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Involvement of proapoptotic genes in autophagic cell death
induced by irradiation
Jianrui Song1,2, Xue Zhao1,3, Yi Feng4, Sheng Xu5, Yanling Zhang6 and Lixin Wei1

Irradiation is widely used in anticancer therapy; however, the efficiency is limited. Most cancer cells have mutations in apoptosis
that they can easily escape the apoptosis induced by irradiation. Autophagy has been known as type II programmed cell death that
can be activated by irradiation, especially when apoptosis is blocked, but the underlying molecular mechanism is largely unknown.
We demonstrated that proapoptotic genes PUMA and Bid are involved in the regulation of autophagic cell death. When wild-type
(WT), Bax− /− and PUMA− /− HCT116 cells were exposed to irradiation, we found that, compared with WT, Bax− /− cells showed
significantly decreased cell death because of Bax deficiency; however, surprisingly PUMA− /− cells showed significant increase in cell
death although the proapoptotic gene PUMA was knocked out. By analyzing apoptosis via Annexin V-fluorescein isothiocyanate
(FITC) assay with flow cytometry, both Bax− /− and PUMA− /− cells showed less apoptosis than WT, suggesting the existence of
another type of cell death in PUMA− /− cells. Autophagy was then examined in three cell lines by counting the percentage of cells
with punctate GFP-LC3. Although all three cell lines showed significantly increased autophagy activity after irradiation, that of
PUMA− /− cells was much higher than the other two cell lines, which suggests that PUMA− /− cells may die through autophagy. This
was then confirmed by the decreased cell death in PUMA− /− cells when autophagy was blocked by 3-MA. In addition, we also
tested the responses of WT and Bid− /− MEFs to irradiation. Bid− /− MEFs but not WT died through autophagy after irradiation. These
results imply the involvement of apoptosis-associated genes such as PUMA and Bid in autophagic cell death, which contributes to
identifying the molecular mechanism by which autophagy drives cells to death.
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INTRODUCTION
Radiotherapy (RT) has been importantly involved in anticancer
treatments. Around 50% of cancer patients receive RT at some
stage of their treatment, alone or in combination with other
treatments such as surgery and/or chemotherapy.1–4 Ionizing
radiation (IR) is the most commonly used RT, which mainly causes
damage by DNA double-strand breaks leading to cell death.5 IR
successfully helped local control and increased overall survival.2,6,7

However, IR is limited and shows poor effect in a significant
proportion of high-risk patients who may develop metastasis in
several years,8,9 which cannot be resolved by simply further dose
escalation because of toxicity to adjacent normal tissues. In
addition, the resistance of cancer cells to IR causes treatment
failure too. Therefore, exploring novel targeted agents to augment
the efficiency of RT is in need.
The goal of RT is to completely eliminate cancer cells through

initiating cell death programs. IR leads to cell death via apoptosis,
which is characterized by DNA fragmentation, vacuolization and
nuclear condensation.10 Bcl-2 family proteins are known as critical
regulators of apoptosis.11 These proteins contain one or more of
the four conserved motifs, named Bcl-2 homology (BH) domains
(BH1, BH2, BH3 and BH4), which are known for their crucial
functions.12 These Bcl-2 family proteins roughly fall into three
subtypes: antiapoptotic subtype that conserve all four BH

domains, such as Bcl-2 and Bcl-xL;13 proapoptotic subtype with
several BH domains called multi-domain apoptosis effectors,
including Bax and Bak; and the ones that contain a single BH3
domain called BH3-only apoptosis activators, such as Bid, Bim, Bad
and PUMA.14,15 They work together to determine the initiation of
apoptosis.12,16 Researchers have been working on increasing
apoptosis to improve RT; however, loss of apoptosis is a frequent
event in malignant tumors, which leads to radioresistance.
Homozygous deletions or inactivating mutations of Bax have
been identified particularly in cancers that arise with defective
DNA mismatch repair.17,18 However, apoptosis is not the only
damage response to IR. Studies show that radiation-induced
apoptosis accounts for o20% of cell death.19,20

