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Abstract
Radiotherapy is routinely used for the treatment of lung cancer. However, the mechanisms
underlying ionizing radiation (IR)-induced senescence and its role in lung cancer treatment are
poorly understood. Here, we show that IR suppresses the proliferation of human non-small cell
lung cancer (NSCLC) cells via an apoptosis-independent mechanism. Further investigations reveal
that the anticancer effect of irradiation correlates well with IR-induced premature senescence, as
evidenced by increased senescence-associated β-glactosidase (SA-β-gal) staining, decreased BrdU
incorporation and elevated expression of p16INK4a (p16) in irradiated NSCLC cells. Mechanistic
studies indicate that the induction of senescence is associated with activation of the p53-p21
pathway, and that inhibition of p53 transcriptional activity by PFT-α attenuates IR-induced tumor
cell killing and senescence. Gain-of-function assays demonstrate that restoration of p53 expression
sensitizes H1299 cells to irradiation, whereas knockdown of p53 expression by siRNA inhibits IR-
induced senescence in H460 cells. Furthermore, treatment with Nutlin-3a, a small molecule
inhibitor of MDM2, enhances IR-induced tumor cell killing and senescence by stabilizing the
activation of the p53-p21 signaling pathway. Taken together, these findings demonstrate for the
first time that pharmacological activation of p53 by Nutlin-3a can sensitize lung cancer cells to
radiation therapy via promoting IR-induced premature senescence.
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1. Introduction
Although anticancer agent-induced apoptosis was thought to be the primary mechanism
whereby cytotoxic therapy suppresses tumor growth, treatment with chemo- or radiation-
therapy is not invariably cytotoxic to all tumor cells [1–5]. Cellular senescence is
characterized by an irreversible cell cycle arrest that can be triggered by many types of
intrinsic and extrinsic stresses, including radiation [4–10]. More importantly, senescence has
been recognized as an indispensable cellular response of tumor cells to anticancer therapy
[2,4,6,9,11]. However, it is largely unknown if IR-induced premature senescence contributes
to the treatment outcomes of cancer radiotherapy. Senescence limits the life span and
proliferative capacity of cells, therefore the induction of senescence is regarded as an
important mechanism for cancer prevention and treatment [10–13]. Consistent with this
hypothesis, it has been shown that restoration of p53 in cancer cells leads to tumor
suppression by the induction of senescence rather than apoptosis in sarcomas and liver
cancer [14,15]. These findings strongly suggest that induction of senescence might be an
important mechanism of action underlying chemotherapy and radiation-induced tumor
suppression.

Lung cancer is the leading cause of cancer deaths [16]. Even with current advanced
treatment, the 5-year overall survival rate is less than 16% and has not changed appreciably
over many decades [16,17]. This poor prognosis emphasizes the urgent need for the
development of novel therapeutic approaches to more effectively manage this deadly
disease. Radiotherapy is used in over 50% of patients during the course of cancer treatment
and is effective both as a curative modality and for palliation [18]. However, previous
studies indicated that many epithelial-derived tumors including several lung cancer types
show poor response to radiation-induced apoptosis [6,19], underscoring the importance for a
better understanding of the molecular mechanisms whereby radiotherapy suppresses lung
cancer growth. Therefore, the goal of this study was to determine the role of IR-induced
senescence in the tumor-suppressive effect of radiotherapy in NSCLC cells.

We and others have demonstrated that IR induces senescence in a variety of mouse and
human cells [6,8,20,21]. However, it remains to be determined if and how IR induces
senescence in lung cancer cells and whether targeting the senescence signaling pathway
could sensitize lung cancer to radiotherapy. The present studies demonstrate for the first
time that IR-induced tumor cell suppression is associated with the induction of senescence
but not that of apoptosis in NSCLC cells, suggesting that induction of senescence may play
a critical role in mediating the tumor suppressive effect of IR and that targeting of the
senescence signaling pathway could be exploited as a novel strategy to improve the efficacy
of lung cancer radiotherapy.

