax–/– HCT-116 
cells increased the level of apoptosis to nearly that of irradiated 
HCT-116 cells consistent with the ability of PI3K/AKT to also mod-
ulate apoptosis through targets other than bax. LY294002 abrogat-
ed the ability of dmPGE2 to reduce radiation-induced apoptosis in 
HCT-116 cells (Table 2). dmPGE2 was unable to reduce apoptosis 
in irradiated Bax–/– HCT-116 cells treated with LY294002 (Table 
2). Taken together, these data suggest that the ability of dmPGE2 
to reduce apoptosis after radiation injury requires AKT activation 
and subsequent modulation of bax function.

To confirm the suggested link between dmPGE2-induced 
phosphorylation of AKT and a reduction in radiation-induced 
apoptosis, we used a genetic approach to modulate AKT specifi-
cally. HCT-116 cells transfected with an empty vector plasmid 
displayed baseline and radiation-induced apoptosis comparable 
to that of nontransfected cells (compare Tables 2 and 3). HCT-116 

cells transfected with an expression vector of AKT 
containing a myristoylation sequence so that 
AKT is constitutively active showed an approxi-
mately 50% reduction in apoptosis in response to 
6 Gy compared with HCT-116 cells transfected 
with control plasmid (Table 3). This reduction 
in apoptosis was comparable to that observed 
for nontransfected HCT-116 cells receiving 
dmPGE2 prior to radiation (compare Tables 
2 and 3). We next used small interfering RNA 
(siRNA) technology to specifically knock down 
AKT expression. Transfection of HCT-116 cells 
with a scrambled control siRNA had no effect 
on baseline apoptosis, and these cells underwent 
apoptosis in response to radiation in the pres-
ence and absence of dmPGE2 to an extent similar 
to that in nontransfected HCT-116 cells (com-
pare Tables 2 and 3). Transfection of HCT-116 
cells with an AKT siRNA for 48 hours reduced 
AKT protein levels approximately 80% (data not 
shown). While baseline apoptosis was unaffected 
by AKT siRNA transfection, apoptosis following 
6 Gy was double that observed in nontransfected 
irradiated cells (compare Tables 2 and 3). The 
enhanced apoptotic response of irradiated cells 
in which AKT has been knocked down compared 
with irradiated cells in which PI3K is inhibited 
with LY294002 is consistent with a role for PI3K-
indepedent AKT activation in response to stress. 
Like LY294002-treated nontransfected cells, 

dmPGE2 did not reduce the apoptotic response to irradiation in 
AKT siRNA–transfected cells. In contrast to LY294002 treatment, 
AKT siRNA treatment did not alter baseline apoptosis. These 
findings are consistent with the ability of PI3K to activate signal-
ing pathways important in growth and proliferation, other than 
AKT, such as ras, rac, and MAPK (reviewed in refs. 44, 45).

The experiments assessing the effects of LY294002 on radia-
tion-induced apoptosis in HCT-116 and Bax–/– HCT-116 cells 
suggest that the effects of AKT phosphorylation on apoptosis 
may be mediated through effects on bax. The apoptotic effects 
of bax are mediated by its migration from the cytoplasm to the 
mitochondria. Therefore we determined bax localization follow-
ing irradiation in the presence and absence of dmPGE2, and the 
effect of altered AKT activity on this localization. Mitochondrial 
and cytosolic fractions were obtained, and bax protein in the cyto-
sol was routinely tracked, since markers to assess the purity of the 
mitochondrial fraction are problematic. In the absence of irradia-
tion, bax was localized to the cytoplasm (Figure 4). The amount of 
bax in the cytosol was reduced by more than 90% 24 hours after 6 
Gy radiation. However, in HCT-116 cells receiving dmPGE2 prior to 
irradiation, the amount of bax in the cytosol remained unchanged 
(Figure 4A). Bax remained in the cytosol after irradiation of  
HCT-116 cells transfected with a constitutively active AKT con-
struct, myristoyl-AKT (myrAKT) (Figure 4A). dmPGE2 treatment 
did not further enhance the localization of bax to the cytosol in 
myrAKT-transfected cells; this indicates a primary role of AKT in 
mediating the PGE2-induced retention of bax in the cytosol. Con-
versely, there was no detectable cytosolic bax when irradiated cells 
were treated with LY294002. Consistent with PI3K/AKT signaling 
as a downstream effector for dmPGE2, bax translocation from the 

