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Abstract: Ionizing radiation (IR) is used for patients diagnosed with unresectable non-small cell 
lung cancer (NSCLC). However, radiotherapy remains largely palliative due to the survival of 
specific cell subpopulations. In the present study, the sublines of NSCLC cells, A549IR (p53wt) and 
H1299IR (p53null) survived multifraction X-ray radiation exposure (MFR) at a total dose of 60 Gy 
were investigated three weeks after the MFR course. We compared radiosensitivity (colony for-
mation), expression of epithelial-mesenchymal transition (EMT) markers, migration activity, au-
tophagy, and HR-dependent DNA double-strand break (DSB) repair in the bulk and entire 
CD44high/CD166high CSC-like populations of both parental and MFR survived NSCLC cells. We 
demonstrated that the p53 status affected: the pattern of expression of N-cadherin, E-cadherin, 
Vimentin, witnessing the appearance of EMT-like phenotype of MFR-surviving sublines; 1D con-
fined migratory behavior (wound healing); the capability of an irradiated cell to continue to divide 
and form a colony of NSCLC cells before and after MFR; influencing the CD44/CD166 expression 
level in MFR-surviving NSCLC cells after additional single irradiation. Our data further emphasize 
the impact of p53 status on the decay of γH2AX foci and the associated efficacy of the DSB repair in 
NSCLC cells survived after MFR. We revealed that Rad51 protein might play a principal role in 
MFR-surviving of p53 null NSCLC cells promoting DNA DSB repair by homologous recombina-
tion (HR) pathway. The proportion of Rad51 + cells elevated in CD44high/CD166high population 
in MFR-surviving p53wt and p53null sublines and their parental cells. The p53wt ensures 
DNA-PK-mediated DSB repair for both parental and MFR-surviving cells irrespectively of a sub-
sequent additional single irradiation. Whereas in the absence of p53, a dose-dependent increase of 
DNA-PK-mediated non-homologous end joining (NHEJ) occurred as an early post-irradiation 
response is more intensive in the CSC-like population MFR-surviving H1299IR, compared to their 
parental H1299 cells. Our study strictly observed a significantly higher content of LC3 + cells in the 
CD44high/CD166high populations of p53wt MFR-surviving cells, which enriched the CSC-like 
cells in contrast to their p53null counterparts. The additional 2 Gy and 5 Gy X-ray exposure leads to 
the dose-dependent increase in the proportion of LC3 + cells in CD44high/CD166high population 
of both parental p53wt and p53null, but not MFR-surviving NSCLC sublines. Our data indicated 
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that autophagy is not necessarily associated with CSC-like cells’ radiosensitivity, emphasizing that 
careful assessment of other milestone processes (such as senescence and autophagy-p53-Zeb1 axis) 
of primary radiation responses may provide new potential targets modulated for therapeutic ben-
efit through radiosensitizing cancer cells while rescuing normal tissue. Our findings also shed light 
on the intricate crosstalk between autophagy and the p53-related EMT, by which MFR-surviving 
cells might obtain an invasive phenotype and metastatic potential. 

Keywords: non-small cell lung cancer; cancer stem cells; radioresistance; Rad51; p53; epitheli-
al-to-mesenchymal transition 
 

1. Introduction 
Lung cancer is the leading cause of cancer mortality worldwide. Non-small cell lung 

cancer (NSCLC) represents 85% of lung cancers [1], about 40% are unresectable [2], and 
the 5-year overall survival (OS) rate is about 15% [1]. 

Stereotactic body radiation therapy (SBRT) has emerged as an effective and 
well-tolerated treatment for early-stage NSCLC [3]. SBRT relies on a small irradiation 
field to precisely delivered high doses of radiation, typically above 10 Gy per fraction, to 
local tumors. However, during the therapy, tumors can undergo complex Darwinian 
evolution leading to a selective outgrowth of clones with phenotypic advantage within a 
given microenvironment or therapeutic context and thus acquire radioresistance [4]. 

The main factor related to radioresistance is the presence of cancer stem cells (CSCs) 
[5], also called tumor-initiating cells (TICs) [6], inside tumors. They reflect the cellular 
heterogeneity within solid tumors [7] and have rapid proliferation, migration, and role in 
the recurrence of cancer [6] and express specific markers and stem cell genes [8,9]. In 
general, CSC marker-positive cells (CD133+, CD44+, CD166+, aldehyde dehydrogenase 
(ALDH+), and epithelial cell adhesion molecule (EpCAM+)) exhibit a 100-fold increased 
capacity to initiate cancer [6]. 

One of the potential sources of stem cells is polyploid cells characterized by multi-
nucleation and cell cycle arrest [10,11]. Polyploidy was shown as an adaptation mecha-
nism that allows cancers to tolerate harsh treatment conditions and plays significant role 
in the drug-resistance of many cancers and cancer cell lines, including NSCLC [12,13]. 
The polyploid giant cancer cells (PGCCs) could reversibly enter the therapy-induced 
senescence, allowing them to survive therapy and later re-enter the cell cycle to form 
daughter cells of typical size and ploidy [14,15]. Therefore, the progeny of metabolically 
active PGCCs may contribute to cancer recurrence following anticancer treatment [12]. 
Moreover, PGCCs have been demonstrated to possess stem cell-like properties, as they 
express CSCs markers, form spheroids in vitro, and generate tumors in mice [16–18]. 

The plasticity of CSCs, a process highly dependent on the epithelial-mesenchymal 
transition (EMT) and associated with cell dedifferentiation, is responsible for metastases, 
relapses, radiation therapy (RT) failure, and a poor prognosis in cancer patients [19]. EMT 
is characterized by the loss of epithelial morphology markers (such as E-cadherin) and 
acquiring the mesenchymal markers (including N-cadherin and Vimentin). Thus, cancer 
cells undergoing EMT acquire invasive and metastatic properties. Notably, the radiation 
survived sphere cells express significantly higher levels of CSC markers (CD24 and 
CD44), nuclear β-catenin, and EMT markers (Snail1, Vimentin, and N-cadherin) com-
pared to non-irradiated lung tumorsphere cells [7]. The CSCs demonstrated upregulated 
DNA damage responses (DDRs), including enhanced checkpoint signaling and recruit-
ment of DNA repair proteins [20,21]. DNA double-strand breaks (DSBs) are the most 
critical DNA damage. Mis-repaired or unrepaired DSBs lead to chromosome aberrations 
or cell death, respectively [22–24]. In mammalian cells, DNA DSBs repair is carried out by 
two canonical mechanisms: fast but incorrect, non-homologous end joining (NHEJ) and 
slow, but relatively correct, homologous recombination (HR) and several alternative 
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pathways [25]. The mechanistic steps of HR-dependent repair involve DNA end resec-
tion, strand invasion, homology search, and pairing, followed by new DNA synthesis 
[26]. NHEJ contributes to repair of about 80% of DNA DSBs [27]. Unlike normal cells, for 
which DNA repair’s accuracy is crucial, tumor cells require DSBs repair efficiency, but 
not its accuracy [28]. However, there is evidence that the radioresistance of aggressive 
tumors and CSCs is mainly due to the increased activity of HR. Overexpression of Rad51, 
an essential protein involved in DNA DSB repair by HR pathway, is associated with a 
more aggressive cancer phenotype and treatment resistance in various tumors, including 
ovarian, cervical, prostate, pancreatic, colorectal, and malignant gliomas [29–32]. Rad51 
protein is the main element involved in the HR process [33]. Rad51 catalyzes the ho-
mology search and the strand exchange with a homologous sequence and ensures the 
accurate repair of the DSBs. Moreover, it interacts directly with protein suppressors of 
breast cancer (BRCA1, BRCA2) [34] and p53 [35], which also indicates the importance of 
Rad51 in apoptosis. In response to DNA damage, the nuclear foci usually contain Rad51, 
and recombination proteins are microscopically detected as a surrogate for ongoing in-
tracellular processes of DNA repair.  

Autophagy has been initially attributed to both tumor-suppressive and tu-
mor-promoting functions [36]. Recent studies imply a role for p53 in regulating autoph-
agy, a catabolic pathway by which eukaryotic cells degrade and recycle macromolecules 
and organelles, particularly under conditions of nutrient deprivation [37]. However, the 
autophagy’s role and extent in radiosensitivity related to p53 status of CSC-like NSCLC 
cells after multifraction radiation exposure (MFR) is not comprehensive and still in the 
focus of current research. 

In our previous study [38], exponentially growing A549 (p53wt) and H1299 
(p53null) cell lines were multiply irradiated by increasing doses of X-ray (ten fractions of 
2 Gy, four fractions of 5 Gy, and two fractions of 10 Gy). The original parental cells were 
cultured without irradiation under the same conditions. The cells that survived after ir-
radiation with a total dose of 60 Gy and gave rise to clonogenic growth were named 
A549IR and H1299IR sublines. All experiments were carried out on cells cultured for 
three weeks after irradiation. We demonstrated that in the presence of wild-type p53, the 
kinetics of each DSB marker (γH2AX and pATM foci) in A549IR cells were almost similar 
to that of parental cells. In contrast, in the absence of p53, the total number and kinetics of 
these DSB markers in irradiation-surviving H1299IR cells were significantly lower than 
that of parental cells during the early phase of DNA DSB response (within 8 h after ad-
ditional 2 Gy X-ray test-exposure). Moreover, our data indicated more efficient IR 
dose-dependent 53BP1 recruitment to damaged chromatin and the 53BP1-mediated 
NHEJ in H1299IR cells compared to A549IR cells 24 h after single 2–6 Gy X-ray exposure. 
Nevertheless, it was still unclear whether the status of p53 of irradiation-surviving  cells 
affects the HR-dependent DNA DSBs repair in response to ionizing radiation (IR) expo-
sure. 

Other studies also proved a difference in NSCLC cells’ sensitivity to radio- and 
chemotherapy depending on their p53 status [21,39–41]. However, the role of p53 in en-
suring the resistance of NSCLC to MFR has not yet been fully elucidated. 

In the present study, we investigated the effect of MFR on colony formation, ex-
pression of EMT markers, autophagy, migration activity, and HR-dependent DNA DSBs 
repair in CD44high/CD166high CSC-like populations of the parental (p53wt A549 and 
p53null H1299) as well as MFR-surviving (A549IR and H1299IR) NSCLC cells. 

2. Results 
2.1. Radiosensitivity of A549IR and H1299IR Cells 

To determine the radiosensitivity of A549IR and H1299IR cells, we performed a 
colony formation assay. The results in Figure 1a demonstrate that A549IR cells had in-
creased survival fractions compared with parental A549 cells. On the contrary, H1299IR 
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cells were more radiosensitive compared with parental H1299 cells. Considering the de-
creased plating efficiency of H1299IR cells observed in our previous study [38] and their 
reduced ability to adhere to plastic, we performed an anchorage-independent soft agar 
assay. In fact, the soft agar assay results demonstrated reduced radiosensitivity of 
H1299IR cells. (Figure 1d). Collectively, these results indicated controversies in investi-
gating of cancer cells radiosensitivity by routine colony formation assay. Irradiated can-
cer cells can lose adhesion ability but save ability to divide. 

0 2 4 6
0.01

0.1

1
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A549IR
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*
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(b) 

 

(c) 
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Figure 1. Radiosensitivity of A549 and A549IR cells and H1299 and H1299IR cells after X-ray exposures evaluated by 
colony formation assay (a,b) and soft agar assay (anchorage-independent growth) (c,d). * p < 0.05, ** p < 0.01; *** p < 0.001. 
Data are means ± SD of three independent experiments. 

2.2. DNA Repair Capacity of Parental Cells and Their MFR-Surviving Sublines Depending on 
Their p53 Status 

To evaluate HR’s contribution depending on the status of p53, we conducted a 
comparative analysis of the kinetics of γH2AX and Rad51 foci in parental and 
MFR-surviving sublines of NSCLC after additional single irradiation at a dose of 2 Gy. 
The cells were fixed 1–24 h after irradiation. Non-irradiated parental and radioresistant 
cells were used as controls. Representative immunofluorescent images of the irradiated 
cells showing Rad51, γH2AX foci and their colocolization are presented in Figure 2a. 

