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Background: Acquired radioresistant cells exhibit many characteristic changes which may influence 
cancer progression and further treatment options. The purpose of this study is to investigate the changes 
of radioresistant human epidermal growth factor receptor 2 (HER2)-positive breast cancer cells on both 
phenotypic and molecular levels.
Methods: We established an acquired radioresistant cell line from its parental NF639 cell line (HER2-
positive) by fractionated radiation and assessed changes in cellular morphology, proliferation, migration, 
anti-apoptosis activity, basal reactive oxygen species (ROS) level and energy metabolism. RNA-sequencing 
(RNA-seq) was also used to reveal the potential regulating genes and molecular mechanisms associated with 
the acquired changed phenotypes. Real-time PCR was used to validate the results of RNA-seq.
Results: The NF639R cells exhibited increased radioresistance and enhanced activity of proliferation, 
migration and anti-apoptosis, but decreased basal ROS. Two main energy metabolism pathways, 
mitochondrial respiration and glycolytic, were also upregulated. Furthermore, 490 differentially expressed 
genes were identified by RNA-seq. Enrichment analysis based on Gene Ontology and Kyoto Encyclopedia 
of Genes and Genomes showed many differently expressed genes were significantly enriched in cell 
morphology, proliferation, migration, anti-apoptosis, antioxidation, tumor stem cells and energy metabolism 
and the signaling cascades such as the transforming growth factor-β, Wnt, Hedgehog, vascular endothelial 
growth factor, retinoic acid-inducible gene I (RIG-I)-like receptor, Toll-like receptor and nucleotide 
oligomerization domain (NOD)-like receptor were significantly altered in NF639R cells.
Conclusions: In clinical radiotherapy, repeat radiotherapy for short-term recurrence of breast cancer 
may result in enhanced radioresistance and promote malignant progression. Our research provided hints to 
understand the tumor resistance to radiotherapy de novo and recurrence with a worse prognosis following 
radiotherapy.
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Introduction

Breast cancer has been identified as a leading cause of 
cancer death among women, accounting for about 500,000 
deaths per year (1). Surgery, radiation and adjuvant systemic 
therapies (chemotherapy, endocrine therapy and tissue-
targeted therapies) are common treatments for breast 
cancer (2). Radiotherapy (RT) is usually used to shrink large 
tumors before surgery or kill the postoperative residual 
breast cancer cells. However, different breast cancer 
subtypes respond differently to RT. Human epidermal 
growth factor receptor 2 (HER2)-positive tumors accounts 
for about 15–20% of breast cancers and has been reported 
to show much more radioresistance than HER2-negative 
breast cancer in clinical radiotherapy (3-5). Accumulating 
evidence suggests that overexpression of HER2 confers 
to the radioresistance mediated by activating NF-κB and 
PI3K/Akt pathway, promoting epithelial-to-mesenchymal 
transition or acquiring a stem cell phenotype. However, 
radioresistance of HER2-positive breast cancer still cannot 
be fully explained by current known mechanisms.

Substant ia l  progress  has  been made in  cancer 
radiotherapy, but radioresistance remains a main obstacle 
to the effective treatment (6). In clinical radiotherapy, 
radiotherapy occasionally is not effectively to inhibit tumor 
regression and accelerated reproliferation is also usually 
observed at the late course of radiation (7). Even though 
tumors almost completely disappeared on the medical 
images after radiotherapy, the residual tumor cells which 
are undetectable using conventional diagnostic procedures 
sometimes remained viable.  In fact,  repopulating 
tumors initiating from these residual cells often acquire 
radioresistance, which is an important cause of radiotherapy 
failure (8). Meanwhile, acquired radioresistance leads 
to massive differences in biological properties between 
the resistant cells and their parent cells. Previous studies 
have shown that acquired radioresistance cells undergo 
characteristic changes including accelerated repopulation, 
enhanced migration and invasion and increased anti-
apoptosis activity (9-11). In addition, accumulated evidence 
suggests that alterations in metabolism after irradiation are 
associated with the acquisition of radioresistance and play 
an important role in tumor metastasis and tolerance (12,13). 
It is necessary to profile the characteristic changes in the 
cells with acquired radioresistance.

As far as we know, acquired radioresistance usually results 
from a combination of multiple signaling pathways in 
response to radiation. However, it is difficult to identify the 

key effectors in these comprehensive signaling pathways. 
Moreover, changes after irradiation in biological functions 
including cellular proliferation, migration, invasion and 
apoptosis also usually boil down to changes in the gene 
expression profile (9,11,14). Based on the technique RNA-
seq (RNA-Sequencing) which can precisely measure 
transcripts and their isoforms levels, the involved signal 
pathway molecules can be identified at the same time. The 
RNA-seq technique has been used to investigate radiation-
responsive genes. Ma et al. identified 1656 significantly 
changed genes in response to radiation with RNA-seq and 
these genes are enriched in various biological pathways 
including cell cycle arrest, DNA replication, DNA repair 
and apoptosis (15). Young et al. also found several genes 
associated with DNA damage repair, which play an 
important role in radioresistance (16).

In this study, a radioresistant breast cancer cell line 
(NF639R) was established from Her-2/neu-overexpressing 
NF639 cells by simulating clinical routine radiotherapy. 
Some properties of radioresistant cells were described as 
follows: (I) a series of morphological changes including 
smaller  and longer cel l  bodies  and more s lender 
pseudopodia were observed; (II) activities of proliferation, 
anti-apoptosis and migration were enhanced, but the basal 
level of ROS (reactive oxygen species) was decreased; 
(III) mitochondrial respiration and glycolytic function 
were increased. Furthermore, a total of 490 differentially 
expressed genes in radioresistant cell lines were identified 
and the possible mechanisms associated with the above 
properties were also explored. In summary, we provided an 
ideal model for studying the identified various properties 
after repeated radiotherapy and preliminarily explored the 
related possible mechanisms. Our study gave new insights 
to tumor recurrence after radiotherapy.