Figure 3
Stimulation of AKT phosphorylation by dmPGE2 is dependent on src activity and 
transactivation of the EGFR. (A) Treatment of HCT-116 cells with dmPGE2 results in 
phosphorylation of the EGFR at Tyr 1068. EGFR expression and phospho-EGFR (P-EGFR; 
Tyr 1068) expression in cell lysates treated for the indicated times with 1 μM dmPGE2 were 
determined by Western analysis using specific antibodies. Upper panel: Phospho-EGFR 
expression corrected to total EGFR expression. Lower panel: Representative Western blot. 
Data are representative of 3 separate experiments. (B) Inhibition of src or EGFR kinase 
activity inhibits phosphorylation of AKT in response to dmPGE2. HCT-116 cells were pre-
treated 1 hour with either 10 μM PP2 (src inhibitor) or 1 μM PD153035 (EGFR kinase 
inhibitor) and then irradiated at 6 Gy in the presence (black bars) or absence (white bars) of 
10 μM dmPGE2. Duplicate cell lysates were combined, and Western blot analysis was used 
to determine the amounts of phospho-AKT and AKT. Upper panel: Densitometry of phos-
pho-AKT corrected for total AKT expression. Lower panel: Representative Western blot.
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cytosol in irradiated LY294002-treated cells was not prevented by 
dmPGE2. Analysis of bax expression in both the cytosolic and the 
mitochondrial fractions demonstrated that the loss of cytosolic bax 
in irradiated cells was accompanied by an increase in the amount 
of bax associated with the mitochondrial fraction (Figure 4B). Fur-
thermore, the relative distribution of cytosolic and mitochondrial 
bax in HCT-116 cells irradiated in the presence of dmPGE2 was 
similar to that in unirradiated cells (Figure 4B). As PI3K/AKT 

signaling also regulates the expression of pro- and antiapoptotic 
proteins, we determined the expression of bax (Figure 4C) and 
bcl-x (Figure 4D) in HCT-116 cells irradiated in the presence and 
absence of dmPGE2. There was a gradual increase in both bax and 
bcl-x protein levels in the 24 hours following radiation; however, 
dmPGE2 did not alter the expression of these 2 proteins (Figure 4, 
C and D). Thus, it is most likely that the predominant means by 
which dmPGE2 reduces apoptosis in irradiated intestinal cells is 
modulation of bax translocation to the mitochondria.

Ionizing radiation variably activates different MAPK signaling 
modules depending upon the cell type. Likewise, these pathways 
may differentially contribute to enhancing or attenuating apoptosis. 
Western blotting analysis revealed that 6 Gy radiation induced 
phosphorylation of ERK within 2 hours. Maximal phosphorylation 
occurred 6 hours following radiation (Figure 5). The mitogen-acti-
vated/extracellular-regulated kinase (MEK) 1/2 inhibitor UO126 
completely prevented radiation-induced ERK phosphorylation 
(Figure 5). Total ERK protein levels did not change over the obser-
vation period (Figure 5). Likewise, p38 and JNK protein levels did 
not change (Figure 5). We were unable to detect phosphorylation of 
either p38 or JNK using 2 different phosphospecific antibodies. We 
used small-molecule inhibitors of p38 MAPK (SB203580), MEK 1/2 
(UO126; ERK pathway), and JNK (SP600125) to assess the ability 
of these pathways to modulate dmPGE2 attenuation of radiation-
induced apoptosis in HCT-116 cells. Treatment of HCT-116 cells 
with these inhibitors resulted in little if any increase or decrease in 

Table 3
Percent apoptosis in HCT-116 cells with altered AKT expression

Treatment pcDNA myr-AKT Scrambled  AKT 
   siRNA siRNA
Vehicle 8.0 ± 0.6 7.3 ± 0.6 8.5 ± 0.9 7.1 ± 0.9
dmPGE2   6.6 ± 0.2 6.8 ± 0.8
6 Gy 27.2 ± 1.3 12.0 ± 0.8A 20.2 ± 0.4 43.6 ± 2.9B

6 Gy + dmPGE2   9.8 ± 1.0 44.2 ± 2.9B

Percent apoptosis was determined as in Table 2. Cells were incubated 
for 24 hours in the presence of siRNA followed by a further 24 hours in 
the presence of fresh medium. The cells were then used for radiation-
induced apoptosis experiments as described in Methods. Data are the 
average ± SEM (n = 5–12) determined from at least 2 separate experi-
ments. AP < 0.0001 compared with irradiated pcDNA-transfected.  
BP ≤ 0.001 compared with comparable treatment in HCT-116 cells 
transfected with scrambled siRNA.