2. Materials and methods
2.1. Reagents

BrdU, Pifithrine-α (PFT-α) and mouse anti-BrdU monoclonal antibody were purchased
from Sigma (St. Louis, MO). Dulbecco's modified Eagle's medium (DMEM) and other
culture media were obtained from Invitrogen (Carlsbad, CA). Phosphorylated p53 (Ser15),
total p53 and p21 antibodies were purchased from Cell Signaling (Danvers, MA). SA-β-gal
staining kit was purchased from Cell Signaling. Nutlin-3a was obtained from Cayman
Chemical (Ann Arbor, MI).

2.2. Cell lines and culture
Human non-small cell lung cancer (NSCLC) cell lines A549 and H460 were purchased from
American Type Culture Collection. A549 cells were cultured in DMEM medium containing
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10% FBS, 2mM L-glutamine and 100 microgram/ml of penicillin-streptomycin (Invitrogen).
H460 cells were grown in RPMI-1640 medium containing 10% FBS, 2mM L-glutamine and
100μg/ml of penicillin-streptomycin.

2.3. Radiation and clonogenic survival assay
The NSCLC cells were irradiated with a 137Cs irradiator. Irradiated or non-irradiated control
cells were cultured in 60 mm dishes for 10–12 days to allow formation of cell colonies. The
colonies were fixed and stained with 0.5% crystal violet (Sigma) in methanol for 30min. The
number of colonies (≥50 cells) was scored using a microscope. The surviving fraction was
calculated as the ratio of the plating efficiency of the treated cells to that of control cells.

2.4. Propidium iodide staining and flow cytometric analysis
The effects of IR on cell cycle progression and apoptosis (detected by sub G1 cells) were
measured using propidium iodide (PI) staining and flow cytometric analysis as previously
described [16].

2.5. Senescence-associated β-galactosidase (SA-β-gal) staining
In situ staining of SA-β-gal was performed using a senescence β-galactosidase staining kit
(Cell Signaling) as we reported previously [21,22].

2.6. BrdU incorporation assay
BrdU incorporation assay was used to determine cellular senescence as we reported
previously [21,22].

2.7. Western blotting
Western blotting was performed as previously described [22], using antibodies specific for
phospho-p53 and p21, and p16 (BD Biosciences). All blots were stripped and reprobed with
β-actin antibody (Sigma) as loading control.

2.8. Statistical analysis
All experiments were repeated independently at least three times. Comparisons between two
experimental groups were performed by Student's t-test. Multiple group comparisons were
performed using analysis of variance (ANOVA). Differences were considered significant if
p < 0.05.

3. Results
3.1. IR suppresses the clonogenic growth of NSCLC cells via an apoptosis-independent
mechanism

Clonogenic cell survival assays were performed to investigate the ability of IR to suppress
lung cancer cell growth. The results show that IR causes a dose-dependent inhibition of the
clonogenic growth of A549 and H460 lung cancer cells (Fig. 1A and B). Moreover, the data
also demonstrate that A549 cells are more resistant to IR-induced cell killing than H460
cells (Fig. 1B). Consistent with our observations, it was reported that the radioresistance
property of A549 cells is likely mediated through an epithelial growth factor receptor
(EGFR)-dependent mechanism [23].

Next, we investigated whether apoptosis is involved in IR-induced clonogenic growth
suppression of NSCLC cells. Flow cytometric sub-G1 assays show that IR does not induce
any significant changes in apoptosis in both A549 and H460 cells even after 6 Gy of
irradiation (Fig. 1C–F). In contrast, we observed a significant increase of G1 arrest in
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irradiated NSCLC cells (Fig. 1C–F). These results suggest that IR-induced cell killing in
NSCLC cells is likely apoptosis-independent. To confirm the induction of apoptosis in lung
cancer cells, caspase-3 activation was assessed by Western blotting. The data indicate that
neither 2 Gy nor 6 Gy of irradiation induces significant changes in caspase-3 activation in
A549 and H460 cells. In contrast, camptothecin (CPT) treatment causes a substantial
increase in activated caspase-3 expression (Fig. 1G and H). Moreover, we also show that
CPT treatment but not 2 or 6 Gy of irradiation increases Annexin V staining in H460 cells
(Supplementary Fig. S1). Together, these data demonstrate that induction of apoptosis is not
a primary mechanism underlying IR-induced cell killing in NSCLC cells, suggesting that IR
suppresses the growth of NSCLC cells via an apoptosis-independent mechanism.

