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Abstract

Studies of radiation interaction with tumor cells often focus on apoptosis as an end point; however, 

clinically relevant doses of radiation also promote autophagy and senescence. Moreover, 

functional p53 has frequently been implicated in contributing to radiation sensitivity through the 

facilitation of apoptosis. To address the involvement of apoptosis, autophagy, senescence and p53 

status in the response to radiation, the current studies utilized isogenic H460 non-small cell lung 

cancer cells that were either p53-wild type (H460wt) or null (H460crp53). As anticipated, 

radiosensitivity was higher in the H460wt cells than in the H460crp53 cell line; however, this 

differential radiation sensitivity did not appear to be a consequence of apoptosis. Furthermore, 

radiosensitivity did not appear to be reduced in association with the promotion of autophagy, as 

autophagy was markedly higher in the H460wt cells. Despite radiosensitization by chloroquine in 

the H460wt cells, the radiation-induced autophagy proved to be essentially nonprotective, as 

inhibition of autophagy via 3-methyl adenine (3-MA), bafilomycin A1 or ATG5 silencing failed to 

alter radiation sensitivity or promote apoptosis in either the H460wt or H460crp53 cells. 

Radiosensitivity appeared to be most closely associated with senescence, which occurred earlier 

and to a greater extent in the H460wt cells. This finding is consistent with the in-depth proteomics 
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analysis on the secretomes from the H460wt and H460crp53 cells (with or without radiation 

exposure) that showed no significant association with radioresistance-related proteins, whereas 

several senescence-associated secretory phenotype (SASP) factors were upregulated in H460wt 

cells relative to H460crp53 cells. Taken together, these findings indicate that senescence, rather 

than apoptosis, plays a central role in determination of radiosensitivity; furthermore, autophagy is 

likely to have minimal influence on radiosensitivity under conditions where autophagy takes the 

nonprotective form.

INTRODUCTION

Lung cancer is one of the leading causes of cancer-related deaths worldwide (1). Along with 

immunotherapy, chemoradiation is a primary treatment for advanced, unresectable disease; 

however, resistance to the currently used therapeutics often results in low cure rates and 

treatment failure (2, 3). The molecular basis for both radiation and chemotherapeutic drug 

sensitivity and resistance remains to be fully understood, making it difficult to develop 

therapeutic strategies that circumvent resistance mechanisms and improve survival outcomes 

in non-small cell lung cancer (NSCLC).

Generally, the goal of therapy is to induce cell death through mechanisms such as apoptosis. 

However, recently published studies have demonstrated that autophagy is virtually always 

present in tumor cells undergoing radiation-induced stress (4–6). Autophagy acts as a 

defensive cellular response that is triggered by unfavorable environmental conditions such as 

nutrient deprivation and hypoxia (7, 8). In response to these stresses, autophagy mediates the 

degradation of cellular organelles such as mitochondria and endoplasmic reticulum to 

generate energy and necessary metabolic precursors to prolong cell survival (9).

Hypoxia- and starvation-induced autophagy represent largely cytoprotective responses (10), 

whereas the role(s) of chemotherapy- and radiation-induced autophagy are less clear (11). 

The cytoprotective function of autophagy is generally thought to reflect efforts by the tumor 

cell to survive, in large part by preventing the cell from undergoing apoptosis (12, 13). 

However, there are also extensive examples of studies where inhibition of autophagy fails to 

sensitize the tumor cells to the initiating stress which we have termed “nonprotective 

autophagy” (14–18). The relevance and potential clinical importance of the non-protective 

form of autophagy relates to efforts to sensitize malignancies to therapy through autophagy 

inhibition. That is, unless the autophagy induced in the clinic is cytoprotective in function, 

there is unlikely to be a therapeutic advantage to its inhibition (19).

The cytoprotective form of autophagy is often considered a mechanism of drug and radiation 

resistance in tumors (20, 21). However, despite extensive evidence that pharmacological 

inhibitors of autophagy, such as chloroquine (CQ) and 3-methyladenine (3-MA), or genetic 

inhibition of autophagy can increase tumor cell sensitivity to these therapies (21), it has not 

been unequivocally established that autophagy uniformly reduces radiosensitivity.

In addition to autophagy, it has become apparent in recent years that tumor cells can also 

respond to radiation by entering a state of growth arrest with characteristics of senescence 

(16, 22, 23). Autophagy and senescence often occur in parallel (24) and there is evidence 
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that autophagy can accelerate the induction of senescence (25), although we and others have 

shown that the two responses can also be dissociated (26, 27).

Finally, several reports have shown that proteomics studies can be very useful in discerning 

cellular phenotypes (28–30). Protein secretion can affect the tumor microenvironment and 

secreted proteins reach the blood stream where they can serve as potential biomarkers for 

personalized cancer treatment (31–35). Consequently, we characterized protein secretion 

(i.e., secretome) of tumor cellular response to radiation using high-performance liquid 

chromatography mass spectrometry (LC-MS/MS)-based proteomics.

MATERIALS AND METHODS

Antibodies and Reagents

The following primary antibodies were used: SQSTM1/p62 (BD Biosciences, San Jose, 

CA), ATG5, LC3B and GAPDH (Cell Signaling Technology® Inc., Danvers, MA) and TP53 

(BD Biosciences). Secondary antibodies used were: horseradish peroxidase (HRP)-

conjugated secondary antibodies (Cell Signaling Technology); TRITC-conjugated secondary 

antibodies or FITC-conjugated secondary antibodies (Invitrogen™, Carlsbad, CA). Hoechst 

33258 was purchased from Thermo Fisher Scientific™, Inc. (Rockford, IL).

Cell Lines

H460 cells were obtained from ATCC® (NCI-H460; Gaithersburg, MD). p53 knockout 

H460 cells (H460crp53) were generated as described elsewhere (36). Briefly, cells were co-

transfected (3 × 106 cells in 10-cm dish) with 1 μg CRISPR-Cas9 plasmid targeting the p53 

loci and 1 μg of a homology-directed repair plasmid for p53 (both from Santa Cruz 

Biotechnology® Inc., Santa Cruz, CA). Cells were transfected using PolyJet™ reagent 

(SignaGen Laboratories, Rockville, MD) following the manufacturer’s guidelines. After 72 

h, cells were exposed to 2.5 μg/ml puromycin with daily media exchanges to replenish the 

selection agent. After all cells transfected with 1 μg of a control CRISPR/Cas9 plasmid 

(Santa Cruz Biotechnology, Inc.) were killed (~96 h), the cells were allowed to recover and 

grow as individual colonies, which were then selected and examined for expression of p53 

by Western blotting. shATG5 H460 cells were generated as described below. Mission 

shRNA bacterial stocks for ATG5 were purchased from Sigma-Aldrich (St. Louis, MO). 

Lentiviruses were produced in HEK 293TN cells co-transfected using EndoFectin™ Lenti 

Transfection Reagent (GeneCopoeia, Rockville, MD) with a packaging mixture of psPAX2 

and pMD2.G constructs (Addgene, Cambridge, MA). Media containing the viruses was used 

to infect the H460 cells.

Cell Culture and Treatment

H460wt and H460crp53 cells were cultured in DMEM supplemented with 10% (v/v) fetal 

bovine serum (Thermo Fisher Scientific), 100 u/ml penicillin G sodium (Invitrogen) and 100 

μg/ml streptomycin sulfate (Invitrogen). Cells were incubated at 37°C under humidified 5% 

CO2. Cell seeding occurred at day 0 followed by irradiation at day 1 using a 137Cs irradiator. 

Media was replaced every other day.
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Growth Inhibition and Clonogenic Survival

Temporal studies of cell growth inhibition were based on cell viability by trypan blue 

exclusion. Cells were stained with 0.4% trypan blue (Sigma-Aldrich) and immediately 

counted using a hemocytometer. For clonogenic survival assays, cells were plated in six-well 

plates at a density of 200–300 cells per well. Where indicated, cells were pretreated with CQ 

(0, 5 or 10 μM) or 3-MA (0 or 1 mM) for 3 h, followed by exposure to 6 Gy of radiation. 

