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ABSTRACT 

 

Purpose: To demonstrate the feasibility of discovering gene or molecular 

pathway associated with radiation response with next-generation sequencing 

(NGS) data and radiologic assessment. 

Materials and Methods: Targeted NGS data of 148 genes from biopsy 

samples of 55 cancer patients, who received radiotherapy (RT) to gross 

tumor were analyzed. Patients with complete or partial remission lasting 

longer than 6 months after RT were considered as responders and otherwise 

non-responders. Mutations in the 148 genes of interest and 39 molecular 

pathways involving target genes were tested. Two analytic methods were 

employed; logistic regression model with interaction and Fisher’s exact test 

followed by logistic regression. 

Results: There were 17 responders and 38 non-responders. Biologically 

equivalent dose (BED), but not concurrent chemotherapy, was associated 

with radiation response. No single gene was correlated with radiation 

response with neither of the analytic methods. Using logistic regression 

model with interaction, ErbB signaling pathway was relevant to radiation 

response; however, it was not significant when multiple comparison was 

adjusted. Fisher’s exact test revealed that mutation excluding non-

pathogenic single nucleotide variations and copy number alterations in 

Notch signaling pathway resulted in radioresistance with statistical 
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significance. When BED and Notch signaling pathway mutation were tested 

with logistic regression, both variables were associated with radiation 

response. 

Conclusions: This analysis showed that correlating genetic changes with 

radiation response is feasible with radiologic evaluation and targeted NGS. 

Notch signaling pathway may be associated with radiation response. The 

result of this study should be validated in larger and more homogenous 

cohort. 

---------------------- 

Keywords: radiotherapy, radiosensitivity, molecular pathway, next-

generation sequencing 

Student number: 2016-22232 
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INTRODUCTION 

 

 Extensive heterogeneity in genomic landscape of cancer has been 

revealed with the aid of high throughput sequencing technologies and tools 

for managing large data (1-4). Various genes and molecular pathways in 

cancer with prognostic and predictive value have been studied. Researchers 

have uncovered several genomic features associated with response to 

chemotherapeutic agents, leading systemic treatment of cancer toward 

precision therapy (5-7). 

 Along with surgery and chemotherapy, radiotherapy (RT) is a crucial 

component of cancer treatment. In the era of precision medicine, researchers 

have endeavored to elucidate the relationship between treatment response of 

tumor or normal tissue toxicity after RT and patient or tumor characteristics. 

In particular, radiogenomics is a field of uncovering linkage between 

genotype and radiation response. Numerous studies regarding association of 

germline genetic variations with radiation toxicity were published (8-11). 

However, patient-derived researches studying genotype in association with 

tumor response to RT are scarce. Understanding somatic genetic aberrations 

predicting radiation response can help radiation oncologists to choose 

appropriate patients or determine prescription dose. For radioresistant tumor, 

increment of radiation dose or addition of drugs may improve tumor control. 

By contrast, it may be reasonable to reduce radiation dose to decrease the 
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possibility and severity of radiation-related toxicities in patients with 

radiosensitive tumor. 

 In our institution, targeted next-generation sequencing (NGS) of 

tumor DNA has been performed in hundreds of cancer cases in order to 

identify variations in previously reported cancer-related genes and correlate 

the variations with clinical outcomes. Targeted NGS has an advantage of 

increasing coverage depth by reducing a range of genome to be sequenced, 

thus providing more reliable results regarding target genes of interest 

compared to whole-genome or whole-exome sequencing (12). Since there is 

limited data concerning genomic feature and radiation response of tumor at 

present, we utilized the NGS data investigating the radiogenomics of solid 

tumor. The specific aim of the current study was to demonstrate the 

feasibility of discovering gene or molecular pathway associated with 

radiation response with patient-derived samples and radiologic assessment. 
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MATERIALS AND METHODS 

 

1. Patients 

 The original dataset was derived from targeted NGS of 440 formalin-

fixed paraffin embedded (FFPE) specimens from 460 cancer patients at 

Seoul National University Hospital. The study protocol was approved by the 

Institutional Review Board of the institution. All patients gave written 

informed consent for tissue banking and genetic testing prior to obtaining 

tumor sample. Patients who received RT to gross measurable tumor for any 

purpose, both definitive and palliative, were included in the current study. 