Supplementary data associated with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.lungcan.2013.04.017.

3.2. IR induces premature senescence in NSCLC cells in a dose-dependent manner
To determine the role of senescence in IR-induced tumor cell killing, we exposed H460 cells
to different doses of IR (0-6 Gy) and examined senescence in irradiated lung cancer cells
using SA-β-gal staining, a widely used biomarker of cellular senescence [24]. The results
reveal a substantial increase in SA-β-gal positive senescent cells in irradiated lung cancer
cells (Fig. 2A and B). Similar results were also observed in A549 cells (Supplementary Fig.
S2). Moreover, high levels of p16 expression, another important biomarker of senescence
[25], were detected in irradiated H460 cells (Fig. 3A). In addition, BrdU incorporation
assays show that the senescent lung cancer cells are unable to synthesize DNA and
incorporate BrdU (Fig. 2A and C). Together, these findings demonstrate for the first time
that IR induces senescence in NSCLC cells in a dose-dependent manner.

Supplementary data associated with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.lungcan2013.04.017.

3.3. IR induces senescence in NSCLC cells via activation of the p53-p21 pathway
Next, we sought to investigate the mechanisms underlying IR-induced senescence in
NSCLC cells. Previous studies from our group and those of others have shown that p53 is a
key modulator of stress-induced senescence [8,10,26]. However, it has yet to be determined
if p53 is required for IR-induced senescence in NSCLC cells. Our findings here demonstrate
that IR activates the p53–p21 pathway in a dose-dependent manner as evidenced by
increased expression of phosphorylated p53 and p21 in irradiated H460 cells (Fig. 3A),
suggesting a role of p53 in IR-induced senescence in NSCLC cells.

To further examine the role of p53 in IR-induced tumor cell killing and senescence in
NSCLC cells, we investigated if inhibition of p53 with a specific inhibitor, Pifithrine-alpha
(PFT-α) [27], had any impact on IR-induced tumor cell killing and senescence. The
specificity of PFT-α to inhibit the transcriptional activity of p53 in NSCLC cells was
verified by Western blotting analyses (Fig. 3B). Clonogenic assays demonstrate that
preincubation with PFT-α significantly attenuates IR-induced tumor cell killing (Fig. 3C).
Interestingly, the impaired tumor cell killing by PFT-α is associated with a decrease of
senescence induction in irradiated H460 cells (Fig. 3D and E), suggesting that inhibition of
p53 transcriptional activity diminishes IR-induced tumor cell killing via suppressing
senescence induction in irradiated lung cancer cells. Moreover, we also show that
knockdown of p53 expression by siRNA inhibits IR-induced senescence in H460 cells (Fig.
3F and G; Supplementary Fig. S3). These results demonstrate that the p53–p21 pathway
plays an import role in regulating IR-induced premature senescence in NSCLC cells.
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Supplementary data associated with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.lungcan.2013.04.017.

3.4. Restoration ofp53 expression sensitizes lung cancer cells to radiation
Because many tumors exhibit defects in p53 signaling which are associated with therapy-
resistance [28–31], we decided to investigate if restoration of p53 expression can sensitize
H1299 cells to radiation and thus improve the efficacy of radiotherapy. H1299 cells were
transfected with a p53 expression vector (pCEP4-p53) as previously described [32] and
expression of p53 in transfected cells was confirmed by Western blotting (Fig. 4A).
Clonogenic assays were performed to examine the radiosensitivity of H1299 cells
transfected with pCEP4-p53. As shown in Fig. 4B, the results indicate that restoration of p53
expression sensitizes H1299 cells to IR-induced cell killing, demonstrating that p53 plays a
critical role in mediating the anticancer effects of radiation therapy.