We present the following article in accordance with 
the MDAR reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-4667).

Methods

Cell culture and culture condition

The Her-2/neu–driven mouse breast cancer cell line NF639 
was purchased from American Type Culture Collection 
(Manassas, VA, USA) and maintained in Dulbecco Modified 
Eagle Medium (Cat. No.: C11875500BT, Gibco, USA) 
supplemented with 10% fetal bovine serum (FBS, Cat. No.: 
S711-001S, Lonsera, Uruguay), 100 U/mL penicillin and 
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100 μg/mL streptomycin (Cat. No.: 15140-122, Gibco, 
USA). The cells were incubated at 37 ℃ in a humidified 
atmosphere with 5% CO2 incubator and routinely checked 
for mycoplasma contamination.

X-ray irradiation

The cells were exposed to X-ray (SHINVA 600D) with 
specified doses with a dose rate of 0.189 Gy/min. Before 
irradiation, the culture medium was replaced with fresh 
medium.

Establishment of acquired radioresistant cell line

Radioresistant NF639R cells were developed from their 
parental NF639 cells by simulating clinical routine radiotherapy 
fractionated in 2 Gy per day, 5 days a week. A total dose of  
80 Gy divided into two schedules (total 40 Gy/schedule) with  
4 weeks interval was received over 12 weeks. Briefly, after 
receiving 40 Gy (the first schedule: 20 fractions over 4 weeks), the 
majority of cells died, and then the residual cells were incubated 
for 4 weeks (NF63940 Gy) and subsequently irradiated with  
40 Gy (the second schedule: 20 fractions over 4 weeks)  
(Figure 1A). After 3 months (~30 passages) of culture following 

radiation (total 80 Gy), a radioresistant cell line, named 
NF639R, was established and then used in the follow-up 
experiments. The parental cells were treated in the same manner 
but without irradiation (IR).

Micronucleus assay

The frequency of micronucleus formation was measured 
with the cytokinesis block technique. Cells were trypsinized 
and then seeded at an initial density of 5×104 cells per 
35 mm dish. Cytochalasin B (Cat. No.: C6762, Sigma, 
USA) was added into the culture medium at the final 
concentration of 1.5 μg/mL after 0, 2 or 4 Gy of irradiation. 
At 48 h after irradiation, the cells were fixed in 4% 
paraformaldehyde (Cat. No.: P6148-100G, Sigma, USA) 
for 30 mins and stained with 0.1% acridine orange (Cat. 
No.: A6014, Sigma, USA) solution. At least 1,000 cells were 
examined under a fluorescence microscope (Leica DMI 
4000B, Germany) and only micronuclei in binucleated cells 
were considered for analysis.

Colony formation assay

NRF639 and NRF639R cells were seeded into 60 mm Petri 
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Figure 1 Establishment and verification of resistant cell model. (A) Schedule of irradiation. (B) MN (micronucleus) yields in NF639 and 
NF639R cells after irradiation. (C) Survival curves of NF639 and NF639R cells after exposure to X-rays at the indicated doses. All data are 
presented as the mean ± standard deviation from three independent experiments. *, P<0.05; **, P<0.01.
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dishes in a density of 300 cells per dish. Adherent cells were 
then irradiated with 0, 2, 4, or 6 Gy of X-ray. After 10 days, 
the cells were fixed with 4% paraformaldehyde and stained 
with 1% crystal violet. Colonies containing more than  
50 cells were counted and the plating efficiency and 
surviving fraction (SF) were calculated. The cell survival 
curves were obtained by the single-hit multi-target 
model with Origin 8.0 software (OriginLab Corporation, 
Northampton, MA, USA). Each experiment was performed 
for three times.

Cell proliferation assay

To evaluate the proliferation rate of cells, the cell viability 
was determined with Cell Counter Kit-8 (CCK-8) (Cat. 
No.: CK04-500T, Dojindo, Japan) assay according to the 
manufacturer’s instructions. Briefly, the cells were seeded 
at a density of 4,000 cells per well in a 96-well plate. The 
CCK-8 solution (10 μL) was added into each well and 
incubated at 37 ℃ for 2 h. The optical density (OD) of 
each well at 450 nm was measured on a Varioskan Flash 
microplate reader (Thermo Fisher Scientific, Germany).

Cell migration assay

The cell migration assay was performed in a transwell insert 
with polycarbonate membrane bottom (8.0 μm pore size) 
(Cat. No.: 3422, Corning, NY, USA). Briefly, cells were 
suspended in serum-free medium and seeded into the inner 
chamber (5×104 cells per chamber). The complete growth 
medium was added into the outer chamber. After 12 hours 
of incubation, non-migrating cells on the upside of the 
membrane were carefully removed with a cotton swab and 
the cells migrated through the membrane were fixed and 
stained with 1% crystal violet. The images of stained cells 
were captured with a microscope (100×). In each well, the 
cells in at least 5 randomly selected fields were counted. 
Each experiment was performed in triplicate.

Intracellular ROS detection

The production of intracellular ROS was measured with 
a fluorescent probe, the CELLROX™ DEEP RED (Cat. 
No.: C10422, Thermo Fisher Scientific, Waltham, MA, 
USA), following the manufacturer’s instructions. Briefly, the 
cells were trypsinized and washed with FBS-free DMEM 
medium, followed by incubation with CELLROX™ DEEP 
RED (2.5 μM) for 30 min at 37 ℃ in dark. The cells were 

then collected and washed with PBS. The basal level of 
ROS was determined by using a flow cytometer (Accuri C6, 
BD Biosciences, Bedford, MA, USA).