Figure 4
Bax translocation but not bax or bcl-x expression is modulated in irradiated HCT-116 cells by dmPGE2.(A) Bax translocation in HCT-116 cells. 
HCT-116 cells or HCT-116 cells transfected with a constitutively active AKT construct (myrAKT) received DMSO or dmPGE2 (10 μM) 1 hour prior to  
6 Gy irradiation (black bars, 6 Gy; white bar, unirradiated). Where indicated, HCT-116 cells received 10 μM LY294002 1 hour prior to dmPGE2 
treatment and subsequent irradiation. Twenty-four hours after irradiation, cells were isolated and fractionated into cytosolic and mitochondrial 
fractions, and the cytosolic fraction was analyzed for bax by Western blotting analysis. Upper panel: Average (± range) densitometry from 
2 separate blots. Lower panel: Representative Western blot. (B) Translocation of bax from the cytosol to mitochondria in irradiated HCT-116 
cells. Cytosolic and mitochondrial fractions were prepared from unirradiated HCT-116 cells and cells irradiated in the presence or absence of 
10 μM dmPGE2. Proteins were separated by SDS-PAGE, and Western blots were probed for bax, tubulin, and voltage-dependent anion-selec-
tive channel protein (VDAC) as indicated. Data are representative of 2 separate experiments. (C and D) Bax (C) and bcl-x (D) expression in  
HCT-116 cells. HCT-116 cells were treated with DMSO or dmPGE2 (10 μM), irradiated at 6 Gy, and lysed at the indicated times. Duplicate 
lysates were combined, proteins were separated by SDS-PAGE, and bax or bcl-x expression levels were detected by Western blotting. Left 
panels: Densitometric analysis of several blots. Squares, vehicle; circles, dmPGE2. Data are the average ± SEM for 3–4 separate blots. Right 
panels: Representative Western blot.
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radiation-induced apoptosis (Table 4). Neither did they inhibit the 
ability of dmPGE2 to attenuate apoptosis. Taken together, these 
data suggest that radiation-induced apoptosis in HCT-116 cells 
is primarily regulated through the PI3K/AKT pathway with little 
cross-talk to the MAPK pathways.

Discussion
We previously demonstrated that PGE2 reduces radiation-
induced apoptosis in the mouse small intestine and that endog-
enous PGE2 in the intestine increases epithelial crypt survival 
after radiation (17). Here we report that the effects of PGE2 in 
reducing radiation-induced apoptosis in the intestine are medi-
ated by signaling through EP2, the phosphorylation of AKT, and 
the inhibition of bax translocation.

In the mouse intestine, bax is expressed in the epithelial cells of 
the lower crypt (27–29). In these cells, irradiation induces increased 
bax expression, which is followed by apoptosis (28). Positional 
analysis of radiation-induced apoptosis demonstrates that there is 
less apoptosis in Bax–/– mice than in WT mice and that the differ-
ence is confined to those cells in the part of the crypt (approximate 
cell positions 2–8) that express bax. In the upper part of the crypt 
(approximate cell positions 10–20), where bax is not expressed, 
radiation-induced apoptosis is identical in WT and Bax–/– mice. In 
WT mice, dmPGE2 reduces apoptosis at cell positions 3–5, but not 
in the mid- and upper crypt; however, in Bax–/– mice, dmPGE2 has 

no effect on apoptosis at any position. A comparison of apoptosis 
in WT and Bax–/– mice indicates that bax-dependent apoptosis 
occurs in cell positions 6–8, yet dmPGE2 did not reduce apoptosis 
in this compartment. The EP2 receptor is expressed by these cells 
(9), which suggests that in this compartment PI3K/AKT signal-
ing may not be as influential in determining apoptosis. Indeed, 
Gauthier et al. (46) found that undifferentiated Caco-2/15 cells 
were more sensitive to LY294002-induced apoptosis than differ-
entiated Caco-2/15 cells. Taken together, these data indicate that 
in WT mice there is both bax-dependent and bax-independent 
apoptosis in the lower crypt but only bax-independent apoptosis 
in the upper crypt and that dmPGE2 selectively blocks bax-depen-
dent apoptosis in the lower crypt.

Crypt survival after radiation injury is dependent on the survival 
of 1 or more stem cells that are located at approximately position 
4 in the lower crypt. The effects of dmPGE2 and bax expression 
on crypt survival are consistent with the effects of dmPGE2 and 
bax expression on apoptosis. There is both bax-dependent and 
bax-independent apoptosis at position 4, which results in both 
bax-dependent and bax-independent crypt survival. Treatment 
with dmPGE2 decreases apoptosis at position 4 in WT but not in 
Bax–/– mice; as a result, treatment with dmPGE2 increases crypt 
survival in WT mice but not in Bax–/– mice.