After 11-days of incubation postirradiation, the cell colonies were washed with phosphate 

buffered saline (PBS; Life Technologies, Grand Island, NY) and then fixed with 100% 

methanol, stained with 0.1% crystal violet (Sigma-Aldrich) and counted.

Determination of Cell Apoptosis

Apoptosis was monitored by annexin V-FITC/propidium iodide (PI) staining (Annexin V-

FITC Apoptosis Detection Kit; BD Biosciences) according to the manufacturer’s 

instructions. Samples were analyzed by BD FACSCanto™ II and BD FACSDiva™ software 

at Virginia Commonwealth University Flow Cytometry Core Facility, as described elsewhere 

(37).

Determination and Quantification of Acidic Vesicles with Acridine Orange Staining

Cells were seeded in six-well plates and incubated overnight. After irradiation alone or in 

the presence of the indicated autophagy inhibitor, cells were stained with 1 μg/ml acridine 

orange at 37°C for 15 min and then washed with PBS. Cells were observed under an 

inverted fluorescence microscope (Olympus, Tokyo, Japan). For quantification of autophagic 

vesicles (AVOs), cells were trypsinized, harvested and washed with PBS. Pellet fractions 

were resuspended in PBS and analyzed by BD FACSCanto II and BD FACSDiva software. 

All experimental procedures were performed with cells protected from light.

Western Blotting and Immunofluorescence Staining

Western blotting was performed as described elsewhere (37). Densitometric analysis of the 

Western blots was performed using ImageJ2 software (NIH, Bethesda, MD). All protein 

band densities were normalized for their corresponding GAPDH loading control band 

densities. For immunofluorescence staining, after irradiation for the indicated time periods, 

cells were fixed with 100% methanol for 15 min, permeabilized with 0.1% Triton™ X-100 

for 15 min and then blocked with 5% bovine serum albumin. Cells were incubated with 

primary antibody (1:100) overnight, and then exposed to FITC- or TRITC-conjugated 

secondary antibody for 2 h at room temperature. Finally, nuclei were stained using Hoeschst 

33258. Immunofluorescence was detected by inverted fluorescence microscopy (Olympus, 

Tokyo, Japan).

Beta-Galactosidase and C12FDG Staining

Beta-galactosidase (β-gal) staining to monitor senescence was performed as described 

elsewhere by Dimri et al. (38). To quantify β-gal-positive senescent cells, after irradiation, 

cells were treated with bafilomycin (100 nM; Sigma-Aldrich) for 1 h to achieve lysosomal 

alkalization, followed by staining with C12FDG (10 μM; Thermo Fisher Scientific) for 2 h at 

37°C. After incubation, cells were collected and analyzed by flow cytometry (39).
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Reactive Oxygen Species (ROS) Staining

Cells were seeded in six-well plates and incubated overnight. After irradiation alone or in 

the presence of the indicated autophagy inhibitor, cells were stained with 10 μM 2′,7′-
dichlorofluorescin diacetate (Sigma-Aldrich) at 37°C for 20 min and then washed with PBS. 

For quantification of ROS generation, cells were trypsinized, harvested and washed with 

PBS. Pellet fractions were resuspended in PBS and analyzed using BD FACSCanto II and 

BD FACSDiva software. All experimental procedures were performed with cells protected 

from light.

Cell Cycle Analysis

Cells were seeded in six-well plates and incubated overnight. After irradiation, cells were 

trypsinized, harvested and washed with PBS on the indicated days. Cells were fixed in 70% 

ethanol for 15 min, and made permeable utilizing 0.1% (v/v) Triton X-100 in PBS for 15 

min prior to adding the staining solution [50 μg/ml propidium iodide (Sigma-Aldrich), 0.2 

mg/ml ribonuclease A (Sigma-Aldrich)]. Cells were then incubated with the staining 

solution for 1 h and pellets were harvested. Pellet fractions were resuspended in PBS and 

analyzed using BD FACSCanto II and BD FACSDiva software. All experimental procedures 

were performed with cells protected from light.

H460 Secretome Collection

H460wt and H460crp53 cells were seeded with 10 ml DMEM in 12 × 10 cm dishes at a 

density of 100,000 cells per ml for all plates except the untreated control plates (20,000 cells 

per ml). Cells were allowed to attach and grow to ~85% confluency over 60 h. At ~85% 

confluency, the 10% FBS culture media was aspirated and the cells were washed twice with 

3 ml of PBS 1× (pH 7.4; Gibco®, Grand Island, NY) and then once with 3 ml of serum-free 

DMEM. A final 10-ml volume of serum-free DMEM was added to all plates. A set of 3 × 

p53+/+ and 3 3 p53−/− plates were then immediately exposed to 6 Gy, after which all plates 

were incubated at 37°C and 5% CO2. The serum-free media samples containing secreted 

proteins (secretomes) were collected into 15-ml tubes after a 72 h incubation period and 

stored at −80°C until processing.

Proteomics Sample Preparation

The collected secretome samples were removed from −80°C incubation, thawed at room 

temperature and centrifuged at 2,500 rpm for 5 min at 8°C to remove cellular debris. The 

supernatant was then collected and concentrated in 3-kDa MWCO filters by centrifugation at 

5,000g for 30 min at 8°C in 5-ml aliquots until a final volume of ~500 μl of concentrated 

secretome remained in the filter. The concentrated secretome was washed three times with 

500 μl of Tris HCl buffer, pH 8.1, via centrifugation at 5,000g for 30 min at 8°C and 

transferred into 500-μl, 10-kDa MWCO filters. Concentrated secretome in the filters was 

then made up to 300 μl with Tris-HCl pH 8.1 buffer and transferred into 1.5-ml centrifuge 

tubes. Total protein concentration was determined at 280 nm using a BioTek Synergy H1 

fitted with a Take3 Plate (BioTek® Instruments Inc., Winooski, VT). The entire 300 μl of 

each secretome sample was pipetted into new 10-kDa MWCO filters and processed for 

proteomics analysis using the FASP method (34). Briefly, each secretome sample in the 10-
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kDa filter was centrifuged at 15,000g for 10 min, and 50 μl of 50 mM dithiothreitol (DTT) 

was then added to each sample (to give a final concentration of 25 mM DTT) and incubated 

for 45 mins at 56°C. Reduced samples were then alkylated with 100 μl of 80 mM 
iodoacetamide (IAA; 40 mM final concentration) at room temperature for 30 min in the 

dark. After reduction and alkylation, samples were centrifuged at 15,000g for 10 min and 

subsequently rinsed with 350 μl of Tris-HCl, pH 8.1. Trypsin digestion was performed with 

5 μl, of 1 μg/μl Trypsin Gold (Promega) solution. Samples were incubated overnight at 37°C 

and then digestion terminated with 200 μl of 50 mM acetic acid (Fluka™ Analytical, Morris 

Plains, NJ). Tryptic peptides from the FASP procedure were desalted with C18 StageTips 

(Thermo Fisher Scientific) per the manufacturer’s instructions and then reconstituted in 20 

μl of 2% acetonitrile and 0.1% formic acid for nanoLC-MS/MS analysis

LC-MS/MS Analysis

The LC-MS/MS system consists of an Eksigent® nLC 415 (AB SCIEX™, Framingham, 

MA) coupled to a Q-Exactive™ (Thermo Fisher Scientific) mass spectrometer fitted with 

the Nanospray-Flex™ ionization source. The reverse phase analytical column (75 μm i.d., 10 

μm emitter, PicoFrit®; New Objective Inc., Woburn, MA) was custom packed to a length of 

20 cm with Magic AQ C18 5 μm and 200Å material at 1,000 psi with a pressure bomb (Next 

Advance Inc., Troy NY). A 2-μl sample of desalted peptide sample was loaded onto the 

analytical column and eluted at a flow rate of 300 nl/min using the following linear gradient: 

5% B (0–2 min), 35% B (85 min), 75% B (95–100 min), 5% B (105 min) and held for 15 

min until the run finished at 120 min where mobile phase A = 2% acetonitrile, 0.1% formic 

acid and mobile phase B = 98% acetonitrile, 0.1% formic acid. The electrospray voltage was 

set to +1.80 kV and the Q-Exactive inlet temperature and S-lens setting were maintained at 

250°C and 62 V, respectively. Full scan (400–1,600 m/z) resolution was set at 70,000 

FWHM with an AGC target of 3 × 106. MS/MS was set to a resolution of 17,500 with an 

AGC target of 2 × 104 at 120 ms maximum inject time and selection of the top 12 ions at a 

30-s dynamic exclusion. HCD voltage was maintained at 27 NCE throughout.