3.5. Pharmacological activation of the p53 pathway enhances IR-induced tumor cell killing
in NSCLC cells

Since previous studies from our group and those of others have shown that p53 is a key
regulator of senescence induction [8,10,26], we investigated if pharmacological activation of
p53 could enhance IR-induced cell killing and senescence in NSCLC cells. Nutlin-3a (Nut)
is a small molecule inhibitor of MDM2 that can selectively stabilize p53 protein and protect
it from degradation [33]. As shown in Fig. 5A, our data demonstrate that Nut treatment
substantially increases IR-induced p53 activation and p21 expression in H460 cells.
Moreover, clonogenic assays show that a combination of Nut and IR combined treatment
leads to a synergistic inhibition of the clonogenic growth of H460 cells (Fig. 5B).
Interestingly, the increased tumor cell killing by IR and Nut combined treatment correlates
with the increased expression of senescence biomarkers (increased SA-β-gal staining and
decreased BrdU incorporation) in irradiated lung cancer cells (Fig. 5C and D). These results
suggest that pharmacological activation of the p53–p21 pathway can enhance IR-induced
tumor cell killing by promoting senescence induction in irradiated lung cancer cells. In
addition, clonogenic assays also revealed that Nut does not increase IR-induced cell killing
in H1299 cells (p53 null), suggesting that the radiosensitizing activity of Nut may require
the presence of functional p53 in NSCLC cells (Supplementary Fig. S4).

Supplementary data associated with this article can be found, in the online version, at http://
dx.doi.org/10.1016/j.lungcan.2013.04.017.

4. Discussion
Radiation is widely used as a therapeutic approach for the management of a variety of
human cancers, including clinically inoperable lung cancers [34-36]. However, even with
high dose escalation, the treatment outcome of lung cancer radiotherapy is very
disappointing and has not improved for many decades [16,36]. Clearly, there is a critical
need for the development of novel therapeutic strategies to improve the efficacy of lung
cancer radiotherapy. Although we and others have shown that IR can induce premature
senescence in mouse bone marrow, human fibroblasts and breast cancer cells [6,8,20,26],
the exact contributions of apoptosis and senescence to lung cancer radiotherapy remains to
be defined. Here, we show for the first time that the tumor suppressive effect of IR is
associated with the induction of senescence but not apoptosis in irradiated NSCLC cells.
These findings suggest that IR-induced senescence may play an important role in mediating
the anticancer effects of radiotherapy. In agreement with this suggestion, it was found that
the induction of senescence correlates with treatment outcomes in previous animal studies
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[10,11]. These findings strongly support the hypothesis that induction of senescence is a
central mechanism of action underlying IR-induced anticancer effects.

Our previous studies and those of others have demonstrated that the p53–p21 pathway plays
a critical role in regulating IR-induced premature senescence [8,10,26]. However, the role of
p53 in IR-induced senescence in lung cancer cells is largely unknown. The present study
demonstrates that IR-induced senescence in NSCLC cells is associated with p53 activation
and increased p21 expression, implicating the p53–p21 pathway in IR-induced senescence in
NSCLC cells. MDM2 is a transcriptional target of p53, which negatively regulates the p53
pathway by increasing p53 degradation via its function as an E3 ubiquitin ligase [37].
Overexpression of MDM2 has been observed in several human cancers and is believed to
account for therapy-resistance [38,39]. Our studies show that Nutlin-3a enhances IR-induced
tumor cell killing and senescence in NSCLC cells, suggesting that pharmacological
activation of the p53-p21 pathway can sensitize lung cancer to radiotherapy by promoting
IR-induced senescence in irradiated cancer cells. It is worth mentioning that the induction of
senescence by Nutlin-3a treatment alone was not stronger than IR (Fig. 5C), suggesting that
a single dose of Nutlin-3a and brief treatment may only cause a transient activation of p53
and increase in p21 expression, thus repeated administration of Nutlin-3a might be needed to
achieve the optimal senescence induction effects in this regard. Consistent with our studies,
there is evidence that Nutlin-3a promotes senescence and radiosensitizes laryngeal
carcinoma cells harboring wild-type p53 [40].