Apoptosis detection

After ionizing radiation treatment, cells were harvested at 
72 h and apoptosis was determined with the PI-Annexin 
V Apoptosis Detection Kit (Cat. No.: 559763, BD, USA) 
according to the manufacturer’s protocol. The cells were 
then immediately analyzed with a flow cytometer (Accuri 
C6, BD Biosciences, Bedford, MA, USA). All the data 
analyses were performed by using FlowJo analysis software.

Seahorse XF assays

Equal numbers of cells (2.0×104 cells per well) were 
seeded into quadruplicate wells of XF24 cell culture 
plate (Seahorse Bioscience, North Billerica, MA, USA) 
to reach 90% confluence. On the following day, OCR 
(oxygen consumption rate) and ECAR (extracellular 
acidification rate) were measured by using an XF24 
Extracellular Flux Analyzer (Seahorse Bioscience). To 
determine the mitochondrial stress, cells were washed 
and replaced with XF medium-I (pH 7.4, 5 mM glucose,  
2 mM sodium pyruvate and 2 mM L-glutamine in Seahorse 
XF Base Dulbecco’s Modified Eagle’s Medium; Cat. No.: 
102353-100, Agilent, Santa Clara, CA, USA) followed 
by incubation for 1 h at 37 ℃ in a CO2 free incubator. 
Oligomycin (0.5 μM), carbonyl cyanide p-(trifluoromethoxy) 
phenylhydrazone (FCCP, 0.5 μM) and antimycin  
A/rotenone (10 μM) from the XF Cell Mito Stress Test 
Kit (Cat. No.: 103015-100, Agilent, Santa Clara, CA, 
USA) were then sequentially injected. To determine the 
glycolysis stress, cells were washed and the medium was 
replaced with XF medium-II (pH 7.4, 2 mM L-glutamine 
in Seahorse XF Base Dulbecco’s modified Eagle’s medium) 
followed by incubation for 1 h at 37 ℃ in a CO2 free 
incubator. Three compounds (10 mM glucose, 1.0 μM  
oligomycin and 100 mM 2-deoxyglucose) from the XF 
Glycolysis Stress Test Kit (Cat. No.: 103020-100, Agilent, 
Santa Clara, CA, USA) were then sequentially injected. The 
results were normalized to the total protein measured by 
Bradford assay and the data were analyzed with the Seahorse 
Wave software. Basal oxidative phosphorylation (OXPHOS) 
(before adding oligomycin) and ATP-linked OXPHOS 
(the difference between basal OCR and oligomycin-
induced OCR) were calculated from the profile of OCR 
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as the indices of mitochondrial respiratory function. Basal 
glycolysis (after adding glucose), maximal glycolysis (after 
adding oligomycin) and glycolytic capacity (the difference 
between oligomycin-induced ECAR and 2-deoxyglucose-
induced ECAR) were calculated from the profile of ECAR 
as indices of glycolytic pathway activation.

RNA extraction and sequencing

Total RNA was extracted using the Qiagen RNeasy Midi 
Kit (Cat. No.: 75144, Qiagen, Valencia, CA, USA) following 
the manufacturer’s instructions. The quantity of RNA 
samples was determined with NanoDrop 2000 (Thermo 
Fisher Scientific, Waltham, MA, USA) and Agilent 2100 
bioanalyzer (Agilent Technologies, Santa Clara, CA, 
USA). TruSeq RNA Library Prep Kit v2 (Cat. No: RS-
122-2001, Illumina, San Diego, CA, USA) were used to 
prepare libraries following the manufacturer’s instructions. 
Purified libraries were quantified by Qubit 2.0 Fluorometer 
(Life Technologies, Carlsbad, CA, USA) and Agilent 2100 
bioanalyzer. Clusters were generated by using the cBot with 
the library and sequenced on Illumina HiSeq 2500 platform 
(San Diego, CA, USA).

Bioinformatic analyses of RNA-seq

FastQC (version: 0.11.2) was conducted for quality control 
(QC) of RNA-Seq reads (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc). Trimming was performed 
with Trimmomatic (version: 0.36) for known Illumina TruSeq 
adapter sequences, poor reads and ribosome RNA reads etc. 
The trimmed reads were then mapped to the Mus musculus 
reference genome (MM10) by the HISAT2 (version: 2.1.0) 
(17,18). StringTie (version: 1.3.3b) was performed for 
each gene count from trimmed reads (19). Gene counts 
were normalized by trimmed mean of M-values (TMM) 
and Transcripts Per Million (TPM) were calculated (20).  
DEGseq was performed for determining differential-
expressed genes, following a threshold with q value <0.05 and 
absolute values of |log2FC (fold change)| >1 (21). GO (Gene 
Ontology) and KEGG (Kyoto Encyclopedia of Genes and 
Genomes) pathways were enriched with R package (v3.5.1) 
to better understand the functions of the DEGs (differentially 
expressed genes) (22). A protein-protein interaction (PPI) 
network was constructed using STRING database. In this 
study, clusterProfiler was applied to analysis of GO terms and 
KEGG pathways and the top 30 GOs and pathways were 
presented.

Real-time quantitative PCR

The concentration and purity of total RNA were analyzed 
using NanoDrop 2000 (Thermo Fisher Scientific, Waltham, 
MA, USA). Reverse transcription for cDNA synthesis was 
performed with RevertAid First Strand cDNA Synthesis 
Kit (Cat. No.: K1621, Thermo Scientific, USA) from 2 μg 
of total RNA according to the manufacturer’s instructions. 
The qPCR (real-time quantitative PCR) was performed 
with the QuantiTect SYBR Green PCR kit (Cat. No.: 
204143, Qiagen, Germany) by using specified primers as 
listed in Table 1. The housekeeping gene, β-actin, served 
as an internal control and the relative mRNA levels were 
calculated by the 2−ΔΔCq method.