LC-MS/MS Protein Identification, Quantification and Data Analysis

Q-Exactive proteomics raw files were processed in MaxQuant version 1.5.8.3 with the 

Andromeda search algorithm and the Uniprot Human proteome database; up to two missed 

cleavages, mass accuracies: MS = 5 ppm, MS/MS = 0.02 Da; fixed modifications: 

carbamidomethyl (C), variable modifications: acetyl (N-terminus) and methionine oxidation 

(M), and a false discovery rate (FDR) of 1%. The LFQ algorithm in MaxQuant was used for 

quantifying proteins with at least two peptides shared between samples. Perseus version 

1.5.8.8 and JMP Pro 13 statistical software were used for statistical analysis. Gene Ontology 

(GO) annotation enrichment analysis was performed using the David Bioinformatics 

Resource version 6.8 (40, 41).

Statistical Analysis

Unless otherwise indicated, data are shown as mean ± SD from three separate experiments. 

One-way ANOVAs followed by the Tukey’s post hoc test and two-tailed t tests were used to 

assess statistical differences between groups with the GraphPad Prism 5.0 software; P < 0.05 

was considered statistically significant.
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RESULTS

Radiation Sensitivity in p53 Wild-Type and p53 Knockout H460 Cells

The involvement of p53 in sensitivity to radiation has been somewhat inconclusive (42, 43). 

It has long been thought that p53 is required for radiation-induced apoptosis, suggesting, as 

a general principle, that p53 wild-type H460 cells should have greater radiosensitivity than 

cells lacking functional p53. We addressed this question using H460wt and H460crp53 non-

small cell lung cancer cells. Radiosensitivity was evaluated by clonogenic survival, where 

the cells were exposed to a range of doses and then allowed to form colonies for 10 days. 

Closely adhering to the paradigm in the literature, the H460wt cells were more sensitive to 

radiation (IC50 ~ 2.69 ± 0.21 Gy) than the H460crp53 cells (IC50 ~ 4.16 ± 0.19 Gy), as 

shown in Fig. 1A. Complementary studies of cell viability over a period of 7 days, where 

radiation was observed to induce a time-dependent growth inhibition, generated data that 

was consistent with the clonogenic survival assay whereby the H460wt cells were more 

radiosensitive than H460crp53 cells based on comparative rates of growth after 6 Gy 

irradiation (Fig. 1B). The growth of nonirradiated H460wt and H460crp53 cells was 

essentially identical.

Assuming the differences in radiation sensitivity were likely consequences of extensive 

apoptosis in the H460wt cells, apoptosis was assessed by annexin V/PI staining. 

Unexpectedly, however, as Fig. 1C indicates, the extent of radiation-induced apoptosis was 

low and essentially identical in both cell lines, falling between 15 and 25% within 72 h after 

6 Gy irradiation. These observations were confirmed by dose-response study of radiation-

induced apoptosis (Fig. 1D). Consequently, apoptosis does not appear to account for the 

observed differences in radiosensitivity in the two cell lines.

Radiation-Induced Autophagy is Significantly Elevated in the H460wt Cells

There is extensive evidence in the literature that inhibition of autophagy can increase tumor 

cell sensitivity to different forms of therapy, including radiation (44–47). Consequently, one 

possible explanation for the differences observed in radiosensitivity could have been the 

preferential promotion of cytoprotective autophagy in the H460 p53 null cells (48). To 

investigate this possibility, the extent of radiation-induced autophagy was determined in both 

cell lines. An initial screening involved acridine orange staining of cells exposed to 6 Gy 

after 72 h of incubation (Fig. 2A). While acridine orange is not specific for early 

autophagosome formation, it serves to screen for later stages in the autophagy degradation 

process that is characterized by the formation of acidic vacuoles (49). Acridine orange 

staining, quantified by flow cytometry, demonstrated a dose-dependent increase in the 

formation of acidic vesicular organelles (AVOs) (50) in both H460wt and H460crp53 cells 

(Fig. 2B). AVO formation was significantly higher in the H460wt cells. While indicative of a 

more pronounced autophagic response in the H460wt cells, this difference appeared to be 

inconsistent with the greater radiation sensitivity in the H460wt cells.

To further compare the extent of autophagy and to assess whether radiation-induced 

autophagy is going to completion (i.e., autophagic flux), degradation of p62/SQSTM1 was 

evaluated using Western blotting in both cell lines. Figure 2C indicates that while autophagic 
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flux is clearly occurring in both cell lines, autophagy goes to completion much earlier (day 

2) in the H460wt cells, whereas p62/SQSTM1 degradation is markedly delayed (day 6) in 

the H460crp53 cells, largely complementing the finding that autophagy is more extensive in 

the p53 wt cells. Radiation also promoted lipidation of LC3B (conversion from LC3 I to 

LC3 II) in both cell lines, but occurred somewhat earlier in the H460wt cells than in the 

H460crp53 cells, as demonstrated in Fig. 2C (quantification is presented in the bar graphs 

below the figure). Figure 2D demonstrates the merging of LC3 with the lysosomal marker, 

LAMP, 72 h (3 days) postirradiation, further confirming radiation activated autophagic flux 

in both H460wt and H460crp53 cells, which is consistent with the data indicating 

degradation of p62/SQSTM1 in both cell lines. Collectively, these results suggest autophagy 

is unlikely to be serving a cytoprotective function since cells that undergo more extensive 

autophagy (the H460wt cells) in response to radiation are clearly more radiosensitive than 

the H460crp53 cells.

Investigating the Nature of Autophagy in H460wt and H460crp53 Cells

Our data clearly suggest that, despite radiation promoting more extensive autophagy in the 

H460wt cells than in the H460crp53 cells, autophagy was not conferring resistance to 

radiation, indicating that autophagy was not serving a cytoprotective function. An alternative 

explanation for these observations could have been that autophagy would have a cytotoxic 

function in the p53 wt cells (51) and a cytoprotective function in the H460crp53 cells. To 

determine the nature of the radiation-induced autophagy, the lysosomal acidification that is 

necessary for the progression of autophagy was blocked using chloroquine. Chloroquine has 

been reported to increase radiation-induced growth inhibition in several cell lines including 

colon cancer, breast cancer and liver cancer (14, 52). Both H460 cell lines were pretreated 

with CQ (10 μM) for 3 h followed by exposure to multiple doses (0–8 Gy) and co-incubated 

for 72 h (3 days). Acridine orange staining confirmed that CQ treatment results in lysosomal 

alkalization (a yellow rather than orange coloration), which was accompanied by 

accumulation of p62/SQSTM1 and LC3B II in both the H460wt and the H460crp53 cell 

lines (Fig. 3A and B) (quantification is presented in the bar graphs below the figure). Figure 

3C shows that CQ sensitized the H460wt cells to radiation, which would be indicative of a 

cytoprotective function, while failing to influence radiation sensitivity in the H460crp53 

cells, indicative of a nonprotective function. Consequently, although the studies using CQ 

are suggestive of a cytoprotective function of radiation-induced autophagy in p53 wt cells, 

this does not coincide with the more pronounced radiosensitivity observed in these cells.

As shown in Fig. 3D, a temporal analysis of cell viability in both cell lines was performed, 

confirming that the combination of 6 Gy irradiation and CQ enhanced growth inhibition in 

the H460wt cells, but not in the H460crp53 cells. Furthermore, annexin V/PI staining 

showed CQ resulted in a significant (albeit modest) increase in radiation-induced apoptosis 

(from ~24–37%) in the H460wt cells, but did not alter apoptosis in the H460crp53 cells (Fig. 