Another type of programmed cell death, autophagy, has been
identified as an alternative response to irradiation.20–23 Autophagy
is a genetically programmed, evolutionarily conserved degrada-
tive process that is characterized by sequestration of long-lived
cellular proteins and organelles in autophagic vesicles (also
named autophagosomes) that are later fused with lysosome to
generate autolysosome and are degraded by the cells’ own
lysosomal system.23,24 The role of autophagy in cancer therapy is
controversial; depending on the cell line and the context,
autophagy either represents a protective mechanism or con-
tributes to cell death. Autophagy allows cancer cells to degrade
proteins and organelles to generate macromolecular precursors,
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such as amino acids, fatty acids and nucleotides, in order to
provide metabolic substrates to enhance survivability and inhibit
apoptosis.25–27 In this context, blocking autophagy suppresses
tumor growth.25 Studies have shown that cancer cells use
autophagy as an adaptive system to overcome radiotherapeutic
stress: autophagy increases in tumor cells in response to radiation
and DNA damage, and radioresistance may be associated with
autophagy induction.28–31 Several studies indicate that pharma-
cological or genetic inhibition of autophagy can sensitize cancer
cells to RT.32 Nevertheless, persistent accumulation of autophagic
vesicles after high levels of damage may offset the protective
effects but lead to eventual autophagocytosis and cell
death.20–22,33,34 It is shown that heterozygous disruption of Beclin
1 promotes tumorigenesis, but overexpression of Beclin 1 inhibits
tumor growth in mice.35,36 The former is supported by observa-
tions in patients that Beclin 1 is frequently monoallelically lost in
human breast, ovarian and other tumors.37 Therefore, autophagy
is a double-edged sword;38 however, the critical molecules that
control the divergence of these two opposite functions are far
from clear.
In order to elucidate the mechanism by which autophagy leads

to cell death, we investigated the response of three isogenic
human colon cancer cell lines: WT, Bax− /−, and PUMA− /− HCT116,
to a serial dose of irradiation and did the comparison. We then
determined the biological processes that contribute to the
difference between those cell lines. The study was then expanded
to normal cell lines of WT and Bid− /− mouse embryonic fibroblasts
(MEFs). This study aimed to develop strategies to overcome
radioresistance of apoptosis-deficient cancer cells and improve RT
in cancer treatment.

RESULTS
PUMA deficiency sensitizes HCT116 cells to irradiation
Irradiation is widely used in colon cancer treatment, but patients
respond differently ranging from radiosensitive to radioresistant.
In order to identify the underlying contributor for the difference,
WT, Bax− /− and PUMA− /− HCT116 cells were subjected to
irradiation. Cell death was determined at different time points.
All cells showed a time- and dose-dependent toxicity to
irradiation, and compared with WT HCT116, Bax− /− cells showed
significant decrease in cell death, which likely attributes to the
deficiency of Bax, a critical proapoptotic gene (Figure 1). However,
surprisingly PUMA− /− cells showed significantly increased cell
death although PUMA that is also a proapoptotic gene is deficient
(Figure 1). In order to explain this phenotype, we first detected the
apoptosis in each cell line and focused subsequent experiments
on the dose of 8 Gy at 72 h after irradiation as PUMA− /− cells
showed the most significance at this dose and time point.

Apoptosis is decreased in PUMA− /− HCT116 cells
In order to make sure the increased cell death in PUMA− /−

HCT116 cells upon irradiation was not resulted from the
unexpected increase in apoptosis, because theoretically it should
decrease, we determined the apoptosis of WT, Bax− /− and
PUMA− /− HCT116 cells, respectively, by Annexin V-FITC assay
with flow cytometry. As expected, apoptosis was decreased in
both Bax− /− and PUMA− /− cells as a result of losing a
proapoptotic gene (Figure 2), indicating that the increased cell
death in PUMA− /− HCT116 cells is not attributed to change in
apoptosis.