We observed that in A549 and A549IR cells, there was a decrease in the foci number 
of γH2AX by 70–80% of the initial maximum 8 h after irradiation, and after 24 h almost 
reached the control level (Figure 2b). Moreover, at 8 h after irradiation, the γH2AX foci 
number in H1299 and H1299IR cells decreased by 65% and 50% of the initial maximum, 
respectively (Figure 2d). Simultaneously, the number of Rad51 foci changed insignifi-
cantly, and their maximum number was observed 4–6 h after irradiation in all popula-
tions of the NSCLCs (Figure 2 c,e). 
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Figure 2. Kinetics of γH2AX and Rad51 foci changes in A549 and A549IR cells and H1299 and H1299IR cells after 2 Gy 
X-ray exposure. Representative immunofluorescent images of the irradiated cells showing Rad51 (green), γH2AX (red) 
foci and their colocolization (Merged). DAPI nuclear counterstaining is shown in blue (a). Comparative analysis of 
changes in the number of γH2AX foci in A549 and A549IR (b) and H1299 and H1299IR cells (d) after 2 Gy X-ray exposure; 
changes in the number of Rad51 foci in A549 and A549IR cells (c) and H1299 and H1299IR cells (e) after 2 Gy X-ray ex-
posure. ↕ denotes significant differences between groups at p < 0.05. Data are means ± SD of three independent experi-
ments. 

We assessed HR’s contribution to DNA DSB repair using the trapezoidal method 
based on the experimental data and the graphs obtained. This method evaluates the area 
under the curve reflecting changes in both γH2AX and Rad51 foci number [42]. The 
fraction of DNA DSB fixed by the HR pathway was determined by the area’s ratios under 
the Rad51 and γH2AX curves divided by the characteristic lifetimes’ ratios of the γH2AX 
and Rad51 foci during 24 h after irradiation. The proportion of γH2AX foci number, re-
flecting the fraction of DNA DSBs resolved by the HR pathway, can be interpreted as a 
“correctly” repaired DNA DSBs. The contribution of Rad51-linked DNA DSB repair of 
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parental A549 and H1299 cells within 24 h after irradiation did not depend on their p53 
status and amounted to 8% and 7% (p = 0.04 between parental A549 and H1299 cells) of 
the total number of γH2AX foci, respectively. In comparison, the contribution of 
Rad51-related DNA DSBs repair in p53null H1299IR cells (14%) was twice higher than 
that of p53wt A549IR cells (6%, p = 0.006). 

2.3. Partial EMT-Program Activation in Parental and MFR-Surviving Cells 
EMT represents a cellular program that confers on neoplastic epithelial cells the bi-

ological traits needed to accomplish most of the invasion–metastasis cascade [43]. 
Our previous results demonstrated that MFR-surviving population of p53-deficient 

cells had more prominent phenotypic signs of partial EMT-program activation (a spin-
dled or rounded shape, loss of cell-cell contacts and loss of ability to anchor-
age-dependent colony formation, increased expression of ABCG2 protein—a marker of 
SP population of CSCs) in contrast with parental cells and cells carrying p53wt. That in-
directly indicated the more prominent partial activation of the EMT program in 
p53-deficient MFR-surviving cells that is usually closely linked to entrance into the CSC 
state of different carcinoma cells [43]. 

Therefore, it was of interest to carry out a comparative analysis of the expression of 
E-cadherin, N-cadherin, and Vimentin, the marker proteins of EMT. 

As evident from Figure 3, the p53wt MFR-surviving A549IR cells had almost 10-fold 
lower E-cadherin expression than their parental cells. The same MFR-surviving  cells 
demonstrated a significant increase in mesenchymal marker N-cadherin, thus clearly in-
dicating one of the partially activated EMT-program signs. While the p53null 
MFR-surviving H1299IR cells and their parental cells do not express E-cadherin endog-
enously, they both demonstrated lower N-cadherin expression compared to p53wt cells. 
This data suggested that other mesenchymal markers can be at play conferring 
EMT-program in cells in the absence of p53. Indeed, Vimentin’s expression, another 
mesenchymal marker, was almost twice as high in MFR-surviving  p53null H1299IR 
cells compared to their parental cells and the p53wt cells (both MFR-surviving and pa-
rental) (Figure 3b). Of note, the extent of Vimentin cleavage in p53null parental and 
MFR-surviving cells was significantly greater than in p53wt (both IR and parental) cells. 

 
(a) 
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Figure 3. Expression of EMT-related markers in parental and MFR-surviving NSCLC sublines. Western Blot (a) and 
quantification (b) analysis of E-cadherin, N-cadherin and Vimentin expression. *** p < 0.001; ** p < 0.05; n.s. 
non-significant. Data are means ± SD of three independent experiments. 

2.4. Migration Activity 
In lung cancers metastasis-related recurrence is still common and responsible for 

cancer-associated mortality. Previously, we observed the morphological changes of 
A549IR and H1299IR cells acquiring a spindled or rounded shape, loss of cell-cell con-
tacts, increased number of viable round cells with reduced adherence to the plastic [38]. 
These results, together with observed biochemical signs (E-cadherin, N-cadherin and 
Vimentin expression) in H1299IR (p53-deficient) and A549IR (p53-wild type) cells sug-
gested a partial activation of EMT process often associated with the highly invasive (mi-
gratory) phenotype of cancer cells. To determine whether 1D confined migration activity 
of the MFR-surviving cells is related to their p53 status, we performed wound healing 
(“scratch”) cell assay using parental and IR-surviving sublines. 

There were no differences in the wound size exhibited by p53wt A549IR compared 
with the parental cells, implying that the decreased E-cadherin and increased N-cadherin 
expression observed in our study does not affect the 1D cell migration activity (Figure 
4b). On the contrary, the p53null H1299 cells demonstrated higher wound healing com-
pared to p53wt A549 cells. While the 1D migration activity of MFR-survived H1299IR 
cells attenuated at 24–48 h, it oddly reached their parental cells’ level already by 72 h. 
These data suggested that the absence of p53 significantly affected the 1D confined mi-
gratory behavior (wound healing) of NSCLC cells before and after MFR. 

 
 

(a) (b) 

Figure 4. The wound healing assay was used to detect the migration ability of parental and MFR-surviving A549 and 
H1299 cells. (a) After mechanical wounding cells were grown for 24 h, 48 h and 72 h. Cell free area shown in blue. (b) 
Percentage of cell free area in each condition was calculated. *** p < 0.001. 

2.5. CD44high/CD166high (CSC-like) Population in Parental and MFR-Surviving Sublines after 
Additional Acute Irradiation 

Well known that EMT-related signaling pathways contribute to tumor cell repro-
gramming into CSCs, metastatic tumor spread, and radioresistance [19,44–47]. In our 
previous study [38], MFR-surviving p53null subline of NSCLC cells demonstrated a sig-
nificant decrease in the kinetics of IR Induced Nuclear Foci (IRIF) number (pATM и 
γH2AX) compared to parental cells during 8 h after single 2 Gy IR exposure. These cells 
did not show an apoptotic response, instead exhibited a dose-dependent decrease in 
apoptosis. That may indicate the involvement of anti-apoptotic regulatory mechanisms 
in MFR survivals. Whereas MFR-surviving p53wt cells, as expected, possessed a 
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dose-dependent increase in apoptosis. These data suggested the presence of the CSC 
fraction, along with a possible change in their amount in the populations of 
MFR-surviving sublines. 

Previously, the CD44high subpopulation of H1299 cells exhibited signs of 
EMT-program activation (including increased expression of CDH2 and VIM mRNAs) 
and a survival advantage under chronic cisplatin treatment [48]. Therefore, we carried 
out a quantitative assessment of the number of CD44high/CD166high cells, the fraction of 
CSC-like cells in untreated and IR-exposed parental and MFR-surviving p53wt vs. 
p53null sublines. 

The CD44high/CD166high cells’ fraction was significantly enriched in the 
MFR-surviving subline compared to their parental p53wt cells after 24 h of cultivation 
without prior irradiation (Figure 5). On the contrary, in the absence of p53, the same cells’ 
proportion was almost equal in the MFR-surviving and parental H1299 cells cultivated 
under similar conditions. After acute single IR exposure to 2 Gy and 5 Gy, the propor-
tions of CD44high/CD166high MFR-surviving cells were still significantly higher than 
their parental A549 cells, subtly increasing over parental non-irradiated cells only at dose 
5 Gy. Thus, p53 status does not significantly affect the number of CSC-like cells in pa-
rental cells and their MFR-surviving sublines in response to single irradiation at doses 2 
Gy and 5 Gy. 

  
(a) (b) 

Figure 5. Evaluation of CD44high/CD166high (CSC-like) population in parental and MFR-surviving sublines. The pro-
portion of CD44high/CD166high population in A549 and A549IR cells (a) and H1299 and H1299IR cells (b). Data are 
means ± SD of three independent experiments. * p < 0.05. 

2.6. Rad51 Expression Indicates the Increased Activity of HR Pathway in CD44high/CD166high 
(CSC-like) Population of Parental and MFR-Surviving Sublines 

To assess the contribution of HR to DNA DSB repair, we analyzed the proportion of 
Rad51 positive (Rad51 +) cells in the population of FACS-enriched CD44high/CD166high 
cancer stem-like (CSC) and non-CSC (CD44low/CD166low) populations of 
MFR-surviving and their parental NSCLC cells. After 6 and 24 h of 2 Gy and 5 Gy of IR 
exposure, cells were trypsinized and analyzed by flow cytometry (Figure 6). The pro-
portion of Rad51 + cells was calculated for each population (CSC and non-CSC) sepa-
rately, taken as 100% (Figure 6). 
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(b) 

Figure 6. The proportion of Rad51 positive cells in the CD44low/CD166low and CD44high/CD166high populations of 
MFR-surviving and their parental NSCLC cells at 6 h and 24 h after exposure to 2 Gy and 5 Gy of X-ray: A549IR and A549 
cells (a); H1299IR and H1299 cells (b). * p < 0.05. Data are means ± SEM of more than three independent experiments. 

As shown in Figure 6, the proportion of Rad51 + cells was significantly higher in the 
CD44high/CD166high population than in the CD44low/CD166low population in all 
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groups with and without irradiation at any dose, thus, indicating the increased activity of 
the HR system in cancer stem-like cells. Notably, in the absence of p53, there was a sig-
nificant increase in the proportion of Rad51 + cells in the CD44high/CD166high popula-
tion of the MFR-surviving H1299IR subline over the parental H1299 cells at 6 h in con-
trast to the cell lines carrying p53wt (both A549 and A549IR). 

2.7. DNA-PK(S) Indicates an Attenuated DNA DSBs Repair by NHEJ in p53-Deficient Cells 
DNA-PKcs phosphorylation is critical for NHEJ mediated DSB repair [49]. 

DNA-PKcs phosphorylation at serine 2056 (S2056) cluster is an authentic autophosphor-
ylation site in vivo and is essential for DNA-PK-mediated DSB repair [50]. To assess the 
contribution of NHEJ to DNA DSB repair in cancer stem-like populations of parental and 
MFR-surviving NSCLC sublines, we analyzed the proportion of DNA-PKcs (S2056) 
-positive (DNA-PK (S) +) cells irradiated at single doses of 2 Gy and 5 Gy. Cells were 
removed from the plastic surface by trypsinization at 6 h and 24 h after irradiation and 
analyzed by flow cytometry (Figure 7). The proportion of DNA-PK(S) + cells was calcu-
lated for each population (CSC and non-CSC) separately, taken as 100%. 

The proportion of DNA-PK(S) + cells was higher in CD44high/CD166high popula-
tions of all studied groups. In the presence of p53wt, the proportion of DNA-PK(S) + cells 
in CD44high/CD166high populations of A549 and A549IR subline increase 24 h after ir-
radiation as compared to 6 h (Figure 7a). In contrast, in the absence of p53, the proportion 
of DNA-PK (S) + cells in the same populations of H1299 и H1299IR sublines decreases 
from 6 h to 24 h after acute single dose IR exposure (Figure 7b). 