3E). Taken together, CQ inhibition of radiation-induced autophagy suggests that autophagy 

provides a modest (albeit statistically significant) survival advantage to cells with functional 

p53, which is again inconsistent with the more pronounced radiosensitivity evident in the 

H460wt cells.
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Pharmacological and Genetic Inhibition of Autophagy Fails to Support the Protective 
Function of Autophagy in the H460wt Cells

We had considered two possible (and closely related) explanations for the observation that 

the extensive autophagy in the H460wt cells did not confer reduced radiation sensitivity 

compared to the H460crp53 cells with low levels of autophagy. One is that the radiation-

induced autophagy failed to interfere with apoptosis. However, as shown in Fig. 3E, 

pharmacological inhibition of autophagy by CQ did, in fact, enhance the extent of radiation-

induced apoptosis in the H460wt cells. Another possibility is that the autophagy was not 

actually cytoprotective and that the sensitization observed in the H460wt cells might have 

been due to off-target effects of the chloroquine, as has been proposed by the Thorburn 

laboratory (53). In this context, published studies have shown that chloroquine increases 

intracellular ROS production, and may ultimately result in mitochondrial dysfunction and 

increased apoptosis (54, 55). As shown in Supplementary Fig. S1 (http://dx.doi.org/10.1667/

RR15099.1.S1), an analysis of ROS generation was performed in response to CQ and 

another autophagy inhibitor, 3-MA, a class III PI3K inhibitor that has been widely used to 

prevent the initiation of autophagy (56), both alone and in combination with 6 Gy irradiation 

(studies using 3-MA are also shown in Fig. 4). We observed a significant increase in ROS 

production in the H460wt cells pretreated with CQ, an effect that was not apparent in cells 

pretreated with 3-MA. This could explain the radiosensitization observed with CQ.

Given that ROS production was not increased by 3-MA in either the H460wt or H460crp53 

cells, (Supplementary Fig. S1; http://dx.doi.org/10.1667/RR15099.1.S1), the effects of 3-

MA on radiosensitivity were investigated in both cell lines. Figure 4A and B confirms that 

the 3-MA was effective in inhibiting autophagy in both the H460wt and the H460crp53 cells 

based upon the decreased LC3 conversion and reduced formation of acridine orange-stained 

acidic vacuoles. Furthermore, consistent with our premise that the radiation-induced 

autophagy in the H460wt cells was not actually cytoprotective, pretreatment with 3-MA had 

no effect on colony formation or growth inhibition (Fig. 4C and D) induced by exposure to 6 

Gy in either the H460wt or the H460crp53 cells. Furthermore, as would be expected based 

on the lack of sensitization, 3-MA failed to increase radiation-induced apoptosis in either 

cells line (Fig. 4E), supporting the tentative conclusion that the radiation-induced autophagy 

was, in fact, nonprotective in both cell lines.

To confirm these latter findings using 3-MA, short hairpin RNA was used to knock down 

Atg5, an autophagy regulatory gene, in both the H460wt and the H460crp53 cell lines. As 

shown in Fig. 5A, the status of Atg5 in two cell lines was verified by Western blotting. Atg5 

knockdown decreased radiation-induced LC3B lipidation and prevented p62/SQSTM1 

degradation in both the H460wt and the H460crp53 cell lines, indicating that shAtg5 

effectively inhibited autophagy (Fig. 5A) (quantification is presented in the bar graphs 

accompanying the figure). Here, genetic interference with autophagy yielded similar results 

to the outcome of autophagy inhibition with 3-MA, where autophagy-compromised cells 

were not sensitized to radiation (Fig. 5B and C). Moreover, knockdown of Atg5 in both cell 

lines again failed to increase the extent of radiation-induced apoptosis (Fig. 5D). Finally, to 

confirm these findings when late stage autophagy is inhibited, we used bafilomycin A1, 

which disrupts autophagic flux by inhibiting V-ATPase-dependent decrease in lysosomal pH, 
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and thus, autophagosome-lysosome fusion (57). Bafilomycin A1 interfered with the 

completion of radiation-induced autophagy in H460wt cells based on failure of lysosomal 

acidification and upon p62 accumulation (Supplementary Fig. S2A and B, respectively; 

http://dx.doi.org/10.1667/RR15099.1.S1). Again, in agreement with the previous 

observations, bafilomycin A1 had no impact on radiation-induced growth inhibition 

(Supplementary Fig. S2C). These results further confirm that CQ effects in H460wt was 

likely nonspecific, that late-stage autophagy inhibition does not interfere with 

radiosensitivity in this cell model and that autophagy plays a non-protective role in H460 

cells regardless of p53 status.

Radiation Sensitivity in H460 Cells may be Linked to Senescence Rather than Autophagy 
or Apoptosis

In previously published work, we and others have demonstrated that senescence and 

autophagy are primary responses to radiation in a variety of experimental tumor cell models 

(16, 58). Therefore, we investigated the possibility that differential induction of senescence 

might influence sensitivity/resistance to radiation in the H460 cells, particularly since the 

cells’ response to radiation appeared to be primarily, though not exclusively, through growth 

inhibition rather than cell death (Fig. 1B and C). Widel et al. have shown that induction of 

senescence differed in p53+/+ and p53−/− HCT116 cells (59), where the p53-deficient cells 

showed a significant reduction in the expression of senescence markers compared to the 

p53-proficients cells. Our early published studies of senescence induced by doxorubicin in 

breast tumor cells also demonstrated that senescence occurred preferentially in tumor cells 

with wild-type p53 (23). Similarly, β-galactosidase staining showed that the H460wt cells 

undergo an early and widespread senescence, while the H460crp53 cells show delayed and 

modest senescence after irradiation (Fig. 6A). Microscopically, irradiated H460crp53 cells 

demonstrated less staining and largely maintained their original cell morphology compared 

to the H460wt cells, which showed significantly higher staining and extended, senescent-like 

morphology. Consistent with the β-galactosidase staining results, flow cytometry showed 

that senescence was much more extensive and occurred much earlier (after 3 days) in 

irradiated H460wt cells, but only increased modestly after day 7 in irradiated H460crp53 

cells (Fig. 6B). Moreover, levels of p21, which is often considered a collateral marker of 

senescence (60), were increased in H460wt cells after day 3 of treatment, whereas the level 

of p21 appeared to be essentially unaltered (though initially much higher) in H460crp53 

cells (Fig. 6C). Finally, to determine whether the nature of growth arrest differed 

substantially in the H460wt and H460crp53 cells, cell cycle distribution was monitored over 

a period of 11 days postirradiation. Interestingly and perhaps unexpectedly, both cell lines 

showed a similar response profile, undergoing an initial G2/M growth arrest that was 

subsequently resolved (Supplementary Figure S3; http://dx.doi.org/10.1667/RR15099.1.S1).

Secretome Analysis of Irradiated H460 Cells

In an effort to identify protein signatures that could differentiate the interplay between 

autophagy, senescence, radiation sensitivity and resistance, we used label-free quantitative 

proteomics (LFQ) to analyze the secretome of irradiated and nonirradiated control H460wt 

and H460crp53 cells. Based on the results of our cell viability analysis, clonogenic survival 

and senescence assays in which key differences were observed between H460wt and 
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H460crp53 cells at day 3 (Figs. 1A–B and 6A–B), we collected conditioned media 

(secretomes) at 72 h from the four experimental groups (i.e., irradiated H460wt and 

H460crp53 cells and nonirradiated H460wt and H460crp53 cells). We identified a total of 

2,092 secreted proteins (Supplementary Tables; http://dx.doi.org/10.1667/RR15099.1.S2), of 

which 1,595 were quantified based on their presence in ≥2 replicates of at least one out of 

the four experimental conditions. Functional enrichment analysis was performed on the 

1,595 quantified proteins. Enriched cellular components (GOCC) in the quantified 

secretome proteins included extracellular exosome (~3.24-fold, P value = 1.04 × 10−275), 

cytoplasm (~1.67-fold, P value = 1.07 × 10−66), extracellular space (~1.73-fold, P value = 

1.72 × 10−14), cytosol (~2.39-fold, P value = 1.26 × 10−140) and membrane (~2.26-fold, P 
value = 6.89 × 10−70) (Supplementary Fig. S4A and Tables). The molecular functions 

(GOMF) most enriched in this same dataset include protein binding (~1.37-fold, P value 

3.77 × 10−61), poly(A) RNA binding (~3.91-fold, P value = 1.33 × 10−158) and chaperone 

binding (~3.61-fold, P value = 1.64 × 10−7), which is one of the more important processes in 

autophagy (Supplementary Fig. S4B; http://dx.doi.org/10.1667/RR15099.1.S1 and Tables; 

http://dx.doi.org/10.1667/RR15099.1.S2). Translation initiation (~7.22-fold, P value = 1.64 

× 10−62) and cell-cell adhesion (~4.99-fold, P value = 1.28 × 10−58) were some of the 

biological processes (GOBP) enriched in the dataset (Supplementary Fig. S4C and Tables).