Bax mediates apoptosis induced by chemotherapeutic agents in 
intestinal epithelial cells (36). Bax is also important in mediating 
intestinal epithelial apoptosis in response to massive resection. 
In WT mice, resection of 50% of the small intestine results in an 
adaptive response marked by apoptosis, enhanced cell prolifera-
tion, and enhanced migration; however, in Bax–/– mice, there is 
no apoptotic response after 50% resection (47). Bax translocation 
mediates radiation-induced apoptosis in mouse thymocytes (37). 
Gene therapy to upregulate bax expression enhances tumor sus-
ceptibility to radiation therapy (25). Despite the clear role of bax 
in mediating apoptosis in intestinal cells and in mediating radia-
tion-induced apoptosis in cell lines derived from other organs, a 
role for bax in radiation-induced apoptosis in the intestine had not 
previously been demonstrated. Pritchard et al. investigated radia-
tion-induced apoptosis in the small intestine in WT and Bax–/– 
mice receiving 1 Gy and 8 Gy (38). After 1 Gy, WT and Bax–/– mice 
had identical levels of apoptosis, whereas after 8 Gy, there was less 
apoptosis in the Bax–/– mice and the difference approached statis-
tical significance (P = 0.063). Crypt survival was not assessed in 
that study. We found significant decreases in apoptosis in Bax–/–  
mice compared with WT mice at both 8 Gy (data not shown) and 
12 Gy. The explanation for the difference between this study and 
the earlier study is not clear. The genetic construct for the Bax–/–  
mice was identical in the 2 studies. One distinction is that we 
had a larger number of mice in the Bax–/– test group (n = 6–7, 60 
half-crypts scored; vs. n = 4, 50 half-crypts scored, in the earlier 
study). It is possible that the use of a larger test group in the ear-
lier study would have resulted in a statistically significant differ-
ence between the Bax–/– and the WT mice after 8 Gy. Our finding 
of reduced apoptosis in irradiated Bax–/– mice is consistent with 
the work of Lund’s group with IGF-1 transgenic mice (48). One 
target organ for IGF-1 is the small-intestinal epithelium, where 
it increases crypt cell proliferation and decreases bax expression. 
In the IGF-1 transgenic mouse, there was diminished spontane-
ous and radiation-induced apoptosis. This decrease in radiation-
induced apoptosis correlated with a decrease in bax expression in 
the lower crypt.

Figure 5
Effect of radiation on MAPK expression and phosphorylation. HCT-116 
cells were irradiated at 6 Gy and lysed at the indicated times. Dupli-
cate lysates were separated by SDS-PAGE, and nonphosphorylated 
and phosphorylated JNK, p38 MAPK, and ERK were detected using 
antibodies against the nonphosphorylated and phosphorylated (P-) 
forms of the kinases. (A) Densitometry of Western blot. Squares, JNK; 
circles, p38; triangles, ERK; diamonds, phospho-ERK. (B) Western 
blot, including ERK and phospho-ERK expression in the presence of 
the MEK 1/2 inhibitor UO126 (10 μM).
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Having demonstrated that the effects of dmPGE2 on radia-
tion-induced apoptosis in the mouse intestine are mediated 
through bax, we next used HCT-116 cells to define the signaling 
pathways through which PGE2 binding affects bax-dependent 
apoptosis. Experiments with receptor-specific agonists suggest 
that in HCT-116 cells the induction of AKT phosphorylation 
by PGE2 is mediated by signaling through EP2. Increased AKT 
phosphorylation through EP2 signaling in HCT-116 cells fits 
with studies in EP2