 

 
(a) 
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(b) 

Figure 7. The proportion of DNA-PK(S) positive cells in the CD44low/CD166low and 
CD44high/CD166high populations of MFR-surviving and their parental NSCLC cells 6 h and 24 h 
after exposure to 2 Gy and 5 Gy of X-ray: A549IR and A549 cells (a); H1299 and H1299IR cells (b). * 
p < 0.05. Data are means ± SEM of more than three independent experiments. 

Notable, while p53-deficient CSC-like fraction of both parental and MFR-surviving 
cells demonstrated IR dose-dependent increase in the proportion of DNA-PK(S) + cells at 
an early time (6 h) point after irradiation, the p53-competent possess such a response 
neither at early nor late time points. This effect might indicate that p53wt ensures 
DNA-PK-mediated DSB repair for both parental and MFR-surviving cells irrespectively 
of a subsequent acute single dose of their IR exposure. Whereas in the absence of p53, a 
dose-dependent increase of DNA-PK-mediated NHEJ occurs as an early post-irradiation 
acute response is more intensive in the CSC-like population MFR-surviving H1299IR 
cells, compared to their parental H1299 cells. Nevertheless, these p53null cells’ response 
of somehow declined later, indicating a slower DNA DSBs repair by this mechanism. 

2.8. LC3 Activity Confers Cancer Stem-Like Cells Undergo Autophagy Process after Irradiation 
Exposure 

Autophagy is thought to play a crucial role in cancer cells’ resistance to various an-
ticancer therapies [51]. As an essential transfection factor, p53 promotes autophagy by 
transactivating its target genes that involved the diversity of radiation responsive path-
ways in mammalian cells [52]. Besides, many publications provided experimental evi-
dence that the pro-oncogenesis and metastatic activity of autophagy may be attained by 
augmenting the stemness of CSCs [53–55]. Nonetheless, the impact of p53-related au-
tophagy in radiosensitivity of MFR-surviving cells and their CSC-like subpopulations 
remains unclear and debatable. 

To address the involvement of autophagy and p53 status in response to radiation, 
we analyzed the extent of autophagic markers LC3-II/LC3-I in the populations of paren-
tal and MFR-surviving cells. A lipidated form of cytosolic protein LC3-I, LC3-II, is con-
sidered an autophagosomal marker in mammals [56]. Therefore, we evaluated both these 
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marker proteins in FACS-enriched CD44low/CD166low and CD44high/CD166high pop-
ulations of parental and MFR-surviving NSCLC cells 24 h after additional X-ray exposure 
at doses of 2 Gy and 5 Gy (Figure 8). We used the antibody detecting both the 
non-lipidated LC3-I (non-autophagic) and lipidated LC3-II (autophagic) under autoph-
agy conditions to estimate the proportion of LC3-positive (LC3 + ) cells. 

 
(a) 

 
(b) 

Figure 8. The proportion of LC3 positive cells in CD44low/CD166low and CD44high/CD166high populations of 
MFR-surviving and their parental NSCLC cells 24 h after exposure to 2 Gy and 5 Gy of X-ray: A549IR and A549 cells (a); 
H1299IR and H1299 cells (b). * p < 0.05. Data are means ± SEM of more than three independent experiments. 

The CD44high/CD166high cells demonstrated a significantly higher proportion LC3 
+ cells than CD44low/CD166low populations irrespectively of their p53 status, indicating 
the critical role of autophagy in the survival of CSC-like cells. Of note, 
CD44high/CD166high populations of parental A549 and H1299 cells demonstrated a 
dose-dependent increase in the percentage of LC3 + cells after 2 Gy and 5 Gy irradiation 
compared to nonirradiated controls (Figure 8a,b). However, for A549 cells statistically 
significant difference was observed only after 5 Gy irradiation. Whereas the autophagy 
activity in CD44high/CD166high populations of the A549IR and H1299IR sublines did 
not change after additional single-dose irradiation. 

3. Discussion 
Epithelial and mesenchymal markers are the most intensively studied for putative 

therapeutic targets of CSCs in solid tumors. As epithelial cancer cells undergo EMT, they 
gain stemness, motility, invasiveness, drug resistance, and angiogenic and metastatic 
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ability [7]. EMT transition in epithelial cells leads to switching from E-cadherin to N- 
cadherin and increasing Vimentin expression [7]. CD133, CD44, ALDH1A1, CD90, and 
CD166 were verified to be effectively used as CSC markers in NSCLC [57,58]. Epithelial 
tumor cells with ongoing EMT develop CSC traits. Our study confirms that MFR pro-
motes EMT marker N-cadherin expression and downregulates E-cadherin expression in 
p53wt cells. We also demonstrate the predominant upregulation of Vimentin’s expres-
sion in H1299IR compared to their parental and p53wt cells (Figure 3). Vimentin’s high 
expression was associated with tumor progression and metastasis [59,60]. The EMT 
process could be controlled by a ZEB1/mir200 feedback loop mechanism (maintaining 
stemness) and by p53 [61]. Loss of p53 function related to cells losing their epithelial dif-
ferentiation and undergo EMT, characterized by high expression of Vimentin and Snai1, 
Snai2, Twist, ZEB1 and ZEB2, the EMT inducers [62,63]. However, the observed spin-
dle-shaped and rounded cell morphology of H1299IR cells was different from the typical 
lamellipodia morphology associated with high Vimentin [64], explaining the observed 
significant delay in their 1D migration activity (Figure 4) at 24–48 h compared to their 
parental cells. That could be due to the substantial decrease of the adherence of these 
cells, which, in turn, can explicate the difference between anchorage-independent and 
anchorage-dependent colony formation results (Figure 1). Attractive, the acute sin-
gle-dose 2 Gy and 5 Gy irradiation induced reduction of migration and the increased 
adhesion of A549 cells within 24 h after irradiation [65]. Previously, we observed a re-
duction of MFR-survived A549IR cells’ adhesion, albeit without any changes in their 
migration using the same type of migration assay in our present study (Figure 4). Such an 
apparent discrepancy can emphasize the significant difference in tumor cellular response 
to acute and multifractionated IR exposure regarding cellular migratory and adhesive 
properties. In this regard, our present data corroborate previous reports on increased 
motility of H1299 human NSCLC cells [66], supplementing other contradictory reports 
on the effects of IR on cancer cell migration [67–69]. In sum, p53 status significantly af-
fected the 1D confined migratory behavior (wound healing) and an irradiated cell’s ca-
pability to continue to divide and form a colony of NSCLC cells before and after MFR. 

Two main pathways involved repairing DNA DSBs in the mammalian cell: canoni-
cal NHEJ and HR pathway. Canonical NHEJ is the predominant repair pathway in all 
mammalian cell cycle phases and is used by the cells to repair most DSBs. HR contributes 
to repairing DNA DSBs only in S and G2 phases when sister chromatids can be used as a 
template to repair the damage [70]. These two pathways make a different contribution to 
the two-component kinetics of DNA DSBs repair. The rapid phase (2–4 h) uses canonical 
NHEJ and is estimated to repair ~40–60% of DSBs. Simultaneously, the slow kinetics oc-
curs in S and G2 phases of the cell cycle by the HR pathway. DNA damage caused by 
ionizing radiation leads to phosphorylation of H2AX that is mediated by all PIKK ki-
nases, ATM, ATR, and DNA-PK [71,72]. The phosphorylated H2AX (γH2AX) foci are 
regarded as recruiting mediators of the repair factors of DNA DSBs [73,74]. The H2AX is 
one of the essential components of the active ATM complex and participates in the acti-
vation of ATM-dependent phosphorylation of cell cycle checkpoint-related factors such 
as p53, Chk2, SMC1, and NBS1[75]. The rate of γH2AX decay and relative residual 
damage after exposure to IR might be useful as indicators of intrinsic radiosensitivity, the 
more rapid loss and less retention appeared in the more radioresistant cell types [76]. In 
this regard, cervical cancer cells with wild-type p53 showed a significantly faster γH2AX 
decay rate after irradiation than cells deficient in p53 [77]. Here, we also found that the 
level of intrinsic and remaining foci at 24 h after 2 Gy IR exposure was higher in p53null 
cells than in p53wt cells. Notable, the MFR-surviving A549IR cells at 8 h and 24 h also 
had less γH2AX foci than H1299IR, which had more rapid and significant γH2AX decay 
compared to their parental cells (Figure 2b,d). Although we cannot exclude that after 24 
h, further decay of the γH2AX foci might also occur in the p53 null cells, whether these 
residual DSBs correlated with radiosensitivity remains obscure [73]. Thus, our data fur-
ther emphasize the impact of p53 status on the decay of γH2AX foci and associated effi-
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cacy of the DSB repair in NSCLC cells survived after MFR, prompting further investiga-
tion of its role in their radiosensitivity. 

Known that the p53-p21 system defect leads to an increase in the proportion of 
H1299 cells in the S phase due to the formation of DNA DSB and an internal S-block, 
leading to an increase in the S phase length [78]. In our previous study, irradiation at 
doses of 2–6 Gy increased the proportion of cells in the S and G2/M phases in the 
H1299IR (p53-null) compared to the A549IR (p53wt) subline [38]. DNA repair protein 
Rad51 homolog 1 (Rad51) is an essential protein in the HR repair pathway. In the present 
study, the contribution of Rad51 to DNA DSB repair in the H1299IR subline was the 
highest among the four cell lines studied (Figure 2c,e). Thus, the delayed kinetics of DNA 
DSB repair in H1299IR cells may be associated with de novo DSB formation during the S 
phase and with slow DNA DSB repair due to HR in the absence of p53. 

Indeed, p53 may participate in the regulation of Rad51. Reintroduction of p53wt into 
p53 mutant soft tissue sarcoma (STS) cell lines resulted in decreased Rad51 protein and 
mRNA expression. [79]. Moreover, resulting from the DNA damage caused by IR, the 
p53/p63/p73 family of transcription factors can target Rad51 [80]. The p73 isoforms are 
known to exhibit similar p53 transcriptional activity in H1299 cells (p53null) [81,82]. 

One explanation for tumor cells’ resistance to radiotherapy is CSCs in a heteroge-
neous tumor structure. Several studies suggest that Rad51 may play a significant role in 
CSC’s resistance to therapy [20,29,83][20,29,83][20,29,83]. CSCs are proposed to repair 
DNA damage more efficiently than the rest of tumor cells [84], and can be carried out by 
the HR mechanism [29–32]. Therefore, the high proportion of Rad51 + cells in the CSC 
population of H1299IR cells (p53null) compared to A549IR (p53wt) may be associated 
with delayed DNA DSB repair processes, but also with the high levels of Rad51 expres-
sion due to the activity of other p53 family proteins. Our present data cannot exclude that 
in the absence of p53wt, the other members of the p53 family could ensure more efficient 
DNA DSB repair by the HR mechanism, leading to resistance of p53-deficient tumor cells 
to chemo- and radiotherapy. In this regard, we previously found a high content of the 
EMT-like phenotype cells, somewhat similar to the SP phenotype in the bulk of our 
MFR-surviving sublines [38]. Indeed, more effective HR in such fractions may provide a 
high survival, pointing to a significant role of p53-family proteins (in particular, p73 
and/or p63) in conferring a stem-like cell and radioresistant phenotype of NSCLC cells 
that is associated with our previous observation for the ABCG2-overexpressing H1299IR 
cells. However, this hypothesis warrants further investigation in our ongoing studies. 