PUMA knockout sensitizes HCT116 cells to irradiation by inducing
autophagic cell death
Excluded the contribution of apoptosis, we tested the involve-
ment of autophagy as autophagy is another important type of cell
death. GFP-LC3 plasmids were used to examine the autophagy
activity. All three cell lines, including WT, Bax− /− and PUMA− /−

HCT116, showed significant increase in the percentage of cells
with punctate GFP after irradiation (Figures 3a and b), indicating
that autophagy was induced by irradiation in all three cell lines.
This universal occurrence of autophagy after irradiation is quite
consistent with the previous studies, which showed that
autophagy was induced by radiation administration regardless
of radiosensitivity or its pro-survival or pro-death role.20,39 On the
other hand, the percentage of cells with punctate GFP in PUMA− /−

HCT116 was significantly higher than the other two cell lines WT
and Bax− /− HCT116 (Figures 3a and b). As excessive levels of
autophagy are associated with autophagy-dependent cell death,40

the significantly more active autophagy in PUMA− /− cells suggests
that it is probably autophagy that leads to increased cell death.
In order to test this hypothesis, we blocked autophagy by its

inhibitor 3-methyladenine (3-MA) and then determined cell death
caused by irradiation again. When exposed to 3-MA, cell death of
WT or Bax− /− HCT116 cells did not change; however, suppressed
autophagy significantly decreased the cell death caused by
irradiation in PUMA− /− cells (Figure 3c), which suggests that
autophagy is likely the biological process that is responsible for
the increased cell death in PUMA− /− cells after irradiation. Before
we jump to the conclusion, we also confirmed the efficiency of
3-MA by determining the autophagic activity after treatment of
3-MA. The percentage of cells with punctate GFP was significantly
decreased by 3-MA (Figures 3d and e), indicating the successful
inhibition of autophagy by 3-MA. Meanwhile, we also measured
apoptosis after 3-MA exposure in order to make sure that
apoptosis did not contribute to the decreased cell death. It was
shown that apoptosis induced by irradiation before and after the
treatment of 3-MA did not change (Figures 3f and g), which

Figure 1. Less cell death in Bax− /− HCT116 but more in PUMA− /− HCT116 when compared with WT cells after irradiation. Human colon cancer
cells WT, Bax− /− and PUMA− /− HCT116 were subjected to irradiation for the indicated doses. After incubation for 24 (a), 48 (b) or 72 h (c), cell
death assay was performed using CCK-8. Cell death was shown as means± S.D. Statistical significant differences are marked as *Po0.05,
**Po0.01, ***Po0.001 or ****Po0.0001.
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excludes the contribution of apoptosis in the decreased cell death
as a result of autophagy inhibition. Based on all the data above,
we conclude that autophagic cell death is induced by irradiation
in PUMA− /− HCT116 cells, which contributes to the increased cell
death compared with WT cells. More importantly, this shows that
PUMA is involved in the regulation of autophagic cell death.
To further confirm the involvement of PUMA in autophagy

regulation, western blotting was performed to determine the
protein level of LC3-I/II and p62, which are markers of autophagy.
As shown in Figure 4a, irradiation significantly increased the
expression of LC3-II that shows on autophagosome and decreased
the accumulation of p62, a long-lived protein which inversely
correlates with autophagic degradation, suggesting the
irradiation-induced autophagy in WT and PUMA− /− HCT116 cells.
Moreover, compared with WT, PUMA− /− HCT116 cells showed a
significantly higher level of LC3-II but a significantly lower level of
p62, which indicates the accelerated autophagy when PUMA is
knocked out. This is confirmed by the decrease of LC3-II and
increase of p62 protein level when autophagy was inhibited by
3-MA (Figure 4b). In order to confirm the autophagic flux in PUMA− /−

HCT116 cells upon irradiation with an independent method,
mCherry-GFP-LC3 plasmids were introduced to demonstrate the
fusion of autophagosome and lysosome. This plasmid loses GFP
fluorescence in acidic condition when autophagosome fuses with
lysosome to form acidified autolysosome, so the formation of
autolysosome can be identified by the transition from showing
both mCherry and GFP signals (yellow, autophagosome) to only
showing mCherry (red, autolysosome).41,42 Punctate mCherry/
GFP-LC3 increased upon radiation, and PUMA− /− HCT116 cells
showed significantly more puncta and the number decreased by
3-MA (Figure 4c). Both yellow and red dots showed up in WT and
PUMA− /− HCT116 cells, indicating the fusion of autophagosome
and lysosome.