–/– mice in which the effects of dmPGE2 on 
radiation-induced apoptosis were mediated through EP2 (9). AKT 
phosphorylation can be induced by either PI3K-dependent or 
PI3K-independent pathways (reviewed in ref. 49). Both EP2 and 
EP4 signaling may be coupled to AKT activation via PI3K. HEK 
cells transfected with either EP2 or EP4 displayed a 2-fold increase 
in AKT phosphorylation after stimulation with PGE2 (21). AKT 
phosphorylation in response to PGE2 in both EP2- and EP4-
transfected HEK cells was completely inhibited by wortmannin, 
a PI3K inhibitor; this demonstrates that signaling through either 
EP2 or EP4 can result in PI3K-dependent AKT phosphorylation 
(21). In HCT-116 cells, dmPGE2-induced AKT phosphorylation is 
mediated by PI3K. Furthermore, our data indicate that the abil-
ity of dmPGE2 to enhance AKT phosphorylation in HCT-116 
cells occurs via EGFR transactivation. PGE2 transactivates the 
EGFR in several gastrointestinal cell lines through an src-depen-
dent mechanism (42, 43). Recently, Buchanan et al. (43) demon-
strated that PGE2 stimulates AKT phosphorylation in LS174T 
cells via EGFR transactivation. Similar to their findings, we 
show that dmPGE2 treatment of HCT-116 cells results in EGFR 
phosphorylation and that the ability of dmPGE2 to enhance AKT 
phosphorylation is attenuated in the presence of either the src 
inhibitor PP2 or the EGFR kinase inhibitor PD153035. A link 
between PGE2 signaling, PI3K activation, and reduced apoptosis 
has previously been demonstrated in lung adenocarcinoma cells. 
When lung adenocarcinoma cells are transfected with COX-2 or 
treated with PGE2, they become resistant to apoptosis (50). COX-2 
overexpression or treatment with PGE2 in these cells also results 
in activation of the PI3K/AKT pathway (50). The ability of COX-2 
overexpression to enhance cell survival in lung adenocarcinoma 
cell lines is abrogated when a PI3K dominant negative p85 subunit 
is also transfected into the cells (50).

Inhibition of PI3K with LY294002 blocked the ability of dmPGE2 
to inhibit radiation-induced apoptosis, but inhibition of PI3K 

alone had no effect on radiation-induced apoptosis. In contrast, 
transfection with AKT siRNA not only blocked the ability of 
dmPGE2 to inhibit radiation-induced apoptosis but also dramatical-
ly increased radiation-induced apoptosis. AKT activation is known 
to occur through both PI3K-dependent and PI3K-independent path-
ways (49). Likewise, PI3K signals to downstream effectors in addition 
to AKT (reviewed in ref. 51). Administration of LY294002 reduces 
PI3K-dependent but not PI3K-independent phosphorylation, where-
as transfection with AKT siRNA reduces the substrate for both PI3K-
dependent and PI3K-independent phosphorylation. Thus, the most 
likely explanation for the differential effect of LY294002 and AKT 
siRNA is that activation of AKT through PI3K-dependent and PI3K-
independent phosphorylation blocks radiation-induced apoptosis, 
while PI3K-dependent AKT activation is required for dmPGE2-medi-
ated modulation of radiation-induced apoptosis.

Signaling through PI3K/AKT reduces apoptosis by modulat-
ing the activation of pro- and antiapoptotic bcl-2 family mem-
bers (22, 23, 49, 51). Complex interactions among these proteins 
control mitochondrial membrane permeabilization, a pivotal 
step in apoptosis (30–32). Antiapoptotic members such as bcl-2 
and bcl-xL localize to the mitochondrial membrane and regulate 
mitochondrial integrity and cytokine release. Proapoptotic mem-
bers bax, bid, and bad localize to the cytoplasm and translocate to 
the mitochondria in response to apoptotic stimuli. AKT inhibits 
apoptosis by multiple mechanisms, including activation of the 
antiapoptotic proteins NF-κB and cAMP response element–bind-
ing protein and inactivation of the proapoptotic proteins bad, 
caspase-9, and forkhead (reviewed in refs. 20, 22, 23, 49, 51). 
AKT activation has also been linked to the inhibition of bax-
induced mitochondrial membrane permeabilization. HeLa cells 
transfected with a constitutively active AKT construct are resis-
tant to apoptosis triggered by IL-3 withdrawal; in the transfected 
cells, IL-3 deprivation failed to induce bax conformational change 
and translocation to the mitochondria (33). Similarly, inhibition 
of AKT phosphorylation with either of the PI3K inhibitors, wort-
mannin or LY294002, induced bax conformational change, even 
in the presence of IL-3 (33). Staurosporine-induced bax translo-
cation to the mitochondria was suppressed in HeLa cells express-
ing a constitutively active AKT and moderately enhanced by 
expression of a dominant negative AKT (34). Neither dominant 
negative AKT nor active AKT altered the expression of bax, bcl-2, 
or bcl-xL (34). Taken together, these studies implicate the PI3K/
AKT pathway in controlling bax translocation to the mitochon-
dria. How AKT activation modulates the ability of bax to under-
go conformational change and translocation remains largely 
unknown, as bax does not contain a typical AKT phosphorylation 
sequence; however, neutrophil bax is phosphorylated by exoge-
nous AKT, and this alters its ability to undergo translocation and 
initiate mitochondrial membrane permeabilization (35).