CD44, a cell-surface extracellular matrix receptor, is commonly used as CSC markers 
[58]. Known functions of CD44 are cellular adhesion (aggregation and migration), hya-
luronate degradation, lymphocyte activation, lymph node homing, myelopoiesis and 
lymphopoiesis, angiogenesis, and release of cytokines. The physiological functions of 
CD44 indicate that the molecule could be involved in the metastatic spread of tumors [85] 
and reported among human lung CSC markers [7]. CD166, also known as activated leu-
kocyte cell adhesion molecule (ALCAM), has been identified as a cell surface marker of 
specific hematopoietic progenitor and pluripotent mesenchymal stem cells and is fre-
quently considered a colorectal CSC marker [58]. We confirm a dose-dependent increase 
in CD44 and CD166 expression levels in A549IR, but not in H1299IR cells 24 h after irra-
diation compared to their parental cells (Figure 5). Therefore, status p53 may influence 
the CD44/CD166 expression level in MFR-surviving NSCLC cells after an acute dose of 
IR, contributing to a high risk for metastasis with anticipated low patient survival. 

The DNA-dependent protein kinase (DNA-PK), a serine/threonine protein kinase, 
consists of a catalytic subunit (DNA-PKcs) and a Ku heterodimer, building up by the 
Ku70 and Ku80 subunits. The choice between NHEJ and HR pathway attributed to the 
DNA-PK’s role in the DDR pathways [86]. The DNA-PKcs activation after exposure to IR 
results in rapid phosphorylation at the T2609 phosphorylation cluster and S2056 residue 
[87,88]. DNA-PKcs phosphorylation at the T2609 cluster is primarily mediated by ATM 
kinase, whereas DNA-PKcs phosphorylated at S2056 residue is an authentic autophos-
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phorylation site in vivo [50]. In the context of DNA repair pathway choice between HR 
and NHEJ, BRCA1 prevents NHEJ in the S and G2 phases by inhibiting DNA-PKcs au-
tophosphorylation at S2056 [89]. Highly likely, the phosphorylation-mediated activation 
of DNA-PKcs makes DNA repair pathway choice: a phosphorylated/active form of 
DNA-PKcs errands NHEJ, while an unphosphorylated/inactive form favors HR. None-
theless, the other factors persuading DDR pathway choice remain obscure since the mu-
tational inactivation and small-molecule inhibition of DNA-PKcs favored and compro-
mised HR, respectively [90]. In this regard, it is worthy of mentioning the interplay of 
replication protein A (RPA), p53, and Rad51. RPA is an essential HR modulator, being a 
heterodimer that binds to single-stranded DNA (ssDNA). DNA-PKcs hyperphosphory-
lated RPA in complexes with p53 after DNA damage. With the phosphorylation of p53, 
this hyperphosphorylation leads to decay of the RPA-phospho-p53 complex allowing 
RPA to bind to ssDNA and promote HR via Rad51. The picture becomes even more 
complicated, where the expression of catalytically inactive DNA-PK causes more ge-
nomic instability than the loss of the proteins themselves. Being unique for each kinase, 
the spectrum of genomic instabilities and physiological consequences depends on their 
activating complexes. That allowed suggesting a model in which the catalysis coupled 
with DNA/chromatin release and catalytic inhibition leads to the persistence of the ki-
nases at the DNA lesion, which, in turn, affects repair pathway choice and outcomes [91]. 
In the present study, we focused on evaluating a phosphorylated/active form of 
DNA-PKcs (DNA-PK (S) +) related to p53 status in MFR-surviving and parental NSCLC 
cells. 

Before following any DNA repair pathway, a cell needs to detect the presence of 
DSBs. The H2AX is phosphorylated both by DNA-PKcs and ATM at its Ser139 residue to 
form γH2AX, a marker of DNA damage, that functions to retain factors involved in DSB 
repair [92]. Here, we observed the γH2AX foci decay by only 65% at 8 h after irradiation 
(Figure 2d) in the bulk of p53null cells, and the acute (6 h) dose-dependent rise with 
subsequent (24 h) decline of the proportion of DNA-PK (S) + cells in the 
CD44high/CD166high (CSC-like) population of MFR-surviving cells (Figure 7b). That 
could highlight that delayed DNA damage repair by the NHEJ mechanism not occurred 
in the entire population. Somewhat more likely, the delayed NHEJ mechanism-based 
repair appears mainly in the CSC-like cells not carrying p53wt. 

Moreover, in the H1299IR subline, HR’s contribution to DNA DSB repair was the 
highest among all four studied NSCLC cell populations (14%). Simultaneously, a high 
proportion of Rad51 + cells indicates increased HR activity in CSC-like cells (Figure 6). 
Similar to our present data, the irradiated glioblastoma CSCs (GBM CSCs) had a signifi-
cant delay in the phosphorylation of H2AX and DNA-PKcs (phospho S2056) up to 72 h 
and 48 h after irradiation, respectively [93]. Besides, the DNA DSB repair delay along the 
NHEJ pathway in these cells was observed until 48 h after irradiation. These data are 
consistent with our present results for parental and MFR-surviving cells devoid of p53wt. 

Comparing our data in Figures 6 and 7, the presence of functional p53 did not lead 
to any significant changes in DNA DSB repair by either the HR or NHEJ mechanism in 
the CSC-like population of parental A549 cells in response to acute X-ray irradiation at 
the single-dose of 2 Gy and 5 Gy. The CSC-like population of A549IR cells had the same 
effect, although the higher level of DNA DSB repair by the NHEJ mechanism in unirra-
diated and irradiated cells compared to their parental cells 24 h after irradiation. An in-
crease in the proportion of Rad51 + and DNA-PK (S) + cells 24 h after irradiation may re-
flect the fate of residual DNA DSBs. Besides, a high number of residual DNA DSBs may 
indicate unrepaired DSBs and genetic instability processes. 

In the absence of p53, NHEJ makes the main dose-dependent contribution to re-
pairing DNA DSB in the CD44high/CD166high population of parental H1299 cells and 
only at the early time point (6 h) of response to acute single X-ray irradiation. Both NHEJ 
and HR contribute to the DNA DSB repair in H1299IR cells at the early stages (6 h). Be-
sides, the overall level of DNA DSB repair by both mechanisms in H1299 IR cells was 
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significantly higher (2–5 times) than in parental cells before and after additional sin-
gle-dose irradiation. Thus, in response to additional irradiation, the p53wt favors neither 
HR nor NHEJ mechanisms of sustained DNA DSB repair in both MFR-surviving and 
parental NSCLC cells. Whereas in the absence of p53, the other p53 family proteins likely 
confer mainly early but not sustained DNA repair by both mechanisms. 

Autophagy plays a role in maintaining stem cells in normal stem cells and CSCs 
[53,94,95]. Exposure to IR leads to an increase in autophagy marker protein expression in 
CSCs [96]. Moreover, there is now increasing evidence that autophagy signaling and 
EMT are interlinked, and the autophagy is often highly expressed in tumor cells carrying 
a mesenchymal signature [36]. Microtubule-associated protein light chain 3 (LC3) is the 
mammalian homolog of yeast Atg8), which is involved in the elongation and closure of 
the autophagosomal membrane [36]. LC3 belongs to a novel ubiquitin-like protein family 
involved in different intracellular trafficking processes, including autophagy [97]. Gen-
erated by the conjugation of cytosolic LC3-I to phosphatidylethanolamine (PE) on nas-
cent autophagosomes, the LC3-II is considered their standard marker. In our study, the 
p53wt cells demonstrated the significant dose-dependent autophagic response in the 
CD44high/CD166high populations of both parental and isogenic MFR-surviving cells 
after exposure to a single acute IR dose (Figure 8a,b). The p53null parental cells also 
possessed a similar response, whereas the isogenic MFR-surviving cells instead demon-
strated the trend for a decline under similar IR exposure conditions. However, our data 
should be taken with caution. Since LC3-II, but not LC3-I, is required to form an au-
tophagosomal membrane, we cannot speculate definitely about autophagy activity in our 
cells. Nevertheless, our results of autophagy in CD44 high/CD166 high cells are quite 
impressive, especially in the light of very recent data published while our paper was 
under review. In this paper, the authors demonstrated three increased autophagy mark-
ers (LC3 and P62 by WB; RFP-LC3 puncta; TEM analysis of the cytoplasmic accumulation 
of autophagosomes) in the A549-oncosphere, but less in the H1299-oncosphere CSC cells, 
indicating that the autophagic activity is higher than that of in the respective parental cell 
lines [98]. Although the study is based on an isolated CSC population, these data cor-
roborate our current findings entirely on the autophagic activity of the CD44 high/CD166 
high population of MFR-survived cells. Our study also strictly observed a significantly 
higher content of LC3 + cells in the CD44 high/CD166 high populations of p53wt 
MFR-surviving cells (Figure 8), which enriched the CSC-like cells (Figure 5) in contrast to 
their p53null counterparts. Therefore, our autophagy data sounds very relevant, indi-
cating the higher intrinsic and IR-induced autophagic activity of MFR-surviving p53wt 
over p53null cells. Interestingly, the authors postulated that autophagy augments the 
stemness only in A549-oncosphere cells, but not the H1299-oncosphere cells via degra-
dation of ubiquitinated p53wt, providing the possible mechanism underlying our ob-
servations. 

However, another uncertainty is whether radioresistance increased in association 
with the promotion of autophagy. Our previous [38] and current (Figure 8) data indi-
cated that both apoptosis and autophagy dose-dependently increased in the bulk of pa-
rental and MFR-surviving p53wt cells in response to acute IR exposure. On the contrary, 
the bulk of p53null cells possessed the decline of apoptosis and autophagy under the 
same conditions. Our experimental design could not exclude that other modes of cell 
death (such as mitotic catastrophe or senescence) might be engaged, responding to a 
single acute dose of X-ray in IR-surviving cells in the absence of p53. The study men-
tioned above may also provide a possible molecular “switch” of nonprotective autoph-
agy in p53wt NSCLC cells to protective autophagy in our MFR-surviving cells. 

Of clinical importance, autophagy can have both pro-and anti-tumorigenic effects. 
The regulation of the self-restoration of the NSCLC CSCs could be achieved through 
p53-ZEB1 axis, contributing to the recently suggested new CSC-based mechanism that 
underlies autophagy’s oncogenic activity [98]. On the other hand, some recent data in-
dicated that radioresistance appeared to be most closely associated with senescence oc-
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curring earlier and more significant in the p53wt NSCLC cells [99]. In the light of a tumor 
dormancy model, a phase of proliferative recovery in a subset of cells frequently fol-
lowing after the radiation-induced senescence can contribute to therapy resistance and 
conceivably the disease relapse [100,101]. In this regard, such an impact of senescence 
will open up a new avenue for novel senolytics that await clinical prove as an adjuvant to 
radiotherapy to prolong remission by delaying disease recurrence in patients. While be-
ing out of our current study’s scope, these findings prompted us to investigate further the 
impact of senescence on radiosensitivity of our MFR-surviving NSCLC sublines con-
cerning their p53 status in our forthcoming studies. 

In the end, our data emphasize that careful assessment of other vital processes (such 
as senescence and autophagy-p53-Zeb1 axis in CSCs) of primary radiation responses may 
provide new potential targets modulated for therapeutic benefit radiosensitizing cancer 
cells while rescuing normal tissue. Besides, our migration and autophagy data can shed 
light on the sophisticated crosstalk between autophagy and the p53-related EMT, by 
which cancer cells obtain an invasive phenotype and metastatic potential. 

4. Materials and Methods 
4.1. Cell Culture 

A549 cell line was obtained from ATCC (Manassas, VA, USA) and cultured in 
DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing 10% FBS, 
L-glutamine, and 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA). 
H1299 cell line was obtained from ATCC (Manassas, VA, USA) and cultured in 
RPMI-1640 (Gibco, Fisher Scientific, Waltham, MA, USA) containing 10% FBS, 
L-glutamine, and 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA). Cells 
were maintained in a humidified 5% CO2 environment at 37 ͦC. 