Autophagic cell death also occurs in Bid− /− MEF cells upon
irradiation
It is known that the role of autophagy being pro-survival or pro-
death is cell line and context dependent, so in order to test
whether the autophagic cell death induced by irradiation is
HCT116 cell specific or PUMA knockout specific, we introduced
another BH3-only-protein-deficient cell line Bid− /− MEF cells into
the model. Both WT and Bid− /− MEFs were subjected to irradiation
of different doses and cell death was measured afterwards.
Compared with WT MEFs, cell death in Bid− /− cells was less at
lower doses of irradiation, including 4 and 6 Gy (Figure 5a).

However, the difference disappeared as irradiation dose increased
and the cell death of WT and Bid− /− MEFs at 10 Gy were relatively
comparable (Figure 5a). As Bid is a proapoptotic gene, knockout of
Bid would decrease cell death because apoptotic pathway is
partially impaired, which is the case of Bid− /− MEFs at lower doses,
but this cannot explain the comparable cell death in WT and Bid− /−

MEFs at higher doses. Apoptosis was then measured in both cell
lines to confirm the impairment of apoptotic pathway as a result
of Bid deficiency. Irradiation of 10 Gy was used in experiments
thereafter as Bid− /− MEFs showed the least difference from
WT cells at this dose. As expected, apoptosis induced by
irradiation in Bid− /− MEFs was significantly less than in WT cells
(Figures 5b and c). Confirmed the significantly decreased
apoptosis in Bid− /− MEFs, we hypothesized that autophagic cell
death may contribute to cell death induced by irradiation in
Bid− /− MEFs.
In order to test this hypothesis, we first detected the autophagy

activity of Bid− /− MEFs after irradiation by the expression of GFP-
LC3. The percentage of cells with punctate GFP in Bid− /− MEFs
was significantly higher than that of WT cells although both of
them showed increase (Figures 5d and e), which, to some extent,
supports the hypothesis. Then, in order to demonstrate the
involvement of autophagic cell death, 3-MA was used to block
autophagy and Bid− /− MEFs showed significant decrease in the
percentage of cells expressing punctate GFP, as well as WT cells
(Figures 5g and i). By measuring cell death after autophagy
inhibition, Bid− /− MEFs showed significant decrease as a result of
3-MA treatment while WT MEFs did not show any change
(Figure 5f), suggesting the occurrence of autophagic cell death
induced by irradiation in Bid− /− MEFs, which contributes to the
total cell death of Bid− /− MEFs when apoptosis was impaired and
makes the cell death between Bid− /− and WT MEFs comparable.
Apoptosis of WT and Bid− /− MEFs with or without 3-MA were also
determined, and neither of them showed any significant change
(Figures 5h and j), which further confirmed the contribution of
autophagic cell death in Bid− /− MEFs. The results above suggest
that, similar to PUMA, Bid is also involved in the regulation of
autophagic cell death at least upon irradiation.

DISCUSSION
Autophagy is an important intracellular pathway for degradation
and recycling of proteins and organelles, which can be induced by
radiation either to protect cells against radiation damage or lead
to cell death.20 However, the machinery system that controls
whether autophagy is an adaptive mechanism to prevent cell