Quantitative statistical analysis revealed differential secretion of 29 proteins among the 

untreated H460wt and H460crp53 cells and 112 proteins between the exposed H460wt and 

H460crp53 cells (Supplementary Fig. S4D–E; http://dx.doi.org/10.1667/RR15099.1.S1). 

Within the untreated group, 10 proteins were upregulated and 19 proteins were 

downregulated in the H460wt, while 19 were upregulated in the H460crp53 secretome 

(Supplementary Fig. S4D). Within the exposed group, 28 proteins were upregulated and 74 

proteins were downregulated in H460wt vs. H460crp53 secretome (Supplementary Fig. 

S4E).

Secretion of Radioresistance-Associated Proteins is Higher in H460crp53 Cells

Proteins associated with radiation resistance within the 1,595 proteins dataset were reported 

in Table 1 (61–65). In untreated control cells, none of the identified resistance-associated 

proteins displayed significant differences in the secretome between H460wt and H460crp53 

cells, whereas three proteins showed significant differences between H460wt and 

H460crp53 cells after irradiation (Fig. 7A–B, Table 1). Where a significant difference (≥2-

fold) was observed, as with RAC1, KLC4 and VIM (shown in red), levels of the 

radioresistance-associated proteins were observed to be higher in the H460crp53 cells (Fig. 

7B), which is consistent with the lower radiosensitivity seen in these cells. Secretion of 

PLOD3 was observed to be significantly higher in H460wt cells after irradiation, albeit by 

<2-fold.

Secretion of SASP Factors is Significantly Higher in H460wt cells

Given the increased senescence in the H460wt cells, we investigated the dataset for the 

senescence-associated secretory phenotype (SASP) factors. Table 1 shows a list of 21 SASP 

factors, from Coppe et al. (66), which were identified in this study. A total of 14 proteins, 

representing 66.67% of identified SASP factors, were differentially regulated (P < 0.05) in 

Xu et al. Page 11

Radiat Res. Author manuscript; available in PMC 2020 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1667/RR15099.1.S2
http://dx.doi.org/10
http://dx.doi.org/10.1667/RR15099.1.S2
http://dx.doi.org/10.1667/RR15099.1.S1


the secretome of irradiated H460wt cells relative to the H460crp53 secretome (Fig. 7B and 

Table 1). Importantly, eight of the 14 proteins significantly upregulated in the irradiated 

H460wt cell secretome, including CXCL1, CXCL3, CXCL5, IL6, MMP1, LAMA5, 

IGFBP3 and IGFBP4 (shown in green), exhibited marked differences (≥2-fold change; P < 

0.025). Additionally, LAMB1, LAMB2 and CXCL1 showed significant differences in the 

untreated control cells with higher levels in the H460crp53 secretome (Fig. 7A). In contrast, 

only ANG exhibited greater secretion (<2-fold) in irradiated H460crp53 cells compared to 

H460wt cells (Fig. 7B).

DISCUSSION

Ionizing radiation triggers a spectrum of responses in tumor cells including apoptosis, 

necrosis, autophagy and senescence (67, 68); however, the role of each of these responses in 

tumor cell radiation sensitivity or resistance has not been fully elucidated.

The current work was designed to evaluate the contributions of apoptosis, autophagy and 

senescence to radiation sensitivity in H460 non-small cell lung cancer cells that are either 

wild-type or deficient in p53, given that p53 status has often been considered central to the 

radiation response in tumor cells (69). We found that radiation sensitivity in H460 cells 

appears to be unrelated to the extent of apoptosis, which is low and essentially identical in 

both cell lines, consistent with several previously published studies (70–72). Importantly, in 

the context of apoptosis, the findings reported in the literature have reiterated the limited 

induction of apoptosis in response to radiation, suggesting it is neither the sole, nor the 

predominant response (23, 73).

Autophagy is an established response to cellular stress that can be considered a “first 

responder” to both cancer chemotherapy and radiation (16, 74, 75). There has been a 

tendency in the literature toward focusing on the cytoprotective function of autophagy within 

the context of autophagy inhibition as a potential therapeutic strategy for chemosensitization 

and radiosensitization. Early studies reported by the Rodemann group, as well as others, 

identified cytoprotective autophagy in response to radiation in a number of experimental 

tumor cell models (47, 76–78), such as NSCLC, breast cancer and glioblastoma. However, 

in addition to the cytoprotective form of autophagy, there is accumulating evidence 

suggesting that autophagy can contribute to or mediate drug cytotoxicity (79, 80), as well as 

a non-protective role, wherein autophagy inhibition has no demonstrable effect on 

chemosensitivity or radiosensitivity (15–19, 81), although the terminology (nonprotective 

autophagy) has yet to become widely adopted.

Radiation induces autophagy in both cell lines, but more extensively and earlier in the p53 

wild-type cells; however, autophagy does not confer radiation resistance, since the H460wt 

cells demonstrated greater radiation sensitivity than that in the p53 deficient H460 cells as 

opposed to the lesser radiation sensitivity that might have been expected with cytoprotective 

autophagy. To evaluate whether the autophagy induced by radiation was cytoprotective or 

non-protective (or possibly cytotoxic), we inhibited autophagy both pharmacologically and 

genetically by exposing the H460 cells to CQ, 3-MA and bafilomycin A1 and by knockdown 

of the autophagy regulatory gene Atg5. Unexpectedly, only CQ treatment increased the 
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radiosensitivity of the H460wt cells, whereas 3-MA, bafilomycin A1 and genetic autophagy 

inhibition showed no effect on radiosensitivity in either cell line, raising further reservations 

about the utilization of chloroquine as an autophagic inhibitor in the experimental 

discernment of the nature of autophagy. This finding supports the studies by Maycotte et al., 
which suggested that chemosensitization by CQ could occur independently of autophagy 

inhibition (53).

Our current studies as well as the work of other laboratories have demonstrated an increase 

in intracellular ROS generation with chloroquine treatment, an effect that is not evident upon 

treatment with 3-MA, in response to radiation and chemotherapy (55). The combination of 

CQ and 6 Gy exposure showed an increase in ROS production compared to radiation alone 

or in combination with 3-MA; moreover, the extent of ROS generation was greater in p53-

wild-type compared to p53-null H460 cells, adding further complexity to p53-mediated 

effects. Additionally, other laboratories have shown chloroquine may induce apoptosis via 

p53-dependent pathways leading to increased apoptosis, as well as accentuating 

mitochondrial fragmentation and dysfunction in already damaged mitochondria, an effect 

evident in irradiated cells (54, 82, 83). Furthermore, when autophagy is inhibited utilizing 

bafilomycin A1, another late-stage autophagy inhibitor, there is no effect on radiosensitivity 

in H460wt cells. Overall, excluding the effect of chloroquine leads to the conclusion that the 

autophagy induced by radiation is nonprotective in the H460 cells, regardless of p53 status. 

Consequently, we confirm the existence of nonprotective autophagy, in support of previously 

published findings both in our laboratory and the work of others (15–18, 81, 84).

In support of the findings that suggest that autophagy does not represent a resistance 

mechanism in H460wt cells, MS-based secretome analysis revealed no significant 

enrichment of resistance-associated proteins in the H460wt cells. On the contrary, where 

significant differences existed in resistance-associated protein secretion between H460wt 

and H460crp53 cells, levels were consistently higher in H460crp53 cells, further supporting 

the assertion that radiation-induced autophagy in H460wt cells does not confer resistance. In 

a published study of radiation-resistant H460 cells by Yun et al., eight (including four novel) 

proteins, namely FASN, VIM, GRP78, UQCRC1, PAI-2, NOMO2, KLC4 and PLOD3, were 

shown to differ significantly between radiosensitive and radioresistant H460 cells (62). The 

current study identified six of these proteins, i.e., FASN, VIM, UQCRC1, NOMO2, KLC4 

and PLOD3 (Table 1), with the results of our quantitative analysis indicating that two 

proteins (KLC4 and VIM), which are also associated with radioresistance in esophageal 

cancer, demonstrated a significant increase in the irradiated H460crp53 secretome compared 

to the H460wt secretome (85).