Statistical analysis

T-tests were employed to screen out differentially 
expressed genes between NF639R and NF639 cells, with 
a threshold of P<0.05 and fold change >2. All experiments 
were performed independently 3 times and 3 parallel 
samples were taken for each experiment. All data were 
presented as the mean ± SD (standard deviation) from 
triplicate independent experiments. Statistical significance 
was determined with t-test and P<0.05 was considered as 
significant difference.

Results

The acquired radioresistance of NF639R cells

To verify the radioresistance of NF639R cells, i.e., the 
survived NF639 cells after total irradiation of 80 Gy, 
clone survival assay and micronuclei test were performed. 
Compared with the NF639 cells, the yield of micronucleus 
in NF639R cells was also significantly lower after the same 
dose radiation (Figure 1B), indicating the unrepaired or 
misrepaired DNA damage decreased. The survival fractions 
of NF639 and NF639R cells were fitted by the single-
hit multi-target model and the dose-effect fitting curve 
was shown in Figure 1C. Multiple parameters including 
D0 (mean lethal dose), Dq (the quasi-threshold dose), 
SF2 (survival fraction at 2 Gy) and SERDq (sensitization 
enhancement ratios of Dq) values were calculated and 
shown in Table 2. The results showed the survival fraction of 
NF639R cells was significantly higher than that of NF639 
cells after exposure to the same dose irradiation, suggesting 
a significant increase in radioresistance. In addition, D0, 
Dq and SF2 values of NF639R cells were all higher than 
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those of NF639 cells, further indicating that the average 
lethal dose was distinctly increased in NF639R cells. The 
sensitizer enhancement ratio for Dq (SERDq) showed a 

significant increase to 1.58 (Table 2) in NF639R. Taken 
together, the NF639R cells exhibited significantly increased 
radioresistance compared with the NF639 cells.

Table 1 The primers used for qPCR analysis

Gene
Primer

Forward Reverse

β-actin CCACACCTTCTACAATGAGC GGTCTCAAACATGATCTGGG

Ttyh3 GAACGGAAGTGAATCTCCAGCAC CTCCACACCATCATAGCAGAAGC

Col3a1 CTGTAACATGGAAACTGGGGAAA CCATAGCTGAACTGAAAACCACC

Fabp5 GACGGTCTGCACCTTCCAAG CAGGATGACGAGGAAGCCC

Slpi GGCCTTTTACCTTTCACGGTG TACGGCATTGTGGCTTCTCAA

Ube2v1 GGACCTCCACGAACAATCTATG GTACTTAGGCCCACACTCTATCT

Nqo1 AGGATGGGAGGTACTCGAATC AGGCGTCCTTCCTTATATGCTA

Nfatc4 GAGCTGGAATTTAAGCTGGTGT CATGGAGGGGTATCCTCTGAG

Tgfbi ACCATGGACCGGATGTTGAC GGCCACCAGCATGCTAAAAC

Aldh3a1 CGGTGATGCCCATTGTGTGTGTTCG TTCTTCATTCCGCAGAGACCTCACC

Sdpr GCTGCACAGGCAGAAAAGTTC GTGACAGCATTCACCTGCG

Hoxd13 CCAGGTGTACTGTGCCAAGG GTCTCTCCGAAAGGTTCGTGG

Klk10 CAGTGCGAGCGTGACTATCAT CAGTGGCTTATTTCTCCAGCAAT

Sardh CGGGTCCTACGTGTAGCTG TGATAAGGAACACTCTTCTCGGT

Ctdsp2 GCATCTTACATCTTCCAC TAGACATCATCAGTTCCA

Angptl7 TGACTGTTCTTCCCTGTACCA CAAGGCCACTCTTACGTCTCT

Arhgap24 GAGGAAAGGTGTGAATCCACAG TGTGCCAAGTCTTGACAAAGC

Efemp1 GCGCTGGTCAAGTCACAGTA AAGCATCTGGGACAATGTCAC

Sox9 GAGCCGGATCTGAAGAGGGA GCTTGACGTGTGGCTTGTTC

Tcf7 AGCTTTCTCCACTCTACGAACA AATCCAGAGAGATCGGGGGTC

Wnt6 GCAAGACTGGGGGTTCGAG CCTGACAACCACACTGTAGGAG

Mapk12 AAGGGCTTTTACCGCCAGG GGCGCAACTCTCTGTAGGC

Msx2 CAAGAAGCCGCCCAAGGAAT TGCTCCGTCTTCGGAATTTTC

Gja1 ACAGCGGTTGAGTCAGCTTG GAGAGATGGGGAAGGACTTGT

Gjb3 GCTCCAAGACCTATTGAGTGGC GCCTGGTGTTACAGTCAAAGTC

β-actin, actin beta; Ttyh3, tweety family member 3; Col3a1, collagen type III alpha 1 chain; Fabp5, fatty acid binding protein 5; Slpi, secretory 

leukocyte peptidase inhibitor; Ube2v1, ubiquitin conjugating enzyme E2 V1; Nqo1, NAD(P)H quinone dehydrogenase 1; Nfatc4, nuclear factor 

of activated T cells 4; Tgfbi, transforming growth factor beta-induced; Aldh3a1, aldehyde dehydrogenase 3 family member A1; Sdpr, serum 

deprivation response; Hoxd13, homeobox D13; Klk10, kallikrein related peptidase 10; Sardh, sarcosine dehydrogenase; Ctdsp2, CTD small 

phosphatase 2; Angptl7, angiopoietin like 7; Arhgap24, Rho GTPase activating protein 24; Efemp1, EGF containing fibulin extracellular matrix 

protein 1; Sox9, SRY-related high mobility group-box gene 9; Tcf7, transcription factor 7; Wnt6, Wnt family member 6; Mapk12, mitogen-

activated protein kinase 12; Msx2, Msh homeobox 2; Gja1, gap junction protein alpha 1; Gjb3, Gap junction protein beta 3. 
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Promotion of tumor cell malignancy accompanied by 
acquisition of radioresistance