Figure 2. Apoptosis of Bax− /− and PUMA− /− HCT116 cell after irradiation. Irradiation of 8 Gy was given to WT, Bax− /− and PUMA− /− HCT116
cells, and after 72 h of incubation, apoptosis was determined by Annexin-V and PI staining with flow cytometry. Representative flow
cytometric plots (a) and the quantification (b, mean± S.D.) are shown. Con, control, no irradiation. IR, irradiation. Statistical significant
differences are marked as *Po0.05 or **Po0.01.
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Figure 3. Examination of autophagy and inhibition of irradiation-induced autophagy in WT, Bax− /− and PUMA− /− HCT116 cells by 3-MA. WT,
Bax− /− and PUMA− /− HCT116 cells were transfected with GFP-tagged LC3 plasmids. Twenty-four hours later, the transfected cells were
subjected to irradiation of 8 Gy. The expression of GFP-LC3 was then examined by a fluorescence microscopy after 72 h incubation.
Representative images are shown in (a) and the percentage of cells with punctate GFP-LC3 was calculated relative to all GFP-LC3 positive cells
and shown in (b). GFP-LC3 puncta were pointed out by white arrows. WT, Bax− /− and PUMA− /− HCT116 cells that were transiently expressing
GFP-LC3 were incubated in the presence or absence of 3-MA and then exposed to irradiation of 8 Gy. Seventy-two hours later, images were
taken by a fluorescent microscope and the percentage of cells with punctate GFP were calculated (d and e). White arrow marks the GFP-LC3
puncta. WT, Bax− /− and PUMA− /− HCT116 cells were cultured with or without 3-MA and then subjected to irradiation of 8 Gy. Cell death (c)
and apoptosis (f and g) were determined at 72 h after irradiation by CCK-8 kit and Annexin V-FITC staining with flow cytometry, respectively.
Con, control, no irradiation. IR, irradiation. Statistical significant differences are marked as *Po0.05, **Po0.01, ***Po0.001 or ****Po0.0001.
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death or a way to precede death is unclear. This study identified
that autophagic cell death was activated in cells deficient of PUMA
or Bid, which suggests the involvement of Bcl-2 family proteins
PUMA and Bid in regulating autophagy toward cell death.

Autophagy has been observed in causing cell death in response
to toxins, chemotherapeutic drugs and irradiation.20,43–45 In our
study, autophagic cell death was found in PUMA− /− HCT116 cells
and Bid− /− MEFs after irradiation (Figure 1 and Figure 4). However,

Figure 4. Autophagic flux in WT and PUMA− /− HCT116 cells. (a) WT and PUMA− /− HCT116 cells were subjected to irradiation of 8 Gy and
proteins were extracted 72 h later. The protein level of LC3-I/II and p62 were determined by western blotting. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal control. (b) WT and PUMA− /− HCT116 cells were exposed to irradiation of 8 Gy in the
presence of 3-MA, and proteins were collected 72 h later for the determination of LC3-I/II and p62 protein level. GAPDH was used as internal
control. (c) mCherry-GFP-LC3 plasmids were transfected into WT and PUMA− /− HCT116 cells before the treatment by 3-MA, and then the cells
were subjected to irradiation of 8 Gy. After 72 h incubation, images were taken by fluorescent microscope and mCherry and/or GFP puncta are
pointed by white arrows.
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Figure 5. Autophagic cell death in Bid− /− MEFs in response to irradiation. (a) WT and Bid− /− MEFs were subjected to irradiation of the
indicated doses. Seventy-two hours later, cell death was measured by CCK-8 kit and shown as means± S.D. (b) WT and Bid− /− MEFs were
exposed to 10 Gy of irradiation, and at 72 h after irradiation, apoptosis was assessed by Annexin-V and PI staining with flow cytometry.
Representative flow cytometric plots are shown. (c) Quantification of apoptosis was shown as means± S.D. (d and e) WT and Bid− /− MEFs were
transfected with GFP-LC3 plasmids, and 24 h later, the transfected cells were subjected to irradiation of 10 Gy. After 72 h incubation, the
expression of GFP-LC3 was examined by a fluorescent microscopy and the percentage of cells with punctate GFP was calculated. White arrow
marks the GFP-LC3 puncta. (f) WT and Bid− /− MEFs were incubated with or without 3-MA and then subjected to irradiation of 10 Gy, and cell
death was determined 72 h later by CCK-8 kit. (h and j) Apoptosis was also measured by Annexin V-FITC staining with flow cytometry. (g and i)
WT and Bid− /− MEFs that were transiently expressing GFP-LC3 were cultured in the presence or absence of 3-MA and then exposed to irradiation
of 10 Gy. Seventy-two hours after irradiation, images were taken and the percentage of cells with punctate GFP was calculated. White arrow
marks the GFP-LC3 puncta. IR, irradiation; NT, non-treatment. Statistical significant differences are marked as *Po0.05 or **Po0.01.
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we would like to mention that autophagic cell death was only
shown at higher doses of irradiation but not at lower doses,
indicating the dose dependence. In addition, the considerably
significant increase in cell death of PUMA− /− HCT116 cells and
Bid− /− MEFs, compared with WT cells, was not shown until 48 h
postirradiation (Figure 1, Figure 4 and data not shown), which
indicates the time dependence. This dose and time dependence
suggest that autophagic cell death may be a response to only
severe stresses and needs time to accumulate the degradation of
substrates until elimination of essential components. On the other
hand, these data do not argue against the protective role of
autophagy. We cannot tell whether there is co-occurence of both
pro-survival and pro-death autophagy at lower doses of irradia-
tion. The decision about autophagy to promote survival or death
might be made after its the initiation because acidic vesicular
organelles (AVO) were present in both radiosensitive and
redioresistant glioblastoma cell lines, which indicates that
autophagic cell death happens after the formation of AVO.39 As
well as PUMA− /− HCT116 and Bid− /− MEFs, autophagy was also
significantly induced in WT and Bax− /− HCT 116 and WT MEFs, but
inhibition of autophagy in those cells did not change the cell
death (Figures 3a–e and 4d–i), so the role of autophagy in those
cells upon irradiation is unclear, which needs further pursuing to
identify.
On contrary to our results, Tsujimoto and Shimizu46 found that