Radiation induces the activation of MAPKs in a tissue-specific 
fashion, and activated MAPKs mediate radiation-induced apoptosis 
in some tissues (3–5). Radiation of HCT-116 cells activated ERK but 
not JNK or p38. Inhibition of ERK phosphorylation with UO126 had 
no effect on radiation-induced apoptosis in HCT-116 cells. These 
results are similar to observations in RIE-1 rat intestinal epithelial 
cells irradiated with 7 Gy (52). Likewise, clonogenic survival in irra-
diated RIE-1 cells was reduced with LY294002 but not SB203580 or 
UO126 (52). The absence of a role for MAPKs in mediating radiation-
induced apoptosis in HCT-116 cells and RIE-1 cells raises the pos-
sibility that MAPKs are not involved in mediating radiation-induced 

Table 4
MAPK inhibitors do not alter apoptosis in irradiated HCT-116 cells

Treatment No inhibitor SB203580 UO126 SP600125
 (%) (%) (%) (%)
Vehicle 7.6 ± 0.3 6.5 ± 0.1A 8.8 ± 0.4 9.7 ± 0.8
dmPGE2 5.6 ± 0.3 5.2 ± 0.1 7.6 ± 0.8 6.4 ± 0.5
6 Gy 20.0 ± 1.0 26.6 ± 2.4 17.8 ± 1.0 20.0 ± 1.1
6 Gy + dmPGE2 9.3 ± 0.4 6.5 ± 0.2A 7.3 ± 0.3A 10.3 ± 1.0

Percent apoptosis was determined as in Table 2. Before irradiation, 
cultures were preincubated 1 hour with p38 MAPK inhibitor SB203580 
(10 μM), MEK 1/2 inhibitor UO126 (10 μM), or JNK inhibitor SP600125 
(20 μM) followed by addition of 10 μM dmPGE2 as indicated. Data 
are the average ± SEM (n = 6–9) determined from at least 2 separate 
experiments. AP < 0.005 compared with comparable treatment in  
no-inhibitor group.



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 114   Number 11   December 2004 1683

apoptosis in the intestine. In human jejunal explants, apoptosis was 
induced by both LY294002 and, to a lesser extent, PD98059 (an ERK 
pathway inhibitor) (53). However, PD98059-induced apoptosis was 
localized almost exclusively to the villus (53).

Radiation injures multiple cell types, and there has been some con-
troversy as to whether the primary mediator of radiation-induced 
injury in the intestine is direct radiation injury of the epithelial cells, 
especially the stem cells, or radiation injury of the microvascular 
cells leading to ischemic injury to the epithelium (54). Positional 
analysis reveals that the effects of dmPGE2 on radiation-induced 
apoptosis correspond precisely to those cells that express bax, and 
that the ability of dmPGE2 to affect crypt survival is dependent on 
bax expression in the epithelial stem cells. Moreover, the effects of 
bax expression and dmPGE2 administration on radiation-induced 
apoptosis in the mouse intestine and in HCT-116 cells, an epithelial 
cell line, are similar. This similarity supports the use of irradiated 
HCT-116 cells as a model for radiation injury in the intestine and 
also suggests that radiation-induced apoptosis in the mouse intes-
tine is the product of a direct effect of radiation on the stem cell.

The effects of dmPGE2 in inhibiting radiation-induced apoptosis 
in the small intestine are mediated through binding to EP2, 
phosphorylation of AKT, and inhibition of bax translocation from 
the cytoplasm to the mitochondria. These findings suggest that the 
in vivo administration of dmPGE2 or other agents that increase AKT 
phosphorylation should reduce injury to the small intestine during 
radiation therapy. These agents might also make epithelial cancers 
resistant to radiation therapy. While inhibition of the synthesis of 
endogenous PGE2 by nonselective NSAIDs should increase radia-
tion-induced apoptosis in both epithelial cancers and normal intes-
tine, selective COX-2 inhibition may be especially beneficial, because 
COX-2 is widely expressed in colon cancers but not in normal colon 
or small intestine and thus selective inhibition of COX-2 should 
enhance apoptosis in cancer cells but not in normal epithelium. 
These findings also suggest that cancers with mutations that inac-
tivate bax and block its translocation to the mitochondria might 
be resistant to radiation and that NSAIDs would be ineffective in 
promoting apoptosis in cancers with bax mutations.