Our findings add to the complexity and uncertainty of the function of p53 in radiation 

sensitivity. In published studies of Hep3B2.1–7 hepatocellular cancer cells that lack p53 

expression, it was found that these cells less radiosensitive than HepG2 cells with functional 

p53, albeit due to an attenuation in apoptosis induction (86). Similarly, Cheng et al. reported 

that induction of p53 expression in H1299 lung cancer cells resulted in enhanced 

radiosensitivity, again due to increased apoptosis induction (87). In the current work, H460 

cells with functional p53 are also more radiosensitive than their p53-null counterparts; 

however, p53 status had no significant effect on apoptosis levels in response to radiation. 

Xu et al. Page 13

Radiat Res. Author manuscript; available in PMC 2020 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Instead, our studies suggest that a primary response to radiation in both cell lines is a 

(transient) senescence, which may be the basis for differences in radiosensitivity as 

suggested by earlier work from our group relating to the involvement of p53 in 

chemotherapy-induced senescence (23). These conclusions concur with previous work 

performed in our laboratory, that cellular senescence is a fundamental response to 

radiotherapy in multiple glioblastoma multiforme cell lines (88).

In further support of these conclusions, studies by Efimova et al. demonstrated an increase in 

senescence both in vitro and in vivo in response to radiotherapy when combined with a 

PARP inhibitor to block repair of double-strand breaks induced by exposure to 6 Gy (73). 

Similar studies from our laboratory using HCT116 colon carcinoma cells showed a transient 

induction of senescence followed by proliferative recovery in response to radiation, which is 

further supported by the transient growth arrest observed for both H460 isogenic cell lines 

(16). Moreover, together with the results of our β-galactosidase staining and morphological 

observations showing evidence of increased senescence in H460wt cells, the MS-based 

secretome study revealed a significant upregulation of 7 out of 21 identified SASP factors in 

the secretome of irradiated H460wt cells, whereas only one of these proteins demonstrated 

increased secretion in irradiated H460crp53 compared to H460wt cells. Taken together, 

these results suggest that senescence, and not autophagy, may be responsible for the 

differential molecular signatures and radiosensitivity observed between the isogenic H460 

cell lines.

Clinical trials currently in progress that putatively inhibit autophagy using chloroquine or 

hydroxychloroquine are based, in part, on the premise that autophagy represents a 

mechanism of treatment resistance (89, 90). In the current work, we used a model of 

radiation-induced autophagy in the isogenic H460 NSCLC cell line to compare radiation 

sensitivity, with the premise that tumor cells in which autophagy is cytoprotective would be 

expected to be significantly less sensitive to radiation than tumor cells in which the 

autophagy did not exhibit the cytoprotective function. However, despite modest sensitization 

to radiation of the p53-wild-type H460 cells with chloroquine, the radiation-induced 

autophagy proved to be nonprotective in both cell lines.

It should be emphasized that these conclusions focus solely on the cell autonomous effects 

of autophagy inhibition. The potential utility of autophagy inhibition as a therapeutic 

strategy becomes even more complex when one further considers the cell non-autonomous 

impact of autophagy inhibition (81, 91). Therefore, it is critical to emphasize, as previously 

stated (92), that an observation of a chemotherapeutic drug or radiation promoting 

autophagy in a tumor cell does not, of itself, predict the capacity of the autophagy to play a 

cytoprotective function and/or promote resistance; consequently, inhibition of the induced 

autophagy does not obligatorily represent a useful therapeutic approach for 

chemosensitization or radiosensitization.

These observations indicate that enhanced radiation sensitivity in cells expressing wild-type 

p53 is not obligatorily a consequence of differential apoptosis but may be related to the 

extent of senescence. However, a caveat to these findings is that it is currently not 

technically feasible to conclusively demonstrate that senescence is directly responsible for 
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the observed differences in radiosensitivity since, unlike the case of autophagy, there are no 

pharmacological or genetic approaches available to selectively block senescence.

The current studies also indicate that radiation-induced autophagy is not necessarily 

cytoprotective, but may also be nonprotective; consequently, extensive autophagy does not 

necessarily confer radiation resistance or, conversely, contribute to radiation-induced cell 

killing. Of necessity also considering the possibility of additional outcomes such as mitotic 

catastrophe, necrosis and necroptosis, these studies indicate that the response of a tumor cell 

to radiation is likely to include apoptosis, autophagy and senescence; furthermore, the extent 

to which each of these factors contribute to radiation sensitivity or resistance in a particular 

malignancy cannot be predicted and is likely to vary depending on the genetic background 

of the tumor (or tumor cell lines) being studied.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIG. 1. 
Sensitivity to ionizing radiation in H460wt and H460crp53 cells. Panel A: Clonogenic 

survival assay. H460wt and H460crp53 cells were exposed to the indicated doses and 

incubated for 11 days prior to determination of colony formation. Panel B: Cell viability. 

Cells were exposed to 6 Gy, incubated with fresh media for the indicated number of days 

and viable cell number determined by trypan blue exclusion. Panel C: Apoptosis time 

course. After 6 Gy irradiation, apoptotic cells were identified by annexin V/PI staining and 

flow cytometry at the indicated days. Panel D: Apoptosis dose response. After irradiation at 

the indicated doses, cells were incubated with fresh media for two days and apoptotic cells 

were identified by annexin V/PI staining and flow cytometry. Results are from three 

independent experiments. *P < 0.05, irradiated H460wt vs. H460crp53 cells.
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FIG. 2. 
Radiation-induced autophagy in H460wt and H460crp53 cells. Panel A: Acridine orange 

staining. Three days after 6 Gy irradiation, cells were stained with acridine orange; images 

were taken at identical magnification (scale bar = 200 μm). Panel B: Quantification of 

acridine orange staining. Autophagy was quantified based on acridine orange staining as 

measured by flow cytometry. Panel C: Western blotting for levels of relevant proteins. The 

status of p53 in both H460 cell lines was confirmed by Western blotting. Autophagy was 

assessed based on p62/SQSTM1 degradation and the conversion of LC3 I to LC3 II. The bar 
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graph in each panel indicates the relative band intensity generated from densitometric scans 

of three independent experiments in arbitrary densitometric units. Panel D: Co-localization 

of LC3 and LAMP. Fluorescence microscopy showing LC3 and LAMP2 co-localization in 

response to 6 Gy radiation. Imaging was performed 3 days after irradiation (scale bar = 20 

μm, n = 2). Unless stated otherwise, data were from three independent experiments. *P < 

0.05, control vs. irradiated cells.
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FIG. 3. 
Influence of chloroquine (CQ) on radiation sensitivity in H460wt and H460crp53 cells. 

Panel A: Inhibition of autophagy by CQ. Fluorescence microscopy showing acridine orange-

stained vacuoles induced by 6 Gy radiation alone or with CQ (10 μM) treatment (scale bar = 

200 μm). Panel B: Inhibition of autophagy by CQ. Western blot showing autophagy 

blockade by CQ (10 μM) based on levels of p62/SQSTMQ and LC3 II. Cells were pretreated 

with CQ for 3 h prior to irradiation and protein was isolated after 3 days. The bar graph in 

each panel indicates the relative band intensity generated from densitometric scans of three 
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independent experiments in arbitrary densitometric units. Panel C: Influence of autophagy 

inhibition on radiation sensitivity. Clonogenic survival assay indicating that CQ (10 μM) 

increased radiation-induced cell growth inhibition in H460wt cells, but not in H460crp53 

cells. Panel D: Influence of autophagy inhibition on radiosensitivity. Cell viability assay 

indicating that CQ increased sensitivity of H460wt cells to radiation (6 Gy), but not 

H460crp53 cells. Panel E: Influence of autophagy inhibition on radiation-induced apoptosis. 