X-ray irradiation was not able to induce autophagic cell death in
Bax/Bak-deficient MEFs. As irradiation-inducing autophagic cell
death was reported by multiple groups including us,20,39,47–49 it is
possible that activation of autophagic cell death depends not only
on death stinuli but also on cell line, genetic background and the
context. Instead of one single decisive factor, it is rather a complex
of multiple components. This also explains that Bcl-2 over-
expression did not sensitize HCT116, Hela and Jurkat cells to
autophagic cell death induced by etoposide although it did in
Bax/Bak− /− MEFs and Bax/Bak− /− thymocytes,22 but HCT116 cells
did show autophagic cell death induced by irradiation when they
were PUMA− /−. Cargo specificity was also shown to be critical in
controling the pro-survival or pro-death role of autophagy.50

In order to clarify the mechanism behind autophagic cell death,
the causative relationship between apoptosis inhibition and
autophagic cell death has been debated. Studies showed that
autophagic cell death occurs when apoptosis is inhibited, either
by pan-caspase inhibitor zVAD or as a result of proapoptotic genes
Bax and Bak deficiency. Blocking apoptosis with zVAD or Bax/Bak
siRNA radiosensitized cancer cells and increased cytotoxicity via
autophagy in breast, lung and prostate cancer.47,49 When exposed
to z-VAD, L929 cells died with ROS accumulation and loss of
plasma membrane integrity, which was inhibited by autophagic
inhibitors or knocking down of key autophagic genes (Atg7 or
Atg8), indicating autophagic cell death in non-apoptotic cells.50

Bax/Bak− /− MEFs were shown more radiosensitive than WT cells,
with significant increase of autophagic proteins Atg5-Atg12
complex and Beclin-1, and suppressing autophagy by 3-MA or
siAtg5/Beclin1 oppositely rendered radioresistance, which
strongly suggests the autophagic cell death in Bax/Bak− /−

MEFs.48 These studies seem to support the simply causative
relationship between apoptosis inhibition and autophagic cell
death; however, overexpressing Atg5 and Beclin1 also conveyed
radiosensitivity to WT MEFs by inducing autophagy although
apoptosis program in WT MEFs is normal.48 Furthermore, although
exposed to zVAD, autophagic cell death was not activated in WT,
Apaf-1- or caspase-9-deficient MEFs.22 Therefore, autophagic cell
death is not simply caused by impaired apoptosis program, which
supports our result that autophagic cell death was not detected in
Bax− /− HCT116 cells. This is also consistent with the result that
Bak-transfected Bax/Bak− /− MEFs showed features of apoptosis,
which was suppressed by zVAD but not 3-MA.22 Inhibition of
autophagy alone is not sufficient to induce autophagic cell death;

conversely, it may activate autophagy to promote survival.
Autophagy was induced in bone marrow-derived cells from Bax/
Bck− /− mice, and autophagy was shown to be essential for their
survival after growth factor withdrawal for at least 6 weeks.26