Methods
Mice. WT and bax-deficient mice on the C57BL/6 background were obtained 
using founders from S. Korsmeyer (Dana Farber Cancer Institute, Boston, 
Massachusetts, USA). Mice were maintained on a 12-hour light/dark sched-
ule and fed standard laboratory mouse chow. Animal procedures were con-
ducted in accordance with the Institutional Review Board at Washington 
University School of Medicine. Whole-body irradiation of mice was carried 
out in a Gammacell 40 137Cs irradiator (Atomic Energy of Canada Ltd.) at a 
dose rate of 80.7 cGy/min and a total dose of 12 Gy. As appropriate, animals 
were treated with dmPGE2 (Sigma-Aldrich) dissolved in ethanol and diluted 
into sterile 5% sodium bicarbonate immediately before use; it was given as a 
single dose (0.5 mg/kg) injected i.p. at 1 hour before irradiation.

Crypt survival in mouse small intestine. Crypt survival was measured in ani-
mals killed 3.5 days after irradiation as described previously (55) using 
a modification of the microcolony assay (56, 57); signal detection used  
3,3′-diaminobenzidine tetrahydrochloride (Sigma-Aldrich).

Apoptosis in mouse small intestine. Mice were killed 6 hours after receiving 12 
Gy whole-body irradiation, and their intestines were dissected and fixed in 
Bouin’s fixative. The proximal jejunum was divided into 5-mm segments, 
embedded in paraffin, and used for immunohistochemical analysis. In each 
set of experiments, WT and Bax–/– mice were treated, fixed, and scored at the 
same time. Apoptosis was assessed by morphological criteria using H&E-

stained tissue as described by Pritchard et al. (38). Apoptosis was scored on 
a cell-positional basis by light microscopic analysis of 60 half-crypt sections 
per mouse with at least 4 mice in each group. All crypts chosen were at least 
20 cells in length, with cell position 1 located at the crypt base.

Cell culture and treatment. HCT-116 cells (American Type Culture Col-
lection), HCT-116 p21 parental cells, HCT-116 Bax+/– cells, and HCT-116 
Bax–/– cells (all kindly supplied by B. Vogelstein, Johns Hopkins Univer-
sity, Baltimore, Maryland, USA) were maintained in McCoy’s 5A medium 
(Mediatech Inc.) supplemented with 10% heat-inactivated FCS (Atlanta 
Biologicals). Subconfluent HCT-116 cells were irradiated (6 Gy) using a 
Gammacell 40 cesium irradiator. As appropriate, the cells received vehi-
cle, 10 μM dmPGE2 (Cayman Chemical Co.), or one of the EP receptor 
agonists, butaprost (10 μM), PGE1 alcohol (1 μM), or 17-phenyltrinor-
PGE2 (10 μM; all from Cayman Chemical Co.), just prior to irradiation 
at 6 Gy. Where indicated, cells were preincubated with 10 μM src inhibi-
tor PP2 (Calbiochem, EMD Biosciences Inc.), 1 μM EGFR kinase inhibi-
tor PD153035 (Calbiochem, EMD Biosciences Inc.), 10 μM p38 MAPK 
inhibitor SB203580 (Promega Corp.), 10 μM MEK 1/2 inhibitor UO126 
(Promega Corp.), 10 μM PI3K inhibitor LY294002 (Cell Signaling Tech-
nology Inc.), or 20 μM JNK inhibitor SP600125 (Alexis Biochemicals) for 
1 hour prior to irradiation. At the indicated times after radiation, the cells 
were harvested for analysis of apoptosis or protein expression.

Western blotting. Western analysis was used to evaluate the phosphorylation 
status of AKT (Ser 473), p38 MAPK (Tyr 182), p42/p44 ERK (Thr 202/Tyr 
204), JNK (Thr 183/Tyr 185), and EGFR (Tyr 1068). Antibodies for analysis 
of MAPKs, EGFR, and AKT expression and phosphorylation were from 
Santa Cruz Biotechnology Inc. or Cell Signaling Technology Inc. EP recep-
tor expression (antibodies from Cayman Chemical Co.), bcl-x expression, 
and bax expression (antibodies from Santa Cruz Biotechnology Inc. or Cell 
Signaling Technology Inc.) in HCT-116 cells were determined by Western 
blotting. Typically, 10–20 μg protein was separated by SDS-PAGE, blot-
ted to Immobilon-P membrane (Millipore Corp.), blocked, and probed 
with the primary antibody of interest following the supplier’s suggested 
protocol. Following incubation with the appropriate secondary antibody, 
positive bands were visualized by chemiluminescence using ECL reagent 
(Amersham Biosciences Corp.). Densitometry was performed using NIH 
Image on film exposures in which image analysis indicated that pixel den-
sity was within the linear range of the film.