Annexin V/PI staining indicating that CQ (10 μM) increased radiation-induced apoptosis 

(after 2 days) in H460wt cells, but not in H460crp53 cells. Results were from three 

independent experiments. *P < 0.05, irradiated only cells vs. irradiated and CQ-treated cells.
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FIG. 4. 
3-MA fails to alter radiation sensitivity in H460wt or H460crp53 cells. Panel A: Inhibition 

of autophagy by 3-MA. Western blot showing autophagy blockade by 3-MA (1 mM) based 

on levels of LC3 II. Cells were pretreated with 3-MA for 3 h prior to irradiation and protein 

was collected 3 days postirradiation. The bar graph in each panel indicates the relative band 

intensity generated from densitometric scans of two independent experiments in arbitrary 

densitometric units. Panel B: Inhibition of autophagy by 3-MA. Cells were pretreated with 

3-MA for 3 h prior to irradiation and cells were stained with acridine orange 3 days 
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postirradiation (scale bar = 200 μm). Panel C: Influence of 3-MA on radiation sensitivity. 

Cell viability assay indicating that 3-MA has no effect on radiosensitivity in either H460wt 

or H460crp53 cells. Cells were pretreated with 3-MA for 3 h followed by radiation 

exposure. Panel D: Influence of 3-MA on radiation sensitivity. Clonogenic survival assay 

indicating that 3-MA has no effect on radiosensitivity in either cell line. Cells were 

pretreated with 3-MA for 3 h followed by an additional 11 days postirradiation. Panel E: 

Influence of 3-MA on radiation-induced apoptosis. Annexin V/PI staining showing that 3-

MA has no effect on radiation-induced apoptosis in either cell line. Cells were pretreated 

with 3-MA for 3 h prior to irradiation and apoptosis was assessed after 2 days. Unless stated 

otherwise, data were from three independent experiments. *P < 0.05, irradiated only cells vs. 

irradiated and 3-MA-treated cells.
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FIG. 5. 
Atg5 knockdown fails to alter radiation sensitivity in H460wt or H460crp53 cells. Panel A: 

ATG5 knockdown. Cells were collected 3 days postirradiation. Western blot showing ATG5 

knockdown in H460wt and H460crp53 cell lines; inhibition of autophagy in shAtg5 H460wt 

and shAtg5 H460crp53 cell lines is indicated by reduced conversion of LC3 I to LC3 II and 

interference with degradation of p62/SQSTM1. The bar graph in each panel indicates the 

relative band intensity generated from densitometric scans of two independent experiments 

in arbitrary densitometric units. Panel B: Lack of radiation sensitization by autophagy 
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inhibition. Clonogenic survival assay showing that Atg5 knockdown has no effect on 

radiosensitivity in either cell line. Cells were irradiated at the indicated doses and incubated 

for 11 days prior to assessment of colony formation. Panel C: Lack of radiation sensitization 

by autophagy inhibition. Temporal viability assay indicating that Atg5 knockdown has no 

effect on radiosensitivity in both H460wt and H460crp53 cells. Cells were 6 Gy irradiated. 

Panel D: Autophagy inhibition does not increase the extent of radiation-induced apoptosis. 

Annexin V/PI staining indicating that radiation-induced apoptosis was unaltered after Atg5 

knockdown in both H460wt and H460crp53 cell lines. Unless stated otherwise, data are 

from three independent experiments. *P < 0.05, irradiated shControl cells vs. irradiated 

shAtg5 cells.
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FIG. 6. 
Radiation-induced senescence in H460wt and H460crp53 cells. Panel A: Beta-galactosidase 

staining and cell morphology. Beta-galactosidase staining indicating the induction of 

senescence by exposure (6 Gy) in both cell lines (scale bar = 20 μm). Panel B: 

Quantification of senescence. C12FDG staining and flow cytometry to quantify the extent of 

senescence in H460wt cells and H460crp53 cells. Panel C: Influence of radiation on levels 

of p21 associated with senescence. Western blot showing increased p21 induced by radiation 
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in the H460wt cells but not the H460crp53 cells. Unless stated otherwise, data are from three 

independent experiments. *P < 0.05, control vs. irradiated group.
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FIG. 7. 
Differential protein secretion in H460wt and H460crp53 non-small cell lung cancer cells. 

Volcano plots of −log10 P value vs. difference in log2 LFQ intensity showing secretion of 

resistance-associated proteins (shown in red) and senescence-associated secretory proteins 

(shown in green) in nonirradiated controls (panel A) and irradiated H460 cells (panel B).

Xu et al. Page 36

Radiat Res. Author manuscript; available in PMC 2020 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Xu et al. Page 37

TA
B

L
E

 1

R
es

is
ta

nc
e-

A
ss

oc
ia

te
d 

Pr
ot

ei
ns

 a
nd

 S
en

es
ce

nc
e-

A
ss

oc
ia

te
d 

Se
cr

et
or

y 
Ph

en
ot

yp
e 

(S
A

SP
) 

Fa
ct

or
s 

in
 th

e 
Se

cr
et

om
e 

of
 H

46
0w

t a
nd

 H
46

0c
rp

53
 C

el
ls

C
on

tr
ol

Ir
ra

di
at

ed

P
ro

te
in

 a
cc

es
si

on
P

ro
te

in
 n

am
e

G
en

e 
na

m
e

N
: 

Se
qu

en
ce

 
co

ve
ra

ge
 (

%
)

N
: 

M
ol

. w
ei

gh
t 

(k
D

a)
−L

og
10

 (
P

 v
al

ue
)

D
if

fe
re

nc
e

−L
og

10
 (

P
 v

al
ue

)
D

if
fe

re
nc

e

R
es

is
ta

nc
e-

as
so

ci
at

ed
 p

ro
te

in
s

P0
86

70
V

im
en

tin
V

IM
46

.8
53

.6
51

0.
25

95
0.

55
84

3.
12

21
−

1.
51

03

P6
30

00
R

as
-r

el
at

ed
 C

3 
bo

tu
lin

um
 to

xi
n 

su
bs

tr
at

e 
1

R
A

C
1

43
.2

21
.4

5
0.

07
69

0.
15

94
3.

10
66

−
1.

21
53

Q
9N

SK
0

K
in

es
in

 li
gh

t c
ha

in
 4

K
L

C
4

8.
4

62
.5

06
0.

18
75

−
0.

37
51

2.
10

90
−

2.
14

74

O
60

56
8

Pr
oc

ol
la

ge
n-

ly
si

ne
,2

-o
xo

gl
ut

ar
at

e 
5-

di
ox

yg
en

as
e 

3
PL

O
D

3
32

84
.7

84
0.

12
75

−
0.

12
37

1.
79

99
0.

75
49

P3
69

52
Se

rp
in

 B
5

SE
R

PI
N

B
5

22
.7

42
.1

0.
01

63
0.

02
18

1.
51

57
−

0.
55

08

P4
93

27
Fa

tty
 a

ci
d 

sy
nt

ha
se

FA
SN

40
.3

27
3.

42
0.

51
80

−
0.

99
24

1.
45

59
−

0.
41

68

P2
76

95
D

N
A

-(
ap

ur
in

ic
 o

r 
ap

yr
im

id
in

ic
 s

ite
) 

ly
as

e
A

PE
X

1
46

.2
35

.5
54

0.
65

47
−

0.
90

87
1.

02
57

−
0.

41
48

P0
87

58
A

nn
ex

in
 A

5
A

N
X

A
5

23
.1

35
.9

36
0.

42
95

0.
39

75
1.

00
61

1.
07

89

P3
19

47
14

-3
-3

 p
ro

te
in

 s
ig

m
a

SF
N

48
.8

27
.7

74
0.

67
45

−
0.

89
59

0.
97

09
−

0.
91

61

P1
55

31
N

uc
le

os
id

e 
di

ph
os

ph
at

e 
ki

na
se

 A
N

M
E

1
65

.1
17

.1
49

0.
00

49
0.

00
68

0.
58

40
−

0.
17

10

P6
24

91
R

as
-r

el
at

ed
 p

ro
te

in
 R

ab
-1

1A
R

A
B

11
A

29
.8

24
.4

88
0.

26
92

−
0.