4.2. Irradiation 
Exponentially growing A549 and H1299 cells were irradiated using 200 kV X-ray 

RUB RUST-M1 X-irradiator (JSC “Ruselectronics”, Moscow, Russia) at the dose rate of 
0.85 Gy/min (2.5 mA, 1.5 mm Al filter) at room temperature. A total dose of 60 Gy was 
divided into several doses as follows: 2 Gy of 10 fractions, 5 Gy of 4 fractions, and 10 Gy 
of 2 fractions. Cells were incubated for up to 3–4 days between fractionated doses of 5 Gy 
and 10 Gy as a recovery period. After the last exposure, cells were maintained in normal 
growth conditions for 3 weeks to recover. 

4.3. Colony Formation and Anchorage-Independent Soft Agar Assay 
Exponentially growing A549, A549IR, H1299 and H1299IR cells were irradiated at 

single dose irradiation of 0 Gy, 2 Gy, 4 Gy, and 6 Gy. Immediately after irradiation cells 
were seeded on 60 mm Petri dishes at density of 150, 500, 1000 and 2000 cells/well for 
each radiation dose. After 2 weeks, cells were fixed with methanol for 15 min and were 
stained with Giemsa for 15 min. Plating efficiency (PE) and survival fraction (SF) were 
calculated using the following equations: 

PE = # of colonies formed # of cells seeded × 100%  (1) 

SF = # of colonies formed after irradiation/[# of cells seeded × PE] (2) 

Anchorage-independent soft agar assay was performed as described elsewhere 
[102]. Briefly, 6-well plates were coated with 1.0% noble agar in complete media (1.5 mL 
agar/well) and allowed it to solidify at room temperature for 30 min. Immediately after 
irradiation cells were trypsinized. Cell suspensions were mixed with 0.6% noble agar, 
added to wells and allowed to solidify for another 30 min. After 21 days colonies were 
stained with 0.05% Crystal Violet for 1 h and washed with PBS. The number of colonies 
was calculated manually. 
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4.4. Immunofluorescence Staining 
The Immunofluorescence Staining protocol was performed as previously described 

[103,104]. Cells were seeded at the density of 6 × 103 cells/cm2 onto coverslips (SPL 
Lifesciences, Gyeonggi-do, South Korea) placed inside 35 mm Petri dishes (Corning, New 
York, NY, USA) 48 h before irradiation and fixed 0.5–24 h after irradiation in 4% para-
formaldehyde in PBS (pH 7.4) for 15 min at room temperature, followed by two rinses in 
PBS and permeabilization in 0.3% Triton-X 100 (in PBS, pH 7.4) supplemented with 2% 
bovine serum albumin (BSA) to block non-specific antibody binding. Cells were then 
incubated for 1 h at room temperature with primary mouse monoclonal antibody against 
γH2AX (dilution 1:200, clone JBW 301, Cat. # 05-636, Merck-Millipore, Burlington, VT, 
USA), primary rabbit polyclonal antibody against Rad51 (dilution 1:200, Cat. # ABE257, 
Merck Millipore, Burlington, VT, USA), which were diluted in PBS with 1% BSA and 
0.3% Triton-X 100. After several rinses with PBS, cells were incubated for 1 h with sec-
ondary antibodies IgG (H + L) goat anti-mouse (Alexa Fluor 555 conjugated, dilution 
1:800; Cat. # A-21424, Merck-Millipore, Burlington, VT, USA), goat anti-rabbit (Alexa 
Fluor 488 conjugated, dilution 1:500; Cat. # A-11008, Merck Millipore, Burlington, VT, 
USA) diluted in PBS (pH 7.4) with 1% BSA. Coverslips were then rinsed several times 
with PBS and mounted on microscope slides with ProLong Gold medium (Life Tech-
nologies, Carlsbad, SA, USA) with DAPI. Cells in coverslips were imaged using Nikon 
Eclipse Ni-U microscope (Nikon, Tokyo, Japan) equipped with a high-definition camera 
ProgResMFcool (Jenoptik AG, Jena, Germany). Filter sets used were UV-2E/C (340–380 
nm excitation and 435–485 nm emission), B-2E/C (465–495 nm excitation and 515–555 nm 
emission), and Y-2E/C (540–580 nm excitation and 600–660 nm emission). A total of 300–
400 cells were imaged for each data point. Foci were counted by manual scoring. 

4.5. Flow Cytometry Analysis 
Exponentially growing cells were harvested by trypsin 1 × 106 cells per sample, 

washed in PBS and incubated with primary rabbit polyclonal antibody against CD166 
(dilution 1:200 Sigma-Aldrich, Saint Louis, USA) and with secondary antibodies IgG (H + 
L) goat anti-rabbit (Rhodamin conjugated, dilution 1:300; Merck Millipore, Burlington, 
VT, USA) and mouse monoclonal antibody against CD44 (PE conjugated, clone 
MEM-263, dilution 1:70, Sigma-Aldrich, Saint Louis, USA) for 1 h at 4 ᵒC. Cells were then 
fixed in 4% paraformaldehyde for 15 min at room temperature and permeabilized in 
0.3% Triton-X 100 (in PBS, pH 7.4) supplemented with 2% bovine serum albumin (BSA) 
to block non-specific antibody binding. Cells were then incubated overnight at 4 ᵒC with 
primary rabbit polyclonal antibody against Rad51 (dilution 1:200, Merck Millipore, Bur-
lington, VT, USA) and primary rabbit polyclonal antibody against DNA PKcs (phospho 
S2056) (dilution 1:200, Abcam, Cambridge, USA) or primary rabbit polyclonal antibody 
against LC3-I/II (dilution 1:200, Merck Millipore, Burlington, VT, USA). After several 
rinses with PBS cells were incubated for 1 h with secondary antibodies IgG (H + L) goat 
anti-rabbit (Alexa Fluor® 488 conjugated, dilution 1:500; Merck Millipore, Burlington, VT, 
USA). Cells were analyzed by flow cytometry (BD FACSCalibur, Becton Dickinson, San 
Jose, CA, USA). A total of 50,000 events were acquired for each sample and the propor-
tion of positive cells was analyzed with BD CellQuest Pro 5.1 software (Becton Dickinson, 
San Jose, CA, USA). 

4.6. Western Blotting 
After incubation, cells cultured in a T75 flask were collected and washed twice with 

cold PBS and lysed in 1 mL of a lysis buffer (150 mM sodium chloride, 1.0% Triton X-100, 
0.5% sodium deoxycholate, 0.1% SDS (sodium dodecyl sulfate), 50 mM Tris–HCl (pH 
8.0)) and centrifuged at 14,000 × g for 25 min at 4 ᵒC to yield whole-cell lysates. Protein 
concentration was measured using the bicinchoninic acid (BCA) method (Thermo Scien-
tific™ Pierce™ BCA Protein Assay Kit, Rockford, IL61105 USA). Aliquots of the lysates 
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(30 μg of protein) were separated on a 8–16% SDS–polyacrylamide gel (Bio-Rad Labora-
tories, Mini-PROTEAN TGX Gels, Hercules, CA, USA) with a 10× Running Buffer (gly-
cine transfer buffer [192 mM glycine, 25 mM Tris–HCl (pH 8.3), 1% SDS (v/v)] and 
transferred onto Mini-size nitrocellulose membranes (7.1 × 8.5 cm, Bio-Rad Laboratories, 
Trans-Blot® Turbo™ Transfer, Neuberg, Germany) using Mini-size Transfer Stacks (7.1 × 
8.5 cm, Bio-Rad Laboratories, Trans-Blot® Turbo™ Transfer, USA) and 5× Transfer Buffer 
(Bio-Rad Laboratories, Trans-Blot® Turbo™ Transfer, USA). After blocking the 
non-specific site with Blocking Buffer (Thermo Scientific™ Pierce™ Protein-Free (PBS) 
Blocking Buffer, Waltham, MA, USA), the membrane was incubated with primary poly-
clonal Rabbit Anti-Vimentin antibody—Cytoskeleton Marker (1 μg/mL, ab45939, Abcam, 
Cambridge, MA, USA), Anti-E-Cadherin antibody [EP700Y]—Intercellular Junction (di-
lution 1:1000, ab40772, Abcam, Cambridge, MA, USA) and Anti-N- Cadherin antibody 
[5D5]—Intercellular Junction Marker (dilution 1:2000, ab98952, Abcam, Cambridge, MA, 
USA) in Blocking Buffer at 4 °C for overnight. Membrane was washed with 1x PBS (pH = 
7.2–7.6), (Eco service, St. Petersburg, Russia) containing 0.05% Tween-20 (Pharm grade, 
Biolot, St. Petersburg, Russia) 3 times for 3 min each. The membrane was further incu-
bated for 2 h with a Peroxidase conjugated secondary sheep anti rabbit (p-SAR IgGs) 
(dilution 1:5000, IMTEC, Moscow, Russia) and sheep anti mouse (p-SAM IgGs) (dilution 
1:1000, IMTEC Ltd., Moscow, Russia) antibodies at room temperature. Membrane was 
washed with TPBS (1× PBS containing 0.05% Tween-20) 5–8 times for 5 min each. The 
formed membrane-bound immune complexes were detected using the Clarity™ Western 
ECL Substrate reagent Luminol/peroxide solution (dilution 1:1, Bio-Rad, Hercules, CA,  
USA). Normalization was done staining the total protein with Ponceau S (0.1% Ponceau S 
and 5% acetic acid). Blots were visualized, and the relative densities of bands were cal-
culated by ChemiDoc™ MP Imaging System (170-8280) by Bio-Rad (Hercules, CA, USA). 

4.7. Migration Assay 
A549 and H1299 cells were seeded at the density of 20 × 103 cells per well in a 96-well 

plate, incubated at 37 °C, 5% CO2 and allowed to grow for 72 h. Once the cells reached 
100% confluence, a straight-edged scratch was created using a sterile plastic micropipette 
tip to simulate an in vitro wound, cell-free zone across the cell monolayer in each well. 
After that, the monolayer was washed with PBS (pH 7.4) 3 times to remove cell debris, 
then complete medium was added. Images at time zero (t = 0 h) were captured to record 
the initial area of the wounds, and the recovery of the wounded monolayers due to cell 
migration toward the denuded area was evaluated at 24 h, 48 h and 72 h (t = Δ h). The 
images were captured using fluorescence microscopy (ImageXpress Micro XL, Molecular 
Devices LLC, San Jose, CA, USA). The area of wound was quantified using Custom 
Module Editor of MetaXpress 5.0 Software. The migration of cells toward the wounds 
was expressed as percentage of wound closure: 

% of wound closure = [(at = 0 h − at = ∆ h)/at = 0 h] × 100%, (3) 

where, at = 0 h is the area of wound measured immediately after scratching, and a t = Δ h 
is the area of wound measured at 24 h, 48 h or 72 h after scratching. 

4.8. Statistical Analysis 
Statistical and mathematical analyses of the data were conducted using the Statistica 

8.0 software (StatSoft) and EXCEL 2010 Software. The results are presented as means of 
three independent experiments ± standard deviation until otherwise stated. Statistical 
significance was tested using the Student t-test and Mann-Whitney U Test. 
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5. Conclusions 
Our data indicate that the p53 status significantly affects the recognition and repair 

of DNA DSBs in CSC-like populations of NSCLC sublines, which may play an essential 
role in CSCs survival after MFR. Accurate assessment of the p53 status-related migration, 
autophagy, senescence, and EMT processes in CD44high/CD166high populations of 
MFR-surviving cells can reveal new potential targets of NSCLC cell resistance to radio-
therapy, opening up an avenue for the development of new modulators radiosensitizing 
tumor cells while rescuing normal tissue for patients’ therapeutic benefit. 

Author Contributions: Conceptualization, M.P., A.N.O. and S.L.; formal analysis, M.P. and L.A.; 
investigation, M.P., L.A., T.B., N.S., A.C., P.E., I.G. and R.C.-N.; writing—original draft preparation, 
M.P., L.A.; writing—review and editing, A.N.O., S.L.; visualization, M.P., L.A., A.N.O.; supervi-
sion, S.L. and A.N.O.; project administration, M.P.; All authors have read and agreed to the pub-
lished version of the manuscript. 

Funding: The studies were supported by the Russian Science Foundation (RSF) project # 
19-74-10096. The publication fee was covered by the RSF project # 19-74-10096. 