Apoptosis in HCT-116 cells. Exponentially growing HCT-116 or HCT-116 
Bax–/– cells were seeded in 25 cm2 flasks at the density of 1 × 106 to 2 × 106 
cells and incubated for 18 hours. After that period, fresh medium contain-
ing 0.001% vol/vol of DMSO or 10 μM dmPGE2 was added to the flasks, and 
cells were either irradiated or not irradiated with a dose of 6 Gy and then 
incubated further for 24 hours at 37°C and 5% CO2. Floating and adherent 
cells were harvested by centrifugation, fixed in 70% vol/vol ice-cold ethanol 
in PBS, and stored at –20°C until analysis. Apoptosis was determined by 
flow cytometry using an annexin V–FITC and propidium iodide staining 
kit (Roche Diagnostics Corp.), according to the manufacturer’s instructions. 
As a control, apoptosis was also measured in HCT-116 p21 parental and 
HCT-116 Bax+/– cell lines at 0 Gy, 6 Gy, or 6 Gy plus 10 μM dmPGE2. Similar 
experiments measuring apoptosis were also performed with HCT-116 cul-
tures preincubated for 1 hour with 10 μM SB203580, 10 μM UO126, 20 
μM SP600125, or 10 μM LY294002 followed by addition of DMSO (final 
concentration less than 0.005%) or 10 μM dmPGE2 before irradiation.

Bax translocation. HCT-116 cells (2 × 107) were seeded in 75 cm2 flasks 
and cultured overnight. Thereafter, cell cultures were treated with 0.005% 
vol/vol of DMSO or 10 μM of dmPGE2, irradiated or not irradiated at 6 Gy, 
and incubated for 24 hours as described above for apoptosis studies. Adher-
ent cells were harvested and processed for fractionation into cytosolic and 
mitochondrial fractions using a kit from BioVision Inc. Forty micrograms 
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of protein from cytosolic fractions and 100 μg protein from mitochondrial 
fractions were separated by gel electrophoresis (10% Novex SDS-PAGE; 
Invitrogen Corp.) and transferred to a PVDF membrane. Antibodies used 
were rabbit anti-bax (N-20) and mouse anti–α-tubulin (both from Santa 
Cruz Biotechnology Inc.), diluted 1:100; and rabbit anti–voltage-depen-
dent anion-selective channel protein-1 (Calbiochem, EMD Biosciences 
Inc.), diluted 1:1,000. Both donkey anti-rabbit (1:2,000) and sheep anti-
mouse (1:3,000) peroxidase-labeled secondary antibodies were purchased 
from Amersham Biosciences Corp.

Transfections and use of siRNA. All transfections were done using Lipo-
fectamine 2000 (Invitrogen Corp.) diluted in Opti-MEM I (Invitrogen 
Corp.) according to the manufacturer’s instructions. For plasmid DNA 
transfections, cells were incubated with 2 μg of plasmid DNA for 24 hours. 
Cells were then allowed to recover for a further 24 hours before selection 
of resistant clones in McCoy’s medium containing 1 mg/ml G418. The 
plasmid used for transfections was either the constitutively active myrAKT 
(a kind gift of P. Stahl, Washington University School of Medicine, St. 
Louis, Missouri, USA) or the control empty plasmid pcDNA 3.1 (Invitrogen 
Corp.). Exponentially growing pcDNA or myrAKT transfectants (1 × 106 
to 2 × 106) were seeded in 25 cm2 flasks and incubated for 18 hours. Fresh 
medium was added after that period, and cells were irradiated or not irra-
diated with a dose of 6 Gy, harvested 24 hours later, and processed for 
apoptosis determination by FACS analysis after annexin V–FITC and 
propidium iodide staining as described above.

For siRNA experiments, 40–50% confluent cells in 25 cm2 flasks were 
incubated for 24 hours in the presence of 100 nM Smartpool Plus AKT 
siRNA or 100 nM scrambled SMARTpool siRNA control (Dharmacon 
Inc.). Transfectants were incubated for a further 24 hours in the presence of 
fresh medium. Then new medium containing DMSO or 10 μM of dmPGE2 
was added, and the cells were used for radiation-induced apoptosis experi-
ments as described above.

Statistical analyses. One-way ANOVA was used to determine statistical sig-
nificance for differences in positional apoptotic index. Student’s 2-tailed  
t test was used for statistical analysis of other data.
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