In summary, our present studies demonstrate for the first time that the tumor suppressive
effect of IR is associated with the induction of senescence but not apoptosis in NSCLC cells.
These findings strongly support the hypothesis that induction of senescence is a central
mechanism of action underlying IR-induced anticancer effects. In agreement with this
hypothesis, it has been shown that restoration of p53 in cancer cells leads to tumor
suppression by the induction of senescence rather than apoptosis in sarcomas and liver
cancer [14,15]. Collectively, these findings suggest that targeting the senescence signaling
pathway may represent a novel therapeutic strategy to sensitize lung cancer to radiotherapy.
Further preclinical and clinical studies are warranted to determine whether pharmacological
activation of p53 with Nutlin-3a can sensitize lung cancer to radiotherapy by promoting IR-
induced senescence in tumor tissues.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
IR suppresses the growth of NSCLC cells via an apoptosis-independent mechanism. (A)
Clonogenic survival assays show that the number of cancer cell-derived colonies decreases
with IR doses. (B) The results of clonogenic assays were normalized to the clonogenic
survival of non-irradiated control cells and the survival fractions of A549 and H460 cells
were plotted. (C–F) PI staining and flow cytometric analyses were employed to examine
apoptosis (Sub G1 cells) and cell cycle distribution in H460 and A549 cells at 7 days after
6Gy of irradiation. (C) Representative flow cytometry graphs of cell cycle analysis of
irradiated and control H460 cells. (D) The results of cell cycle analysis of H460 cells are
presented as mean ± SEM (n = 3). (E) Representative flow cytometry graphs of cell cycle
analysis of irradiated and control A549 cells. (F) The results of cell cycle analysis of A549
cells are presented as mean ± SEM (n = 3). (G and H) Activation of caspase-3 was
determined by Western blotting at 24 h after IR or camptothecin (CPT, 5 μM) treatment. *p
< 0.05 vs. control; **p <0.01 vs. control.
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Fig. 2.
IR induces premature senescence in NSCLC cells in a dose-dependent manner. (A) SA-β-
gal staining increased (upper panel) and BrdU incorporation decreased (lower panel) with
radiation dose in irradiated H460 cells. (B) The percentage of SA-β-gal positive senescent
cells is presented as mean ± SEM (n = 3). (C) The percentage of BrdU positive proliferating
cells is presented as mean±SEM (n = 3). **p < 0.001 vs. control.
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Fig. 3.
Activation of the p53-p21 pathway is involved in IR-induced senescence in NSCLC cells.
(A) The activation of p53 in irradiated H460 cells was determined by Western blotting using
a phosphorylated p53 (P-p53, Ser15) specific antibody. The expression levels of p21 and
p16 were examined by Western blotting. Relative density of protein bands was quantified
using Image J software (NIH) and normalized to β-actin. (B) The specificity of PFT-α to
inhibit the transcriptional activity of p53 in NSCLC cells was determined by Western
blotting. (C) H460 cells were pre-incubated with p53 specific inhibitor PFT-α (10 μM) prior
to radiation exposure and clonogenic survival assays were performed to determine whether
inhibition of p53 by PFT-α affects IR-induced tumor cell killings. (D and E) SA-β-gal
staining and BrdU incorporation assays were performed to determine senescent cells in
irradiated H460 cells. (F) Knockdown of p53 expression by siRNA was confirmed by
Western blotting. (G) The effect of p53 knockdown on IR-induced senescence was
determined by SA-β-gal assays. a, p < 0.01 vs. control; b, p < 0.05 vs. IR; #, p < 0.001 vs.
control; $, p < 0.01 vs. IR; ***, p < 0.001 vs. NC-siRNA + IR.
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Fig. 4.
Restoration of p53 expression sensitizes lung cancer cells to IR-induced cell killing. (A)
H1299 cells were transfected with pCEP4-p53 or pCEP4 empty vectors as control to restore
the expression of p53 as described previously [32]. The expression of p53 in transfected
cells was detected by Western blotting. (B) Clonogenic assays were performed to examine
IR-induced tumor cell killing. *p < 0.01 vs. H1299/pCEP4 cells.
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Fig. 5.
Activation of p53 with Nutlin-3a enhances IR-induced tumor cell killing in NSCLC cells.
(A) Lung cancer cells were pre-incubated with 3 μM of Nutlin-3a (Nut) for 30min prior to
irradiation. The status of p53 activation was determined by p-p53 (Ser15) Western blotting
analyses at 24 h after 4Gy of IR. The expression of total p53 and p21 were also determined
by Western blotting. (B) Clonogenic assay was employed to detect IR-induced tumor cell
killing. (C) SA-β-gal staining was performed to determine senescent cells in irradiated H460
cells. (D) BrdU incorporation assay was used to detect the proliferating cells. a, p < 0.05 vs.
control (Ctl); b, p < 0.001 vs. Ctl; c, p < 0.01 vs. IR.
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