Institutional Review Board Statement: Not applicable. 
Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. Goldstraw, P.; Ball, D.; Jett, J.R.; Le Chevalier, T.; Lim, E.; Nicholson, A.G.; Shepherd, F.A. Non-small-cell lung cancer. Lancet 

2011, 378, 1727-1740, doi:10.1016/S0140-6736(10)62101-0. 
2. Parsons, A.; Daley, A.; Begh, R.; Aveyard, P. Influence of smoking cessation after diagnosis of early stage lung cancer on 

prognosis: systematic review of observational studies with meta-analysis. Bmj 2010, 340, b5569, doi:10.1136/bmj.b5569. 
3. Onishi, H.; Shirato, H.; Nagata, Y.; Hiraoka, M.; Fujino, M.; Gomi, K.; Niibe, Y.; Karasawa, K.; Hayakawa, K.; Takai, Y., et al. 

Hypofractionated stereotactic radiotherapy (HypoFXSRT) for stage I non-small cell lung cancer: updated results of 257 patients 
in a Japanese multi-institutional study. Journal of thoracic oncology : official publication of the International Association for the Study of 
Lung Cancer 2007, 2, S94-100, doi:10.1097/JTO.0b013e318074de34. 

4. Nowell, P.C. The clonal evolution of tumor cell populations. Science 1976, 194, 23-28, doi:10.1126/science.959840. 
5. Olivares-Urbano, M.A.; Grinan-Lison, C.; Marchal, J.A.; Nunez, M.I. CSC Radioresistance: A Therapeutic Challenge to 

Improve Radiotherapy Effectiveness in Cancer. Cells 2020, 9, doi:10.3390/cells9071651. 
6. Han, J.; Won, M.; Kim, J.H.; Jung, E.; Min, K.; Jangili, P.; Kim, J.S. Cancer stem cell-targeted bio-imaging and chemotherapeutic 

perspective. Chemical Society reviews 2020, 49, 7856-7878, doi:10.1039/d0cs00379d. 
7. Gomez-Casal, R.; Bhattacharya, C.; Ganesh, N.; Bailey, L.; Basse, P.; Gibson, M.; Epperly, M.; Levina, V. Non-small cell lung 

cancer cells survived ionizing radiation treatment display cancer stem cell and epithelial-mesenchymal transition phenotypes. 
Molecular cancer 2013, 12, 94, doi:10.1186/1476-4598-12-94. 

8. Clarke, M.F.; Fuller, M. Stem cells and cancer: two faces of eve. Cell 2006, 124, 1111-1115, doi:10.1016/j.cell.2006.03.011. 
9. Reya, T.; Morrison, S.J.; Clarke, M.F.; Weissman, I.L. Stem cells, cancer, and cancer stem cells. Nature 2001, 414, 105-111, 

doi:10.1038/35102167. 
10. Zhang, S.; Mercado-Uribe, I.; Xing, Z.; Sun, B.; Kuang, J.; Liu, J. Generation of cancer stem-like cells through the formation of 

polyploid giant cancer cells. Oncogene 2014, 33, 116-128, doi:10.1038/onc.2013.96. 
11. Diaz-Carballo, D.; Saka, S.; Klein, J.; Rennkamp, T.; Acikelli, A.H.; Malak, S.; Jastrow, H.; Wennemuth, G.; Tempfer, C.; 

Schmitz, I., et al. A Distinct Oncogenerative Multinucleated Cancer Cell Serves as a Source of Stemness and Tumor 
Heterogeneity. Cancer Res 2018, 78, 2318-2331, doi:10.1158/0008-5472.CAN-17-1861. 

12. Glassmann, A.; Carrillo Garcia, C.; Janzen, V.; Kraus, D.; Veit, N.; Winter, J.; Probstmeier, R. Staurosporine Induces the 
Generation of Polyploid Giant Cancer Cells in Non-Small-Cell Lung Carcinoma A549 Cells. Anal Cell Pathol (Amst) 2018, 2018, 
1754085, doi:10.1155/2018/1754085. 

13. Gomes, C.J.; Centuori, S.M.; Harman, M.W.; Putnam, C.W.; Wolgemuth, C.W.; Martinez, J.D. The induction of 
endoreduplication and polyploidy by elevated expression of 14-3-3gamma. Genes Cancer 2017, 8, 771-783, 
doi:10.18632/genesandcancer.161. 

14. Elmore, L.W.; Di, X.; Dumur, C.; Holt, S.E.; Gewirtz, D.A. Evasion of a single-step, chemotherapy-induced senescence in breast 
cancer cells: implications for treatment response. Clin Cancer Res 2005, 11, 2637-2643, doi:10.1158/1078-0432.CCR-04-1462. 



Int. J. Mol. Sci. 2021, 22, 2369 21 of 24 
 

 

15. Ianzini, F.; Kosmacek, E.A.; Nelson, E.S.; Napoli, E.; Erenpreisa, J.; Kalejs, M.; Mackey, M.A. Activation of meiosis-specific 
genes is associated with depolyploidization of human tumor cells following radiation-induced mitotic catastrophe. Cancer Res 
2009, 69, 2296-2304, doi:10.1158/0008-5472.CAN-08-3364. 

16. Niu, N.; Mercado-Uribe, I.; Liu, J. Dedifferentiation into blastomere-like cancer stem cells via formation of polyploid giant 
cancer cells. Oncogene 2017, 36, 4887-4900, doi:10.1038/onc.2017.72. 

17. Lagadec, C.; Vlashi, E.; Della Donna, L.; Dekmezian, C.; Pajonk, F. Radiation-induced reprogramming of breast cancer cells. 
Stem Cells 2012, 30, 833-844, doi:10.1002/stem.1058. 

18. Salmina, K.; Jankevics, E.; Huna, A.; Perminov, D.; Radovica, I.; Klymenko, T.; Ivanov, A.; Jascenko, E.; Scherthan, H.; Cragg, 
M., et al. Up-regulation of the embryonic self-renewal network through reversible polyploidy in irradiated p53-mutant tumour 
cells. Exp Cell Res 2010, 316, 2099-2112, doi:10.1016/j.yexcr.2010.04.030. 

19. Lee, S.Y.; Jeong, E.K.; Ju, M.K.; Jeon, H.M.; Kim, M.Y.; Kim, C.H.; Park, H.G.; Han, S.I.; Kang, H.S. Induction of metastasis, 
cancer stem cell phenotype, and oncogenic metabolism in cancer cells by ionizing radiation. Molecular cancer 2017, 16, 10, 
doi:10.1186/s12943-016-0577-4. 

20. King, H.O.; Brend, T.; Payne, H.L.; Wright, A.; Ward, T.A.; Patel, K.; Egnuni, T.; Stead, L.F.; Patel, A.; Wurdak, H., et al. RAD51 
Is a Selective DNA Repair Target to Radiosensitize Glioma Stem Cells. Stem cell reports 2017, 8, 125-139, 
doi:10.1016/j.stemcr.2016.12.005. 

21. Desai, A.; Webb, B.; Gerson, S.L. CD133+ cells contribute to radioresistance via altered regulation of DNA repair genes in 
human lung cancer cells. Radiotherapy and oncology : journal of the European Society for Therapeutic Radiology and Oncology 2014, 
110, 538-545, doi:10.1016/j.radonc.2013.10.040. 

22. Toulany, M. Targeting DNA Double-Strand Break Repair Pathways to Improve Radiotherapy Response. Genes 2019, 10, 
doi:10.3390/genes10010025. 

23. Babayan, N.; Vorobyeva, N.; Grigoryan, B.; Grekhova, A.; Pustovalova, M.; Rodneva, S.; Fedotov, Y.; Tsakanova, G.; 
Aroutiounian, R.; Osipov, A. Low Repair Capacity of DNA Double-Strand Breaks Induced by Laser-Driven Ultrashort Electron 
Beams in Cancer Cells. International journal of molecular sciences 2020, 21, doi:10.3390/ijms21249488. 

24. Sorokin, M.; Kholodenko, R.; Grekhova, A.; Suntsova, M.; Pustovalova, M.; Vorobyeva, N.; Kholodenko, I.; Malakhova, G.; 
Garazha, A.; Nedoluzhko, A., et al. Acquired resistance to tyrosine kinase inhibitors may be linked with the decreased 
sensitivity to X-ray irradiation. Oncotarget 2018, 9, 5111-5124, doi:10.18632/oncotarget.23700. 

25. Seol, J.H.; Shim, E.Y.; Lee, S.E. Microhomology-mediated end joining: Good, bad and ugly. Mutation research 2018, 809, 81-87, 
doi:10.1016/j.mrfmmm.2017.07.002. 

26. Lahiri, S.; Jensen, R.B. DNA Strand Exchange to Monitor Human RAD51-Mediated Strand Invasion and Pairing. Methods in 
molecular biology 2021, 2153, 101-113, doi:10.1007/978-1-0716-0644-5_8. 

27. Kakarougkas, A.; Jeggo, P.A. DNA DSB repair pathway choice: an orchestrated handover mechanism. The British journal of 
radiology 2014, 87, 20130685, doi:10.1259/bjr.20130685. 

28. Jeggo, P.A.; Lobrich, M. How cancer cells hijack DNA double-strand break repair pathways to gain genomic instability. The 
Biochemical journal 2015, 471, 1-11, doi:10.1042/BJ20150582. 

29. Ruiz, G.; Valencia-Gonzalez, H.A.; Leon-Galicia, I.; Garcia-Villa, E.; Garcia-Carranca, A.; Gariglio, P. Inhibition of RAD51 by 
siRNA and Resveratrol Sensitizes Cancer Stem Cells Derived from HeLa Cell Cultures to Apoptosis. Stem cells international 
2018, 2018, 2493869, doi:10.1155/2018/2493869. 

30. Short, S.C.; Giampieri, S.; Worku, M.; Alcaide-German, M.; Sioftanos, G.; Bourne, S.; Lio, K.I.; Shaked-Rabi, M.; Martindale, C. 
Rad51 inhibition is an effective means of targeting DNA repair in glioma models and CD133+ tumor-derived cells. 
Neuro-oncology 2011, 13, 487-499, doi:10.1093/neuonc/nor010. 

31. Zhang, X.; Ma, N.; Yao, W.; Li, S.; Ren, Z. RAD51 is a potential marker for prognosis and regulates cell proliferation in 
pancreatic cancer. Cancer cell international 2019, 19, 356, doi:10.1186/s12935-019-1077-6. 

32. Tennstedt, P.; Fresow, R.; Simon, R.; Marx, A.; Terracciano, L.; Petersen, C.; Sauter, G.; Dikomey, E.; Borgmann, K. RAD51 
overexpression is a negative prognostic marker for colorectal adenocarcinoma. International journal of cancer 2013, 132, 
2118-2126, doi:10.1002/ijc.27907. 

33. Budke, B.; Lv, W.; Kozikowski, A.P.; Connell, P.P. Recent Developments Using Small Molecules to Target RAD51: How to Best 
Modulate RAD51 for Anticancer Therapy? ChemMedChem 2016, 11, 2468-2473, doi:10.1002/cmdc.201600426. 

34. Aihara, H.; Ito, Y.; Kurumizaka, H.; Yokoyama, S.; Shibata, T. The N-terminal domain of the human Rad51 protein binds DNA: 
structure and a DNA binding surface as revealed by NMR. Journal of molecular biology 1999, 290, 495-504, 
doi:10.1006/jmbi.1999.2904. 

35. Bearss, D.J.; Lee, R.J.; Troyer, D.A.; Pestell, R.G.; Windle, J.J. Differential effects of p21(WAF1/CIP1) deficiency on MMTV-ras 
and MMTV-myc mammary tumor properties. Cancer research 2002, 62, 2077-2084. 

36. Nazio, F.; Bordi, M.; Cianfanelli, V.; Locatelli, F.; Cecconi, F. Autophagy and cancer stem cells: molecular mechanisms and 
therapeutic applications. Cell death and differentiation 2019, 26, 690-702, doi:10.1038/s41418-019-0292-y. 