Different from the large and flat morphology of NF639 cells, 

smaller and spindlier cell bodies and long slender pseudopods 
were observed in most NF639R cells (Figure 2A). It is known 
that the spindle shaped morphology, a mesenchymal-like 
phenotype, is beneficial to migration of tumor cells (23-25).  
Indeed, the transwell migration assay revealed that the 
number of migrating NF639R cells was ~2.5-fold more than 
migrating NF639 cells, indicating a strong migration ability 
of NF639R cells (Figure 2B,C). The proliferative assay also 
showed a significant increase (~1.15-fold) of NF639R cells 
compared with NF639 cells (Figure 2D), indicating that the 
proliferation of tumor cells was accelerated after transferring 
to radioresistant cells. Accumulating evidence suggests that 
the acquired ability to inhibit apoptosis plays a critical role in 

Table 2 Survival curve parameters of NF639 and NF639R cells  
after irradiation

Dq SF2 SERDq

NF639 1.97 0.67±0.04 –

NF639R 3.11 0.89±0.03 1.58

Dq, the quasi-threshold dose; SF2, survival fraction at 2 Gy; 
SERDq, sensitization enhancement ratios for Dq.

Figure 2 Difference in multiple properties between NF639 and NF639R cells. (A) Morphology of NF639 and NF639R cells. Scale bar, 
200 μm. (B) Representative images of the migrated NF639 and NF639R cells stained with 0.2% crystal violet solution. Scale bar, 100 μm. 
(C) Quantification of migrated NF639 and NF639R cells. (D) Proliferation ability measured with Cell Counter Kit-8 assays in NF639 and 
NF639R cells. (E) Apoptosis detected with flow cytometry at 72 h after 4 or 8 Gy irradiation. (F,G) Detection of reactive oxygen species 
using the CELLROX™ DEEP RED in NF639 and NF639R cells. (F) Histogram profiles of NF639 and NF639R cells with flow cytometry. 
(G) Quantification of mean fluorescence intensity in NF639 and NF639R cells. All data are presented as the mean ± standard deviation from 
three independent experiments. *, P<0.05; **, P<0.01.
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the development of radiation resistance (11,26). The results 
in Figure 2E showed that NF639R cells exhibited significantly 
less apoptosis than NF639 cells, confirming the increased anti-
apoptotic ability of NF639R cells. Finally, the basal ROS levels 
in NF639 and NF639R cells were detected and the results 
showed that the average fluorescence intensity in NF639R cells 
was 1.54-fold lower than that of NF639 cells (Figure 2F,G),  
indicating lower basal ROS level in NF639R cells.

Taken together, the alteration of cell morphology, 
enhancement of migration ability, proliferation and anti-
apoptosis ability and the decrease in basal ROS were 
observed in NF639R cells with the acquired radioresistance. 
These results indicated that NF639R cells should be more 
malignant than their parental NF639 cells.

Energy metabolism reprogramming in NF639R cells

Aerobic  g lyco lys i s  and  mi tochondr ia l  ox ida t ive 
phosphorylation are the two major energy metabolism 
pathways to provide enough energy for cell survival. 
Changes in energy metabolism can profoundly influence 
the fate of tumor cells (27,28). Hence, the glycolysis 
ability and mitochondrial function in NF639 and NF639R 
cells were further studied. The kinetic profiles of OCR 
and ECAR in NF639 and NF639R cells were obtained 
(Figure 3A,B) and various fundamental parameters were 
calculated. A significant increase in basal OCR, proton 
leak, ATP production, spare respiratory capacity and 
maximal respiration levels, but a significant decrease of the 
non-mitochondrial oxygen consumption was observed in 
NF639R cells compared to NF639 cells (Figure 3C). These 
results suggested that the mitochondrial respiration capacity 
was elevated in NF639R cells compared to NF639 cells. 
Moreover, higher spare respiratory function might also 
be associated with increased energy availability depending 
on OXPHOS in NF639R cells. Anaerobic glycolysis, 
defined as the conversion of glucose to lactate, is a major 
ATP-producing pathway independent of mitochondrial 
respiration. The glycolytic activity was evaluated by 
measuring the extracellular acidification rate (ECAR). 
NF639R cells displayed higher base glycolysis, glycolytic 
capacity, glycolytic reserve and non-glycolytic acidification 
than NF639 cells (Figure 3D), indicating an increased 
glycolytic activity in radioresistant cell line NF639R. The 
increased anaerobic glycolysis may also produce more 
precursors for the synthesis of macromolecules, such as 
nucleotides, proteins and lipids, which are essential to cell 
survival and proliferation.

Identification of differently expressed genes between NF639 
and NF639R cells

In order to systematically identify the genes associated with 
the altered properties of NF639R cells, high-throughput 
RNA sequencing was employed. There was the high 
similarity of three independent biological repeats and 
the significant difference between NF639R and NF639 
cells (Figure 4A). After a series of bioinformatic analyses, 
490 DEGs including 187 upregulated genes and 303 
downregulated genes were identified according to the 
strict threshold of q<0.05 and |log2FC| >1 (https://cdn.
amegroups.cn/static/public/atm-20-4667-1.pdf, Figure 4B). 
Hierarchical clustering of DEGs was visualized in Figure 4C. 
After the PPIs of DEGs were predicted with the STRING 
database, the PPI network was visualized (Figure S1).