Our results suggest the involvement of PUMA and Bid in
autophagic cell death regulation, but how are they involved is not
clear yet. Bcl-2 is a critical determinant that drives cells toward
apoptosis or autophagy.51 Bcl-2 or Bcl-xl overexpression induced
autophagic cell death in WT MEFs and autophagic cell death in
Bax/Bak− /− MEFs was also modulated by Bcl-2 and Bcl-xL,22 so it is
possible that PUMA and Bid is involved in autophagic cell death
regulation through their interaction with Bcl-2 or Bcl-xL. Anti-
apoptotic Bcl-2 family proteins such as Bcl-2 and Bcl-xL inhibit
apoptosis by forming heterodimers with proapoptotic members
including PUMA and Bid to neutralize their action,52 so deficiency
of PUMA or Bid relatively releases Bcl-2 or Bcl-xL, which can drive
autophagy toward cell death. Bcl-2 or Bcl-xl may modulate
autophagic cell death induced by irradiation via Beclin 1 as Beclin
1 was shown required for autophagic cell death and Bcl-2/Bcl-xl
binds to Beclin 1 but not Bax/Bak.53 Another alternative
explanation for the involvement of PUAM and Bid in regulating
autophagic cell death might be their BH3-only protein character-
istics. BH3-only proteins have a key role in promoting apoptosis:
apoptotic stimuli induce expression and/or activation of BH3-only
proteins, which translocate to mitochondria and activate Bax/Bak-
dependent apoptosis.54 Preclinical data suggest that BH3-only
proteins are important mediators in response to DNA damage,
which is the main consequence of irradiation.55 More importantly,
(− )-gossypol, a natural BH3-mimetic (also a Bcl-2 inhibitor)
induced comparable levels of cell death in prostate cancer cell
lines regardless of their Bcl-2 expression.56 However, in cell lines
with low Bcl-2, 480% cells die through apoptosis, which was
blocked by zVAD, while 460% cells with high Bcl-2 died by
autophagy, which was blocked by 3-MA or Atg5/Beclin1 siRNA,56

suggesting the importance of BH3 motif and their interaction with
Bcl-2 in regulation of autophagic cell death. BH3-only proteins
were also mentioned in study by Tsujimoto group, which said that
overexpression of BH3 proteins did not induce autophagic cell
death in Bax/Bak− /− MEFs.22 The rationale probably is, instead of
overexpressing them, deleting or suppressing BH3 proteins should
have been tried. One more alternative pathway through which
PUMA and Bid are involved in autophagic cell death regulation
might be p53 signaling as PUMA and Bid are both direct target
genes of p53.57–59 However, there is rarely any supportive
evidence. Pro-surviving autophagy rather than autophagic cell
death was shown in tumor cells that lack p53,60 and some report
said mutant p53 had no effect on accumulation of
autophagosomes.28

Our previous study showed hypoxia-induced autophagy
promoting survival and chemo-resistance in liver cancer cell
lines,61 but this study showed the dose- and time- dependent
autophagic cell death induced by irradiation, which suggests the
debatable treatment by targeting autophagy in cancer. More
systematic and comprehensive investigations are needed to
evaluate the application of antiautophagy or pro-autophagy
treatment in translational studies. Clinical trial selection criteria
studies should be designed more carefully with genomic
information in mind as the genotype may totally change the role
of autophagy. Combination of the autophagic activity and the
genomic background of patient are necessary to assess the
applicability of antiautophagy or pro-autophagy treatment in
cancer. It is critical to find the check point(s) that control the
change of the role of autophagy from pro-survival to pro-death.
Most tumors have certain defects in apoptosis signaling pathway,
so cautiously manipulating autophagy may yield promising clinical
outcomes for patients undergoing RT and chemotherapy. Some
tumors such as gliomas are resistant to apoptotic stimuli but
sensitive to autophagic cell death, which indicates that the
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effectiveness of RT in specific subtypes of tumors may strongly
depend on autophagy.62 Elucidating the check point(s) and their
effect(s) in mediating radio-resistance or -sensitivity may allow
physicians to make personalized therapy according to patients’
genomic background. Therefore, identifying the molecular
mechanism by which deficiency of certain proapoptosis gene(s)
increases radiosensitivity will help develop novel efficient
strategies for cancer patients of specific genotype.