37. Scherz-Shouval, R.; Weidberg, H.; Gonen, C.; Wilder, S.; Elazar, Z.; Oren, M. p53-dependent regulation of autophagy protein 
LC3 supports cancer cell survival under prolonged starvation. Proceedings of the National Academy of Sciences of the United States 
of America 2010, 107, 18511-18516, doi:10.1073/pnas.1006124107. 



Int. J. Mol. Sci. 2021, 22, 2369 22 of 24 
 

 

38. Pustovalova, M.; Alhaddad, L.; Smetanina, N.; Chigasova, A.; Blokhina, T.; Chuprov-Netochin, R.; Osipov, A.N.; Leonov, S. 
The p53-53BP1-Related Survival of A549 and H1299 Human Lung Cancer Cells after Multifractionated Radiotherapy 
Demonstrated Different Response to Additional Acute X-ray Exposure. Int J Mol Sci 2020, 21, doi:10.3390/ijms21093342. 

39. Lin, S.Q.; Jia, F.J.; Zhang, C.Y.; Liu, F.Y.; Ma, J.H.; Han, Z.; Xie, W.D.; Li, X. Actinomycin V Suppresses Human Non-Small-Cell 
Lung Carcinoma A549 Cells by Inducing G2/M Phase Arrest and Apoptosis via the p53-Dependent Pathway. Marine drugs 
2019, 17, doi:10.3390/md17100572. 

40. Zhang, H.Y.; Gu, Y.Y.; Li, Z.G.; Jia, Y.H.; Yuan, L.; Li, S.Y.; An, G.S.; Ni, J.H.; Jia, H.T. Exposure of human lung cancer cells to 
8-chloro-adenosine induces G2/M arrest and mitotic catastrophe. Neoplasia 2004, 6, 802-812, doi:10.1593/neo.04247. 

41. Fernandez-Aroca, D.M.; Roche, O.; Sabater, S.; Pascual-Serra, R.; Ortega-Muelas, M.; Sanchez Perez, I.; Belandia, B.; 
Ruiz-Hidalgo, M.J.; Sanchez-Prieto, R. P53 pathway is a major determinant in the radiosensitizing effect of Palbociclib: 
Implication in cancer therapy. Cancer letters 2019, 451, 23-33, doi:10.1016/j.canlet.2019.02.049. 

42. Grekhova, A.K.; Pustovalova, M.V.; Eremin, P.S.; Ozerov, I.V.; Maksimova, O.A.; Gordeev, A.V.; Vorobyeva, N.Y.; Osipov, 
A.N. Evaluation of the Contribution of Homologous Recombination in DNA Double-Strand Break Repair in Human 
Fibroblasts after Exposure to Low and Intermediate Doses of X-ray Radiation. Biology Bulletin 2019, 46, 1496-1502, 
doi:10.1134/S1062359019110037. 

43. Scheel, C.; Weinberg, R.A. Cancer stem cells and epithelial-mesenchymal transition: concepts and molecular links. Seminars in 
cancer biology 2012, 22, 396-403, doi:10.1016/j.semcancer.2012.04.001. 

44. Shibue, T.; Weinberg, R.A. EMT, CSCs, and drug resistance: the mechanistic link and clinical implications. Nature reviews. 
Clinical oncology 2017, 14, 611-629, doi:10.1038/nrclinonc.2017.44. 

45. Schulz, A.; Meyer, F.; Dubrovska, A.; Borgmann, K. Cancer Stem Cells and Radioresistance: DNA Repair and Beyond. Cancers 
2019, 11, doi:10.3390/cancers11060862. 

46. de Jong, M.C.; Ten Hoeve, J.J.; Grenman, R.; Wessels, L.F.; Kerkhoven, R.; Te Riele, H.; van den Brekel, M.W.; Verheij, M.; Begg, 
A.C. Pretreatment microRNA Expression Impacting on Epithelial-to-Mesenchymal Transition Predicts Intrinsic 
Radiosensitivity in Head and Neck Cancer Cell Lines and Patients. Clinical cancer research : an official journal of the American 
Association for Cancer Research 2015, 21, 5630-5638, doi:10.1158/1078-0432.CCR-15-0454. 

47. Zhou, S.; Zhang, M.; Zhou, C.; Wang, W.; Yang, H.; Ye, W. The role of epithelial-mesenchymal transition in regulating 
radioresistance. Critical reviews in oncology/hematology 2020, 150, 102961, doi:10.1016/j.critrevonc.2020.102961. 

48. Leung, E.L.; Fiscus, R.R.; Tung, J.W.; Tin, V.P.; Cheng, L.C.; Sihoe, A.D.; Fink, L.M.; Ma, Y.; Wong, M.P. Non-small cell lung 
cancer cells expressing CD44 are enriched for stem cell-like properties. PloS one 2010, 5, e14062, 
doi:10.1371/journal.pone.0014062. 

49. Davis, A.J.; Chen, B.P.; Chen, D.J. DNA-PK: a dynamic enzyme in a versatile DSB repair pathway. DNA repair 2014, 17, 21-29, 
doi:10.1016/j.dnarep.2014.02.020. 

50. Chen, B.P.; Chan, D.W.; Kobayashi, J.; Burma, S.; Asaithamby, A.; Morotomi-Yano, K.; Botvinick, E.; Qin, J.; Chen, D.J. Cell 
cycle dependence of DNA-dependent protein kinase phosphorylation in response to DNA double strand breaks. The Journal of 
biological chemistry 2005, 280, 14709-14715, doi:10.1074/jbc.M408827200. 

51. Yun, C.W.; Lee, S.H. The Roles of Autophagy in Cancer. International journal of molecular sciences 2018, 19, 
doi:10.3390/ijms19113466. 

52. Fei, P.; El-Deiry, W.S. P53 and radiation responses. Oncogene 2003, 22, 5774-5783, doi:10.1038/sj.onc.1206677. 
53. Cufi, S.; Vazquez-Martin, A.; Oliveras-Ferraros, C.; Martin-Castillo, B.; Vellon, L.; Menendez, J.A. Autophagy positively 

regulates the CD44(+) CD24(-/low) breast cancer stem-like phenotype. Cell cycle 2011, 10, 3871-3885, doi:10.4161/cc.10.22.17976. 
54. Maycotte, P.; Jones, K.L.; Goodall, M.L.; Thorburn, J.; Thorburn, A. Autophagy Supports Breast Cancer Stem Cell Maintenance 

by Regulating IL6 Secretion. Mol Cancer Res 2015, 13, 651-658, doi:10.1158/1541-7786.MCR-14-0487. 
55. Marcucci, F.; Ghezzi, P.; Rumio, C. The role of autophagy in the cross-talk between epithelial-mesenchymal transitioned tumor 

cells and cancer stem-like cells. Mol Cancer 2017, 16, 3, doi:10.1186/s12943-016-0573-8. 
56. Tanida, I.; Ueno, T.; Kominami, E. LC3 conjugation system in mammalian autophagy. The international journal of biochemistry & 

cell biology 2004, 36, 2503-2518, doi:10.1016/j.biocel.2004.05.009. 
57. Yan, X.; Luo, H.; Zhou, X.; Zhu, B.; Wang, Y.; Bian, X. Identification of CD90 as a marker for lung cancer stem cells in A549 and 

H446 cell lines. Oncology reports 2013, 30, 2733-2740, doi:10.3892/or.2013.2784. 
58. Sterlacci, W.; Savic, S.; Fiegl, M.; Obermann, E.; Tzankov, A. Putative stem cell markers in non-small-cell lung cancer: a 

clinicopathologic characterization. Journal of thoracic oncology : official publication of the International Association for the Study of 
Lung Cancer 2014, 9, 41-49, doi:10.1097/JTO.0000000000000021. 

59. Kidd, M.E.; Shumaker, D.K.; Ridge, K.M. The role of vimentin intermediate filaments in the progression of lung cancer. Am J 
Respir Cell Mol Biol 2014, 50, 1-6, doi:10.1165/rcmb.2013-0314TR. 

60. Hu, L.; Lau, S.H.; Tzang, C.H.; Wen, J.M.; Wang, W.; Xie, D.; Huang, M.; Wang, Y.; Wu, M.C.; Huang, J.F., et al. Association of 
Vimentin overexpression and hepatocellular carcinoma metastasis. Oncogene 2004, 23, 298-302, doi:10.1038/sj.onc.1206483. 

61. Schubert, J.; Brabletz, T. p53 Spreads out further: suppression of EMT and stemness by activating miR-200c expression. Cell Res 
2011, 21, 705-707, doi:10.1038/cr.2011.62. 

62. Chang, C.J.; Chao, C.H.; Xia, W.; Yang, J.Y.; Xiong, Y.; Li, C.W.; Yu, W.H.; Rehman, S.K.; Hsu, J.L.; Lee, H.H., et al. p53 regulates 
epithelial-mesenchymal transition and stem cell properties through modulating miRNAs. Nat Cell Biol 2011, 13, 317-323, 
doi:10.1038/ncb2173. 



Int. J. Mol. Sci. 2021, 22, 2369 23 of 24 
 

 

63. Keck, T.; Brabletz, T. Under stress: p53 controls EMT and stemness in pancreatic epithelial cells. Cell Cycle 2011, 10, 1715, 
doi:10.4161/cc.10.11.15645. 

64. Helfand, B.T.; Mendez, M.G.; Murthy, S.N.; Shumaker, D.K.; Grin, B.; Mahammad, S.; Aebi, U.; Wedig, T.; Wu, Y.I.; Hahn, 
K.M., et al. Vimentin organization modulates the formation of lamellipodia. Mol Biol Cell 2011, 22, 1274-1289, 
doi:10.1091/mbc.E10-08-0699. 

65. Shahhoseini, E.; Feltis, B.N.; Nakayama, M.; Piva, T.J.; Pouniotis, D.; Alghamdi, S.S.; Geso, M. Combined Effects of Gold 
Nanoparticles and Ionizing Radiation on Human Prostate and Lung Cancer Cell Migration. International journal of molecular 
sciences 2019, 20, doi:10.3390/ijms20184488. 

66. Tsutsumi, K.; Tsuda, M.; Yazawa, N.; Nakamura, H.; Ishihara, S.; Haga, H.; Yasuda, M.; Yamazaki, R.; Shirato, H.; Kawaguchi, 
H., et al. Increased motility and invasiveness in tumor cells that survive 10 Gy irradiation. Cell Struct Funct 2009, 34, 89-96, 
doi:10.1247/csf.09006. 

67. Moncharmont, C.; Levy, A.; Guy, J.B.; Falk, A.T.; Guilbert, M.; Trone, J.C.; Alphonse, G.; Gilormini, M.; Ardail, D.; Toillon, 
R.A., et al. Radiation-enhanced cell migration/invasion process: a review. Crit Rev Oncol Hematol 2014, 92, 133-142, 
doi:10.1016/j.critrevonc.2014.05.006. 

68. Akino, Y.; Teshima, T.; Kihara, A.; Kodera-Suzumoto, Y.; Inaoka, M.; Higashiyama, S.; Furusawa, Y.; Matsuura, N. Carbon-ion 
beam irradiation effectively suppresses migration and invasion of human non-small-cell lung cancer cells. Int J Radiat Oncol Biol 
Phys 2009, 75, 475-481, doi:10.1016/j.ijrobp.2008.12.090. 

69. Ogata, T.; Teshima, T.; Inaoka, M.; Minami, K.; Tsuchiya, T.; Isono, M.; Furusawa, Y.; Matsuura, N. Carbon ion irradiation 
suppresses metastatic potential of human non-small cell lung cancer A549 cells through the phosphatidylinositol-3-kinase/Akt 
signaling pathway. J Radiat Res 2011, 52, 374-379, doi:10.1269/jrr.10102. 

70. Rothkamm, K.; Kruger, I.; Thompson, L.H.; Lobrich, M. Pathways of DNA double-strand break repair during the mammalian 
cell cycle. Molecular and cellular biology 2003, 23, 5706-5715, doi:10.1128/mcb.23.16.5706-5715.2003. 