For patients who received RT to multiple lesions, treatment session targeting 

the same lesion as the origin of FFPE specimen or with the shortest interval 

between sample acquisition for NGS and start of the treatment was analyzed 

to minimize the temporal and spatial intra-patient heterogeneity. Patients 

without baseline and/or follow-up image, such as computed tomography (CT) 

or magnetic resonance imaging (MRI), or patients without measurable tumor, 

such as infiltrative tumor, were excluded.  
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2. Gene selection 

 The gene panel included 148 cancer-related genes that are known to 

(a) predict treatment response, (b) targetable, (c) involved in major cancer-

related pathways, and (d) have high mutation frequency. 

 

3. Sample preparation and sequencing 

 Briefly, genomic DNA was extracted from fresh frozen tumor and 

adjacent normal tissue using the ReliaPrepTM FFPE gDNA Miniprep system 

(Promega, Madison, WI, USA), and fragmented using a S220 Focused-

ultrasonicator (Covaris, Inc., Massachusetts, USA). Quality of library was 

evaluated using an Bioanalyzer 2100 and DNA 1000 chips (Agilent 

Technology, California, USA). The targeted regions included all exons of 

148 genes, specific introns of 16 fusion genes, TERT promoter, MET (intron 

3, intron 4) and total length captured was ~1.3Mbp using SNUH FiRST 

Cancer Panel V2.0. The libraries were prepared with Agilent SureSelectXT 

target enrichment system for Illumina paired-end sequencing library 

protocol and sequenced in Illumina Hiseq 2500 platform. 

 

4. Variant identification and data analysis 

We used FastQC and Trimmomatic (version 0.33) software for 

quality control of resulting reads. Sequence reads were aligned against the 
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human reference genome version 19 (GRCh37) using Burrows-Wheeler 

Aligner (version 0.7.12). We then marked PCR duplicates using Picard and 

recalibrated local realignment and base quality score with Genome Analysis 

Toolkit (GATK) (13). 

Single nucleotide variant (SNV) was detected using MuTect (version 

1.1.7) and mpileup in SAMtools. SNV with at least 100x coverage and 15% 

of allele frequency were filtered, because mutations with lower frequencies 

may have no significant effect on tumor biology and the filtering process 

could help removing variations derived from formalin fixation artifacts (14). 

In case of indel, mutations with allele depth ≥3 with total depth ≥10 for 

hotspot mutation (≥50 for non-hotspot mutation) and allele frequency ≥5% 

for hotspot mutation (≥10% for non-hotspot mutation) was filtered. Somatic 

variants (a) with a minor allele frequency >1% in 1000 genome alleles (east 

Asian), Exome Variant Server 6500, Exome Aggregation Consortium (east 

Asian), and 1303 Korean whole exomes (15), (b) segmental duplications of 

human genome not reported in The Cancer Genome Atlas data, (c) observed 

in this study >1% and average allele fraction <10%, and (d) in repeat region 

of AR were filtered out. Additionally, phred-scaled Combined Annotation 

Dependent Depletion (CADD) score (16) was calculated for detected SNVs. 

CADD score ≥10 (top 10% deleterious variants) was considered pathogenic, 

and otherwise non-pathogenic. Copy number alteration (CNA) was 

discovered using CoNIFER (version 0.2.2). The calculated RPKM values 



 

6 

 

were transformed to z-score, and genes with z-score ≥30 were considered to 

be amplified. 

Patients with complete or partial remission on follow-up CT or MRI 

according to revised RECIST 1.1 criteria (17) of RT-treated tumor lasting 

>6 months were considered as responders and otherwise non-responders. 

The 39 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (18) 

regarding cell signal transduction, signaling molecules and interaction, cell 

growth and death, cellular community, and immune system, which involve 

at least 5 target genes, were analyzed. A pathway was considered mutated if 

at least one of involved genes was found mutated (SNV, CNA and/or indel). 

Data regarding fusion genes and introns was not used. 

 Regarding mutations, we investigated the implication of including 

non-pathogenic SNVs and/or CNAs in the analysis. Non-pathogenic SNVs 

are not likely to cause biologic effect. On the other hand, CNAs may 

influence the activitiy of molecular pathways in a manner different from 

mutations affecting function of proteins. 

Delivered radiation dose was transformed to biologically equivalent 

dose (BED) using linear-quadratic (LQ) model (BED = Total dose ∙ [1+daily 

dose/ α/β]), where the α/β ratio of tumor was 10Gy, regardless of the 

histopathology of tumor.  
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5. Statistical analysis 

 Two analytic methods were employed. At first, logistic regression 

model was built using BED, use of concurrent chemotherapy, and mutation 

status of individual gene or pathway. Interaction terms between mutation 

status and treatment variables were added. Eventually, the prediction model 

of radiation response was as follows: 

log (p/1-p) = β0 + β1∙BEDc + β2∙CT + β3∙Mut + β4∙BEDc∙Mut + β5∙CT∙Mut 

where p is probability of radiation response, and BEDc is centered value of 

BED to reduce multicollinearity of the model (BEDc = BED – BEDaverage). 