MATERIALS AND METHODS
Cell culture and treatments
Human colon cancer cell lines: WT, Bid− /− and PUMA− /− HCT116, and
MEFs: WT and Bid− /− MEFs, were maintained in Dulbecco’s modified
Eagle’s medium of high glucose (DMEM, GIBCO, Invitrogen, Shanghai,
China) and supplemented with 10% fetal bovine serum (GIBCO, Invitro-
gen), 100 units/ml penicillin and 100 mg/ml streptomycin in a humidified
incubator under 95% air and 5% CO2 at 37 °C. X-ray irradiation was
performed by Elekta Precise accelerator (Crawley, England). Dimethyl
sulfoxide and 3-MA were purchased from Sigma-Aldrich (Shanghai, China),
and 5 mM 3-MA was used in experiments.

Cell death assay
Cell viability was determined with Cell Counting Kit-8 (CCK-8, Dojindo,
Tokyo, Japan). Briefly, at the end of the treatment, CCK-8 solution was
added to 96-well plate with cultured cells followed by 2 h incubation at
37 °C. Then the absorbance of each well was measured with a microplate
reader (Synergy HT, Bio-Tek, Winooski, VT, USA) at 450 nm and the
percentage of dead cells was calculated based on the absorbance.

Apoptosis assay
Apoptosis examination by Annexin V-FITC assay with flow cytometry was
performed based on the manufacturer’s instructions (Nanjing Keygen
Biotech, Nanjing, China). Briefly, cells were collected by trypsinization,
washed with ice-cold phosphate-buffered saline twice and resuspended in
300 μl 1 × binding buffer containing 5 μl Annexin V and 5 μl propidium
iodide (PI) followed by incubation in the dark for 30 min at room
temperature. Then X10 000 cells were analyzed on a BD FACSAria flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Annexin V-positive
and PI-negative cells were considered as apoptotic cells.

Transient transfection and identification of autophagy
GFP-tagged microtubule-associated protein 1 light chain 3 (LC3) expres-
sion plasmids and mCherry-GFP-LC3 plasmids were transfected to
determine autophagy. Briefly, plasmids were transiently transfected into
cells by Fugene HD transfection reagent (Roche, Madison, WI, USA)
according to the manufacturer’s instructions. The transfected cells were
then incubated for 24 h to ensure the expression of targeted protein in the
plasmids. Afterwards, cells were subjected to the indicated treatments. At
the end of the treatment, cells were observed under fluorescent
microscope (Olympus IX71, Olympus, Center Valley, PA, USA) and cells
with punctate GFP or mCherry were identified as autophagic cells. In GFP-
LC3-transfected cells, in order to quantify autophagic activity, cells with
GFP and cells with punctate GFP were counted, respectively, and
autophagy activity was calculated by the percentage of cells with GFP-
LC3-positive dots. A minimum of 200 cells were counted for each sample.

Western blotting
Protein was extracted from cells by RIPA lysis buffer (Beyotime, Haimen,
China, Cat. no. P0013B) with 1 mM PMSF. Equal amounts of protein was
separated by SDS-PAGE and transferred onto NC membrane. After
blocking with 5% non-fat milk, the membrane was probed with anti-p62
(Novus Biologicals Inc., Littleton, CO, USA Cat. no. NBP1-48320) and anti-
LC3 (Novus Biologicals Inc. Cat. no. NB100-2220H), developed with the
BeyoECL Plus substrate system (Beyotime, Cat. no. P0018). Anti-GAPDH
(Cell Signaling, Danvers, MA, USA, Cat. no. 2118) was used as an internal
control to confirm equal protein loading.

Statistical analysis
All experiments were repeated for at least three times. Data were
expressed as mean± S.D. Statistical analysis was performed by two-
way ANOVA and unpaired Student’s T-test. Po0.05 was considered
significant.
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