33
05

0.
54

42
−

0.
18

78

Q
5J

PE
7

N
od

al
 m

od
ul

at
or

 2
N

O
M

O
2

6.
2

13
9.

38
0.

16
50

−
0.

18
95

0.
51

06
0.

49
30

P3
19

30
C

yt
oc

hr
om

e 
b-

c1
 c

om
pl

ex
 s

ub
un

it 
1,

 
m

ito
ch

on
dr

ia
l

U
Q

C
R

C
1

5.
4

52
.6

45
0.

31
40

−
0.

70
46

0.
40

73
0.

58
95

P3
00

40
E

nd
op

la
sm

ic
 r

et
ic

ul
um

 r
es

id
en

t p
ro

te
in

 2
9

E
R

P2
9

30
.7

28
.9

93
0.

43
58

1.
60

02
0.

09
20

0.
05

90

P6
29

37
Pe

pt
id

yl
-p

ro
ly

l c
is

-t
ra

ns
 is

om
er

as
e 

A
PP

IA
67

.3
18

.0
12

0.
11

48
0.

50
08

0.
04

95
−

0.
05

18

Se
ne

sc
en

ce
-a

ss
oc

ia
te

d 
se

cr
et

or
y 

pr
ot

ei
ns

P0
93

41
G

ro
w

th
-r

eg
ul

at
ed

 a
lp

ha
 p

ro
te

in
C

X
C

L
1

45
.8

11
.3

01
4.

14
03

5.
34

41
5.

30
41

3.
72

95

P0
52

31
In

te
rl

eu
ki

n-
6

IL
6

42
.9

21
.4

94
0.

66
01

1.
24

58
3.

67
02

3.
74

53

P4
28

30
C

-X
-C

 m
ot

if
 c

he
m

ok
in

e 
5

C
X

C
L

5
43

11
.9

72
0.

07
68

0.
39

04
3.

47
60

3.
12

93

P5
52

68
L

am
in

in
 s

ub
un

it 
be

ta
-2

L
A

M
B

2
26

.1
19

5.
98

1.
98

94
1.

24
77

3.
31

22
0.

65
65

P0
39

56
In

te
rs

tit
ia

l c
ol

la
ge

na
se

M
M

P1
11

.1
54

.0
06

0.
56

93
0.

57
51

3.
26

70
1.

06
77

O
15

23
0

L
am

in
in

 s
ub

un
it 

al
ph

a-
5

L
A

M
A

5
28

39
9.

73
0.

73
60

0.
58

56
2.

89
28

1.
01

47

P1
79

36
In

su
lin

-l
ik

e 
gr

ow
th

 f
ac

to
r-

bi
nd

in
g 

pr
ot

ei
n 

3
IG

FB
P3

53
.2

28
.9

8
0.

46
82

−
0.

73
70

2.
63

25
1.

44
37

P2
26

92
In

su
lin

-l
ik

e 
gr

ow
th

 f
ac

to
r-

bi
nd

in
g 

pr
ot

ei
n 

4
IG

FB
P4

34
.9

27
.9

34
0.

52
61

1.
81

82
2.

59
45

1.
03

43

P1
98

76
C

-X
-C

 m
ot

if
 c

he
m

ok
in

e 
3

C
X

C
L

3
34

.6
11

.3
42

0.
05

94
0.

09
06

2.
53

62
4.

20
24

Radiat Res. Author manuscript; available in PMC 2020 April 08.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Xu et al. Page 38

C
on

tr
ol

Ir
ra

di
at

ed

P
ro

te
in

 a
cc

es
si

on
P

ro
te

in
 n

am
e

G
en

e 
na

m
e

N
: 

Se
qu

en
ce

 
co

ve
ra

ge
 (

%
)

N
: 

M
ol

. w
ei

gh
t 

(k
D

a)
−L

og
10

 (
P

 v
al

ue
)

D
if

fe
re

nc
e

−L
og

10
 (

P
 v

al
ue

)
D

if
fe

re
nc

e

P0
79

42
L

am
in

in
 s

ub
un

it 
be

ta
-1

L
A

M
B

1
34

.1
20

0.
48

1.
86

44
1.

33
26

2.
35

80
0.

69
35

P2
53

91
L

am
in

in
 s

ub
un

it 
al

ph
a-

1
L

A
M

A
1

32
.6

33
7.

08
0.

75
19

1.
21

52
2.

10
27

0.
75

47

P1
60

35
M

et
al

lo
pr

ot
ei

na
se

 in
hi

bi
to

r 
2

T
IM

P2
18

.6
24

.3
99

0.
73

39
−

0.
92

50
2.

02
69

0.
90

77

P2
45

92
In

su
lin

-l
ik

e 
gr

ow
th

 f
ac

to
r-

bi
nd

in
g 

pr
ot

ei
n 

6
IG

FB
P6

15
.8

25
.3

22
1.

00
06

−
1.

98
92

1.
54

90
0.

73
19

Q
16

27
0

In
su

lin
-l

ik
e 

gr
ow

th
 f

ac
to

r-
bi

nd
in

g 
pr

ot
ei

n 
7

IG
FB

P7
24

.8
29

.1
3

0.
68

70
−

1.
02

94
1.

42
86

0.
13

57

P0
39

50
A

ng
io

ge
ni

n
A

N
G

19
.7

16
.5

5
0.

26
87

−
0.

37
23

1.
26

10
−

2.
05

46

P0
10

33
M

et
al

lo
pr

ot
ei

na
se

 in
hi

bi
to

r 
1

T
IM

P1
52

.7
23

.1
71

0.
77

65
2.

97
35

1.
20

18
0.

79
42

P0
78

58
C

at
he

ps
in

 B
C

T
SB

36
37

.8
21

0.
62

40
2.

15
88

1.
19

50
0.

67
46

P0
27

51
Fi

br
on

ec
tin

FN
1

42
.7

26
2.

62
1.

09
38

1.
32

90
1.

01
22

0.
76

76

P1
10

47
L

am
in

in
 s

ub
un

it 
ga

m
m

a-
1

L
A

M
C

1
48

17
7.

6
1.

13
92

0.
65

69
0.

77
37

0.
47

10

P1
80

65
In

su
lin

-l
ik

e 
gr

ow
th

 f
ac

to
r-

bi
nd

in
g 

pr
ot

ei
n 

2
IG

FB
P2

46
.8

34
.8

14
0.

18
56

−
0.

46
89

0.
73

02
0.

40
93

P1
41

74
M

ac
ro

ph
ag

e 
m

ig
ra

tio
n 

in
hi

bi
to

ry
 f

ac
to

r
M

IF
11

.3
12

.4
76

0.
09

51
0.

23
67

0.
39

94
0.

30
85

Radiat Res. Author manuscript; available in PMC 2020 April 08.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Antibodies and Reagents
	Cell Lines
	Cell Culture and Treatment
	Growth Inhibition and Clonogenic Survival
	Determination of Cell Apoptosis
	Determination and Quantification of Acidic Vesicles with Acridine Orange Staining
	Western Blotting and Immunofluorescence Staining
	Beta-Galactosidase and C12FDG Staining
	Reactive Oxygen Species (ROS) Staining
	Cell Cycle Analysis
	H460 Secretome Collection
	Proteomics Sample Preparation
	LC-MS/MS Analysis
	LC-MS/MS Protein Identification, Quantification and Data Analysis
	Statistical Analysis

	RESULTS
	Radiation Sensitivity in p53 Wild-Type and p53 Knockout H460 Cells
	Radiation-Induced Autophagy is Significantly Elevated in the H460wt Cells
	Investigating the Nature of Autophagy in H460wt and H460crp53 Cells
	Pharmacological and Genetic Inhibition of Autophagy Fails to Support the Protective Function of Autophagy in the H460wt Cells
	Radiation Sensitivity in H460 Cells may be Linked to Senescence Rather than Autophagy or Apoptosis
	Secretome Analysis of Irradiated H460 Cells
	Secretion of Radioresistance-Associated Proteins is Higher in H460crp53 Cells
	Secretion of SASP Factors is Significantly Higher in H460wt cells

	DISCUSSION
	References
	FIG. 1.
	FIG. 2.
	FIG. 3.
	FIG. 4.
	FIG. 5.
	FIG. 6.
	FIG. 7.
	TABLE 1