To further understand the DEGs associated with 
properties of NF639R cells, GO enrichment analysis was 
performed with 490 DEGs by clusterProfiler. A total of 1,772 
significant GO terms (P<0.05) (https://cdn.amegroups.cn/
static/public/atm-20-4667-2.pdf) were enriched, including 
1,385 biological process terms, 176 cellular component terms 
and 211 molecular function terms. In TOP30 GO biological 
processes (Figure 4D), GO categories with highly significant p 
values including regulation of cell differentiation, regulation 
of cell proliferation, cellular component movement and 
regulation of cell cycle were consistent with the accelerated 
proliferation and altered cell morphology in NF639R cells. 
In keeping with the hypermigration phenotype of NF639R, 
migration-related terms including cell migration, cell motility, 
cell adhesion and mesenchymal cell development were also 
observed in TOP150 GO biological processes. Moreover, 
the apoptosis-related terms (cell death, positive and negative 
regulation of programmed cell death), the tumor stem cell-
related terms (positive regulation of stem cell differentiation 
and positive regulation of stem cell proliferation) and energy 
metabolism-related terms (regulation of metabolic process, 
response to glucose and positive regulation of glucose 
transport) also were observed in 1,772 significant GO terms 
(https://cdn.amegroups.cn/static/public/atm-20-4667-2.pdf). 
In addition, there were some significant GO terms, such 
as cell surface receptor signaling pathway, MAPK cascade, 
Wnt signaling pathway, ERK1 and ERK2 cascade, ERBB 
signaling pathway, regulation of protein metabolic process, 
inflammatory response and Notch signaling pathway (https://
cdn.amegroups.cn/static/public/atm-20-4667-2.pdf), which 
deserve more attention and further studies.

Pathway enrichment analysis of DEGs could provide 

https://cdn.amegroups.cn/static/public/atm-20-4667-1.pdf
https://cdn.amegroups.cn/static/public/atm-20-4667-1.pdf
https://cdn.amegroups.cn/static/public/ATM-20-4667-Supplementary.pdf
https://cdn.amegroups.cn/static/public/atm-20-4667-2.pdf
https://cdn.amegroups.cn/static/public/atm-20-4667-2.pdf
https://cdn.amegroups.cn/static/public/atm-20-4667-2.pdf
https://cdn.amegroups.cn/static/public/atm-20-4667-2.pdf
https://cdn.amegroups.cn/static/public/atm-20-4667-2.pdf
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Figure 4 Bioinformatic analyses of RNA-sequencing. (A) Heat map of samples correlation among all six samples. (B,C) Differentially 
expressed genes (DEGs) between NF639 and NF639R cells displayed on a volcano plot (B) and heat map (C). (D,E) Top30 terms of the 
GO (gene ontology) enrichment (D) and KEGG (kyoto encyclopedia of genes and genomes) pathway enrichment (E) with differentially 
expressed genes. (F) Heat map visualization of top50 up-DEGs and down-DEGs between NF639 and NF639R cells. (G,H) Real-time 
quantitative PCR (qPCR) validation of nine upregulated genes (G) and seven downregulated genes (H) randomly selected from the top 100 
differentially expressed genes. (I,J) qPCR validation of genes associated with EMT (epithelial-mesenchymal transition) and CSC (cancer 
stem cell). (I) Validation of upregulated genes including four genes (Sox9, Mapk12, Wnt6 and Tcf7) that promote CSC phenotypes and one 
gene (Msx2) that promotes EMT phenotypes. (J) Validation of downregulated genes including two genes (Gja1 and Gjb3) that inhibit EMT 
phenotypes. Data are expressed as mean ± standard deviation, n=3, each with triplicate samples. *, P<0.05; **, P<0.01; ***, P<0.001.
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further insights into the function of genes and their 
interactions. We performed KEGG pathway enrichment 
analysis for DEGs and found 221 pathway terms including 
49 with significance (P<0.05) (https://cdn.amegroups.cn/
static/public/atm-20-4667-3.pdf). In the top 30 pathways 
(Figure 4E) with the greatest enrichment, there are some 
pathways involved in proliferation, migration, immunity 
and tumor stem cell, including retinoic acid-inducible gene 
I (RIG-I)-like receptor signaling pathway, MicroRNAs 
in cancer, TNF signaling pathway, arginine biosynthesis, 
hedgehog s ignal ing pathway,  g lycosaminoglycan 
degradation, transforming growth factor-β (TGF-β) 
signaling pathway, beta-alanine metabolism, Toll-
like receptor signaling pathway, alanine, aspartate and 
glutamate metabolism, Wnt signaling pathway and 
nucleotide oligomerization domain (NOD)-like receptor 
signaling pathway. It is worth noting that several amino 
acid metabolism pathways have also been changed in 
the radioresistant NF639R cells. The sixteen genes were 
randomly selected in the top 100 differently expressed 
genes (Figure 4F) and then verified with qPCR. Consistent 
with RNA-seq data, higher expression of Ttyh3, Col3a1, 
Fabp5, Slpi, Ube2v1, Nqo1, Nfatc4, Tgfbi and Aldh3a1 
(Figure 4G), but lower expression of Sdpr, Hoxd13, Klk10, 
Ctdsp2, Angptl7, Arhgap24 and Efemp1 were detected in 
NF639R cells (Figure 4H) compared to NF639 cells. These 
results indicated that the RNA-seq results were reliable. 
Considering that EMT-like (slender cells and the increased 
migration) and CSC-like (low basal ROS) phenotypes were 
observed in NF639R cells, we detected the differently 
expressed genes associated with EMT (Aldh3a1, Sox9, 
Mapk12, Wnt6 and Tcf7) and CSC (Msx2, Gja1 and Gjb3) 
by using qPCR (29-36). In previous studies, it has been 
confirmed that Aldh3a1, Sox9, Mapk12, Wnt6 and Tcf7 
could promote CSC phenotypes and Msx2 could promote 
EMT phenotypes. Gja1 and Gjb3 have also been reported 
to inhibit EMT phenotypes. Our results showed that 
the NF639R cells exhibited the increased expression of 
Aldh3a1, Sox9, Mapk12, Wnt6, Tcf7 and Msx2 (Figure 4I),  
but the decreased expression of Gja1 and Gjb3 (Figure 4J) 
compared with the NF639 cells, suggesting that EMT-
like and CSC-like characteristics may be acquired in the 
NF639R cells.