71. Wang, H.; Wang, M.; Wang, H.; Bocker, W.; Iliakis, G. Complex H2AX phosphorylation patterns by multiple kinases including 
ATM and DNA-PK in human cells exposed to ionizing radiation and treated with kinase inhibitors. J Cell Physiol 2005, 202, 
492-502, doi:10.1002/jcp.20141. 

72. Ulyanenko, S.; Pustovalova, M.; Koryakin, S.; Beketov, E.; Lychagin, A.; Ulyanenko, L.; Kaprin, A.; Grekhova, A.; A., M.O.; I., 
V.O., et al. Formation of gammaH2AX and pATM Foci in Human Mesenchymal Stem Cells Exposed to Low Dose-Rate 
Gamma-Radiation. Int J Mol Sci 2019, 20, doi:10.3390/ijms20112645. 

73. Yoshikawa, T.; Kashino, G.; Ono, K.; Watanabe, M. Phosphorylated H2AX foci in tumor cells have no correlation with their 
radiation sensitivities. J Radiat Res 2009, 50, 151-160, doi:10.1269/jrr.08109. 

74. Pustovalova, M.; Grekhova, A.; Astrelina capital Te, C.; Nikitina, V.; Dobrovolskaya, E.; Suchkova, Y.; Kobzeva, I.; 
Usupzhanova, D.; Vorobyeva, N.; Samoylov, A., et al. Accumulation of spontaneous gammaH2AX foci in long-term cultured 
mesenchymal stromal cells. Aging 2016, 8, 3498-3506, doi:10.18632/aging.101142. 

75. Matsuoka, S.; Ballif, B.A.; Smogorzewska, A.; McDonald, E.R., 3rd; Hurov, K.E.; Luo, J.; Bakalarski, C.E.; Zhao, Z.; Solimini, N.; 
Lerenthal, Y., et al. ATM and ATR substrate analysis reveals extensive protein networks responsive to DNA damage. Science 
2007, 316, 1160-1166, doi:10.1126/science.1140321. 

76. Olive, P.L.; Banath, J.P. Phosphorylation of histone H2AX as a measure of radiosensitivity. Int J Radiat Oncol Biol Phys 2004, 58, 
331-335, doi:10.1016/j.ijrobp.2003.09.028. 

77. Banath, J.P.; Klokov, D.; MacPhail, S.H.; Banuelos, C.A.; Olive, P.L. Residual gammaH2AX foci as an indication of lethal DNA 
lesions. BMC Cancer 2010, 10, 4, doi:10.1186/1471-2407-10-4. 

78. Yang, S.Y.; Li, Y.; An, G.S.; Ni, J.H.; Jia, H.T.; Li, S.Y. DNA Damage-Response Pathway Heterogeneity of Human Lung Cancer 
A549 and H1299 Cells Determines Sensitivity to 8-Chloro-Adenosine. International journal of molecular sciences 2018, 19, 
doi:10.3390/ijms19061587. 

79. Hannay, J.A.; Liu, J.; Zhu, Q.S.; Bolshakov, S.V.; Li, L.; Pisters, P.W.; Lazar, A.J.; Yu, D.; Pollock, R.E.; Lev, D. Rad51 
overexpression contributes to chemoresistance in human soft tissue sarcoma cells: a role for p53/activator protein 2 
transcriptional regulation. Molecular cancer therapeutics 2007, 6, 1650-1660, doi:10.1158/1535-7163.MCT-06-0636. 

80. Lin, Y.L.; Sengupta, S.; Gurdziel, K.; Bell, G.W.; Jacks, T.; Flores, E.R. p63 and p73 transcriptionally regulate genes involved in 
DNA repair. PLoS genetics 2009, 5, e1000680, doi:10.1371/journal.pgen.1000680. 

81. Jiang, P.; Du, W.; Yang, X. A critical role of glucose-6-phosphate dehydrogenase in TAp73-mediated cell proliferation. Cell cycle 
2013, 12, 3720-3726, doi:10.4161/cc.27267. 

82. Dar, A.A.; Belkhiri, A.; Ecsedy, J.; Zaika, A.; El-Rifai, W. Aurora kinase A inhibition leads to p73-dependent apoptosis in 
p53-deficient cancer cells. Cancer research 2008, 68, 8998-9004, doi:10.1158/0008-5472.CAN-08-2658. 

83. Liu, Y.; Burness, M.L.; Martin-Trevino, R.; Guy, J.; Bai, S.; Harouaka, R.; Brooks, M.D.; Shang, L.; Fox, A.; Luther, T.K., et al. 
RAD51 Mediates Resistance of Cancer Stem Cells to PARP Inhibition in Triple-Negative Breast Cancer. Clinical cancer research : 
an official journal of the American Association for Cancer Research 2017, 23, 514-522, doi:10.1158/1078-0432.CCR-15-1348. 

84. Valencia-Gonzalez, H.A.; Ruiz, G.; Ortiz-Sanchez, E.; Garcia-Carranca, A. Cancer Stem Cells from Tumor Cell Lines Activate 
the DNA Damage Response Pathway after Ionizing Radiation More Efficiently Than Noncancer Stem Cells. Stem cells 
international 2019, 2019, 7038953, doi:10.1155/2019/7038953. 

85. Sneath, R.J.; Mangham, D.C. The normal structure and function of CD44 and its role in neoplasia. Molecular pathology : MP 1998, 
51, 191-200, doi:10.1136/mp.51.4.191. 



Int. J. Mol. Sci. 2021, 22, 2369 24 of 24 
 

 

86. Shrivastav, M.; De Haro, L.P.; Nickoloff, J.A. Regulation of DNA double-strand break repair pathway choice. Cell Res 2008, 18, 
134-147, doi:10.1038/cr.2007.111. 

87. Chan, D.W.; Chen, B.P.; Prithivirajsingh, S.; Kurimasa, A.; Story, M.D.; Qin, J.; Chen, D.J. Autophosphorylation of the 
DNA-dependent protein kinase catalytic subunit is required for rejoining of DNA double-strand breaks. Genes & development 
2002, 16, 2333-2338, doi:10.1101/gad.1015202. 

88. Ding, Q.; Reddy, Y.V.; Wang, W.; Woods, T.; Douglas, P.; Ramsden, D.A.; Lees-Miller, S.P.; Meek, K. Autophosphorylation of 
the catalytic subunit of the DNA-dependent protein kinase is required for efficient end processing during DNA double-strand 
break repair. Molecular and cellular biology 2003, 23, 5836-5848, doi:10.1128/mcb.23.16.5836-5848.2003. 

89. Davis, A.J.; Chi, L.; So, S.; Lee, K.J.; Mori, E.; Fattah, K.; Yang, J.; Chen, D.J. BRCA1 modulates the autophosphorylation status 
of DNA-PKcs in S phase of the cell cycle. Nucleic acids research 2014, 42, 11487-11501, doi:10.1093/nar/gku824. 

90. Allen, C.; Halbrook, J.; Nickoloff, J.A. Interactive competition between homologous recombination and non-homologous end 
joining. Mol Cancer Res 2003, 1, 913-920. 

91. Menolfi, D.; Zha, S. ATM, ATR and DNA-PKcs kinases-the lessons from the mouse models: inhibition not equal deletion. Cell 
Biosci 2020, 10, 8, doi:10.1186/s13578-020-0376-x. 

92. Stiff, T.; O’Driscoll, M.; Rief, N.; Iwabuchi, K.; Lobrich, M.; Jeggo, P.A. ATM and DNA-PK function redundantly to 
phosphorylate H2AX after exposure to ionizing radiation. Cancer Res 2004, 64, 2390-2396, doi:10.1158/0008-5472.can-03-3207. 

93. Wang, Y.; Xu, H.; Liu, T.; Huang, M.; Butter, P.P.; Li, C.; Zhang, L.; Kao, G.D.; Gong, Y.; Maity, A., et al. Temporal DNA-PK 
activation drives genomic instability and therapy resistance in glioma stem cells. JCI insight 2018, 3, 
doi:10.1172/jci.insight.98096. 

94. Warr, M.R.; Binnewies, M.; Flach, J.; Reynaud, D.; Garg, T.; Malhotra, R.; Debnath, J.; Passegue, E. FOXO3A directs a protective 
autophagy program in haematopoietic stem cells. Nature 2013, 494, 323-327, doi:10.1038/nature11895. 

95. Oliver, L.; Hue, E.; Priault, M.; Vallette, F.M. Basal autophagy decreased during the differentiation of human adult 
mesenchymal stem cells. Stem cells and development 2012, 21, 2779-2788, doi:10.1089/scd.2012.0124. 

96. Lomonaco, S.L.; Finniss, S.; Xiang, C.; Decarvalho, A.; Umansky, F.; Kalkanis, S.N.; Mikkelsen, T.; Brodie, C. The induction of 
autophagy by gamma-radiation contributes to the radioresistance of glioma stem cells. International journal of cancer 2009, 125, 
717-722, doi:10.1002/ijc.24402. 

97. Shvets, E.; Fass, E.; Scherz-Shouval, R.; Elazar, Z. The N-terminus and Phe52 residue of LC3 recruit p62/SQSTM1 into 
autophagosomes. Journal of cell science 2008, 121, 2685-2695, doi:10.1242/jcs.026005. 

98. Wang, J.; Liu, D.; Sun, Z.; Ye, T.; Li, J.; Zeng, B.; Zhao, Q.; Rosie Xing, H. Autophagy augments the self-renewal of lung cancer 
stem cells by the degradation of ubiquitinated p53. Cell Death Dis 2021, 12, 98, doi:10.1038/s41419-021-03392-6. 

99. Xu, J.; Patel, N.H.; Saleh, T.; Cudjoe, E.K., Jr.; Alotaibi, M.; Wu, Y.; Lima, S.; Hawkridge, A.M.; Gewirtz, D.A. Differential 
Radiation Sensitivity in p53 Wild-Type and p53-Deficient Tumor Cells Associated with Senescence but not Apoptosis or 
(Nonprotective) Autophagy. Radiat Res 2018, 190, 538-557, doi:10.1667/RR15099.1. 

100. Patel, N.H.; Sohal, S.S.; Manjili, M.H.; Harrell, J.C.; Gewirtz, D.A. The Roles of Autophagy and Senescence in the Tumor Cell 
Response to Radiation. Radiat Res 2020, 194, 103-115, doi:10.1667/RADE-20-00009. 

101. Bustos, S.O.; Antunes, F.; Rangel, M.C.; Chammas, R. Emerging Autophagy Functions Shape the Tumor Microenvironment 
and Play a Role in Cancer Progression - Implications for Cancer Therapy. Front Oncol 2020, 10, 606436, 
doi:10.3389/fonc.2020.606436. 

102. Borowicz, S.; Van Scoyk, M.; Avasarala, S.; Karuppusamy Rathinam, M.K.; Tauler, J.; Bikkavilli, R.K.; Winn, R.A. The soft agar 
colony formation assay. J Vis Exp 2014, 10.3791/51998, e51998, doi:10.3791/51998. 

103. Tsvetkova, A.; Ozerov, I.V.; Pustovalova, M.; Grekhova, A.; Eremin, P.; Vorobyeva, N.; Eremin, I.; Pulin, A.; Zorin, V.; Kopnin, 
P., et al. gammaH2AX, 53BP1 and Rad51 protein foci changes in mesenchymal stem cells during prolonged X-ray irradiation. 
Oncotarget 2017, 8, 64317-64329, doi:10.18632/oncotarget.19203. 

104. Osipov, A.N.; Grekhova, A.; Pustovalova, M.; Ozerov, I.V.; Eremin, P.; Vorobyeva, N.; Lazareva, N.; Pulin, A.; Zhavoronkov, 
A.; Roumiantsev, S., et al. Activation of homologous recombination DNA repair in human skin fibroblasts continuously 
exposed to X-ray radiation. Oncotarget 2015, 6, 26876-26885, doi:10.18632/oncotarget.4946. 