The enhance of tumor malignancy after two radiation 
schedules

In our study, two radiation schedules (total 40 Gy/schedule) 

were performed with an interval of 4 weeks. We evaluated 
basal level of ROS and the migration ability in the cells after 
one radiation schedule (NF639R40 Gy) and the cells after two 
radiation schedule (NF639R). Compared with NF639R40 Gy  
cells, NF639R cells displayed enhanced migration ability 
(Figure 5A,B) and lower basal level of ROS (Figure 5C,D), 
suggesting that two schedules of radiation (40 Gy/schedule) 
render NF639R cells more aggressive, Furthermore, 
we detected the expression of some genes including a 
positive prognostic indicator (Hoxd13), two inducers of 
radioresistance (Nqo1 and Aldh3a1) (37,38), one inducer of 
cell migration (Tgfbi) and two suppressors of cell migration 
(Sdpr and Klk10) using qPCR in NF639R40 Gy cells and 
NF639R cells. The results showed that the expression of 
Aldh3a1, Tgfbi and Nqo1 were increased, but expression of 
Sdpr, Klk10 and Hoxd13 were decreased in both NF639R40 Gy 
and NF639R cells. Compared with NF639R40 Gy cells, higher 
expression of Aldh3a1, Tgfbi and Nqo1 but lower expression 
of Sdpr and Hoxd13 were observed in NF639R cells  
(Figure 5E,F), further confirming the increase of malignancy 
after two radiation schedules.

Discussion

In the present study, radioresistant cells were obtained via 
irradiating the parent cell lines with repeated daily dose 
consistent with clinical routine radiotherapy (39). Although 
high dose-fraction irradiation (10 Gy) was also used to induce 
the radioresistance in previous studies, some researchers 
suggested high-dose irradiation favors the decrease in 
radioresistance instead of induction of radioresistance because 
high-dose irradiation may overwhelm the radioresistance 
mechanisms (40). The majority of literature still confirmed 
that 2 Gy or lower dose fractions are appropriate for selecting 
radioresistant cells (41,42). In a previous study, the acquired 
radioresistant cells established by fractionated radiation also 
could reverted to wild-type after sub-cultured for several 
passages (10–20 passages) in the absence of radiation (10). 
However, it was interesting to note that the radioresistant 
phenotype in NF639R cells was still maintained after 30 
passages. In fact, some researchers observed that 40 Gy 
irradiation is enough to induce radioresistance in some breast 
cancer cells such as MCF7 and MDA-MB-231 (43,44). 
However, radioresistant cells established by 40 Gy or less 
total dose radiation may be instable due to transient genetic 
changes. In contrast, two discontinuous schedules (40 Gy 
in each schedule) in our study may induce the permanent 
genetic changes, similar to the observation that short-term 

https://cdn.amegroups.cn/static/public/atm-20-4667-3.pdf
https://cdn.amegroups.cn/static/public/atm-20-4667-3.pdf
https://www.baidu.com/link?url=4k1IqVR7mCQ2fpUzKO1qJCmzSQDOD_32Jkt_LFabEeKhcMgAbkFv3scteRLbHiC-kHf9vH3mG7xu5t88jn3dytH6mKutokmAtpYcBHXNyFW&wd=&eqid=f7a0a84d0018eaff000000065d9e857c
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drug treatment leads to reversible drug resistance, while long-
term drug treatment leads to permanent drug resistance (45).  
Furthermore, NF639R cells also exhibited lower basal level 
of ROS and enhanced migration ability compared with  
NF639R40 Gy, confirming two schedules of radiation  
(40 Gy/schedule) render NF639R cells more aggressive. This 
would have potential clinical implications since the restart of 
radiotherapy with short-term recurrence after radiotherapy 
may lead to the increased radioresistance and promotion of 
tumor progress. Certainly, further study is needed to draw a 
conclusion. In addition, mouse NF639R cells will also be an 
ideal research tools in vivo to study the interaction between 

radioresistant and immunologic microenvironment.
After irradiation of 80 Gy, the NF639R cells not only 

acquired radioresistance but also some other properties 
distinct from the parental cell line NF639. Results 
from other groups confirmed that migration, invasion, 
proliferation and anti-apoptotic ability is changed 
accompanied by the acquired radioresistance (10,12,15). 
Different from the previous studies showing reduced 
proliferation ability of radioresistant cells (46,47), we 
found significant increase in proliferation of resistant cells 
compared to their parental cells. Recently, Tahmasebi-
Birgani et al. also observed that fractionated irradiation 
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induces the radioresistance, along with the inhibition or 
enhancement of the proliferative ability, depending on 
the cellular context (48). Moreover, our results are also 
consistent with the reported accelerated repopulation after 
clinical radiotherapy (49). In our study, radioresistant cells 
also exhibited increased migration and anti-apoptotic ability, 
consistent with previous reports (50). Interestingly, the 
morphology changes observed in NF639R cells, including 
reduction and elongation of cell bodies, are similar to the 
cells undergoing epithelial-mesenchymal transition (EMT). 
Previous studies have demonstrated that radiation could 
induce EMT, which enhance cell migration in various 
cancer cell lines (48,51). In addition, the basal level of ROS 
in NF639R cells was lower than that of NF639 cells. Given 
the lower level of ROS in cancer stem cells (CSCs) than 
their non-tumorigenic progeny, we proposed that radiation 
induced generation of CSCs in the transformation from 
NF639 to NF639R and the increased CSCs could enhance 
the anti-oxidative ability due to increased expression of 
ROS antioxidant enzymes, resulting in radioresistance (52). 
Moreover, different expression of several genes associated 
with EMT and CSC including Aldh3a1, Sox9, Mapk12, 
Wnt6, Tcf7, Msx2, Gja1 and Gjb3 between NF639 and 
NF639R cells also supported our speculation of acquired 
EMT-like and of CSC-like characteristics in NF639R cells.

In response to increased activities of migration, 
proliferation and radioresistance, more ATP, a main source 
of energy, should be needed. In fact, we found more ATP 
production in NF639R cells compared to NF639 cells. 
Furthermore, our data also showed that the two main 
pathways for ATP generation, mitochondrial oxidative 
phosphorylation and aerobic glycolysis, were both enhanced 
in NF639R cells. As the most efficient process of ATP 
generation, mitochondrial oxidative phosphorylation could 
meet the increased energy requirements for survival of 
radioresistant cells from irradiation (53). A previous report 
also showed that chemoresistant breast cancer cells also 
exhibit the elevated mitochondrial OXPHOS capacity (54), 
perhaps suggesting a common mechanism of resistance. 
Additionally, NF639R cells exhibited the increased spare 
respiratory capacity, which was confirmed to have a strong 
physiologic correlation with death-resistance (55,56). 
Interestingly, there is accumulated evidence to suggest 
that glycolytic metabolism is involved in the acquisition 
of radioresistance (12,56). Since ECAR is an indicator of 
lactate production through glycolysis, increased ECAR also 
indicates elevated production of lactate in NF639R cells (57).  
Groussard et al. reported that lactate, a main product of 

glycolytic metabolism, could effectively scavenge ROS and 
is positively correlated with radioresistance (58,59). Thus, 
increased lactate may be a reason for the generation of 
acquired radioresistance after the fractionated radiation. 
Moreover, enhancement of NF639R cell motility might also 
be due to the elevated production of lactate, which was found 
to induce the migration of cancer cells (60). Taken together, 
energy metabolism reprogramming during the evolution of 
acquired radioresistance not only supplies the ATP to meet 
the energy requirements of proliferation, migration and 
resistance, but also produces many metabolites to promote 
tumor progression.

With the bioinformation analysis of RNA-seq results, we 
found that irradiation affected some important biological 
processes, such as cell proliferation, regulation of cell cycle, 
cell migration, cell motility, response to oxidative stress, 
morphogenesis of a branching structure, epithelial to 
mesenchymal transition, phosphate-containing compound 
metabolic process, superoxide metabolic process, stem 
cell maintenance and apoptosis etc. These dysregulated 
biological processes are associated with radioresistance and 
other phenotypic changes. Moreover, the signaling cascades 
such as the TGF-β, Wnt, Hedgehog, vascular endothelial 
growth factor (VEGF), RIG-I-like receptor, Toll-like 
receptor and NOD-like receptor pathways are significantly 
altered in NF639R cells. Previous studies have confirmed 
that these dysregulated pathways are closely related to 
phenotypic changes in radioresistant cells. TGF-β and Wnt-
β-catenin pathways play the important role in activating 
EMT (61,62). Moreover, activating TGF-β signaling could 
increase malignancy of Neu-induced mammary tumors 
and Wnt/β-catenin signaling was reported to mediate the 
radioresistance (63-65). Accumulating evidence demonstrates 
that Hedgehog (HH) and Wnt pathways are involved in 
regulating self-renewal of CSCs which are resistant to 
chemotherapy and/or radiotherapy (66). Activation of VEGF 
pathway contributes to the proliferation and radioresistance 
of breast cancer (67,68). RIG-I-like receptor, Toll-like 
receptor and NOD-like receptor are belonging to pattern 
recognition receptors (PRRs) which could be activated by 
damage-associated molecular patterns (DAMPs), such as 
HMGB1, ATP, DNA and RNA, released from damaged or 
dying cells (69). The activation of PRR-induced signaling by 
DAMPs is known to promote tumor proliferation, migration 
and neo-vascularization (70). In addition, PRRs pathways 
also paly the key role in regulating the immunosuppressive 
tumor microenvironment (71,72). In our study, PRRs 
pathways such as RIG-I-like receptor, Toll-like receptor 
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and NOD-like receptor in NF639R cells are dysregulated, 
indicating the acquired radioresistant cells may also acquire 
immune tolerance, which helps in evading the antitumor 
immunity. Another interesting observation in our study 
is that MicroRNAs in cancer are the most enrichment 
KEGG pathway, indicating dysregulation of miRNAs in 
NF639R cells. Thus, miRNA may play an essential role 
in the radioresistance and progression of breast cancer, 
agreeing with previous studies showing that miRNAs are 
involved in various biological processes of cancer, such as 
proliferation, migration, apoptosis, energy metabolism, 
radiotherapy resistance and immune response (73,74). 
Certainly, the correlation between these pathways and 
phenotypic changes needs to be further verified. Overall, 
the acquired radioresistant NF639R cells exhibited different 
mRNA expression profiles from those of their parental cells. 
This provided support for our in-depth interpretation of 
radioresistance.

Conclusions

In summary, we successfully established a cell model of 
acquired radioresistance with a new method and revealed 
some phenotypic changes including smaller and longer 
cell body, enhanced activity of proliferation and migration, 
increased anti-apoptosis activity, reduced basal ROS and 
upregulated glycolysis ability and mitochondrial function. 
Moreover, 490 DEGs including 187 upregulated genes 
and 303 downregulated genes were identified and multiple 
signal pathways were enriched by RNA-seq data analysis, 
providing evidence on the molecular level for these 
phenotypic changes. Some potential signal pathways also 
provided a basis for further research. Our study provided 
insights into radioresistance and clinical suggestion that 
treatment for acquired-radioresistant cancers should not 
only focus on the radioresistance but also comprehensively 
consider changes in other properties which promote cancer 
progression.
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Supplementary

Figure S1 Protein-protein interaction network of the differentially expressed genes between NF639 and NF639R cells. Circles represent 
proteins, while lines represent strong association between proteins. Red color means upregulated genes while green color means 
downregulated genes.
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