CT and Mut are categorical variables indicating use of concurrent 

chemotherapy and mutation status of specific gene or pathway, respectively. 

We considered the mutation to be relevant to radiation response when β3 or 

β4 not equals to 0 (p<0.05). Similarly, mutations with β5 not equals to 0 

(p<0.05) were considered chemosensitivity-associated. 

Next, the association of variation in each gene or pathway and 

radiation response was tested using Fisher’s exact test by comparing 

responder and non-responder. Significance of identified mutation and 

treatment factors were tested again using logistic regression model. 

Comparison of BED between two groups were performed using Mann-

Whitney test, with p<0.05 considered significant.  

In an attempt to minimize the influence of different cell killing 

mechanisms by daily dose while including sufficient number of patients, we 
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analyzed both the entire cohort and patients receiving daily dose of 10Gy or 

less. All tests were corrected for multiple comparison using the Benjamini-

Hochberg method. The associations were considered significant when the 

adjusted p (false-discovery rate) <0.1. All statistical analyses were 

performed with R software (version 3.4.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

9 

 

RESULTS 

 

1. Patient and treatment characteristics 

 Fifty-five patients were eligible for the analysis, including 17 

responders and 38 non-responders. The characteristics of eligible patients are 

shown in Table 1. The most common type of primary cancer was 

adenocarcinoma of gastrointestinal tract (n=13), followed by hepatocellular 

carcinoma (n=8), and soft tissue sarcoma (n=7). The median BED was 

57.35Gy (range, 28.0-150.0Gy). Concurrent chemotherapy was 

administered in 10 patients (18.2%); temozolomide (n=4), 5-

fluorouracil/capecitabine (n=4), and cisplatin (n=2). Thirty patients (54.5%) 

underwent chemotherapy within 6 months after completion of RT.  
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Table 1. Patient and treatment characteristics. 

Variable  N (%) 

Age, year  median: 56  

(range, 20-78) 

Sex Male 34 (61.8%) 

 Female 21 (38.2%) 

Primary tumor GI tract adenocarcinoma 13 (23.6%) 

 Hepatocellular carcinoma 8 (14.5%) 

 Soft tissue sarcoma 7 (12.7%) 

 Breast cancer 6 (10.9%) 

 Glioma 6 (10.9%) 

 Pancreatobiliary cancer 5 (9.1%) 

 Melanoma 3 (5.5%) 

 Thymic cancer 2 (3.6%) 

 Head and neck cancer 2 (3.6%) 

 Metastasis of unknown origin 2 (3.6%) 

 Apocrine carcinoma 1 (1.8%) 

BED, Gy  median:57.35  

(range, 28.0-150.0) 

Daily dose ≤2.0Gy 11 (20.0%) 

 2.0Gy< and ≤5.0Gy 21 (38.2%) 

 5.0Gy< and ≤10.0Gy 7 (12.7%) 

 10.0Gy< 16 (29.1%) 

Concurrent 5-Fluorouracil or capecitabine 4 (7.3%) 
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chemotherapy Temozolomide 4 (7.3%) 

Cisplatin 2 (3.6%) 

 No chemotherapy 45 (81.8%) 

Chemotherapy after RT 

(within 6 months) 

Yes 30 (54.5%) 

No 25 (45.5%) 

RT response Responder 17 (30.9%) 

 Non-responder 38 (69.1%) 

Abbreviations: GI = gastrointestinal; BED = biologically equivalent dose; 

RT = radiotherapy 
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2. Treatment and radiation response 

 The logistic regression model of radiation response including BED 

and concurrent chemotherapy as independent variables demonstrated that the 

response was correlated with BED (p=0.01), but not with chemotherapy 

(p=0.47). The predicted probability of response increased by a factor of 

1.028 per BED 1Gy. There was no association of BED and use of concurrent 

chemotherapy (p=0.13, Mann-Whitney test). The logistic regression curve 

of predicted radiation response to BED is displayed in figure 1. 
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Figure 1. The logistic regression model of predicted radiation response to 

BED drawn with solid line. The dotted lines indicate 95% confidence 

interval. 
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3. Genes associated with radiosensitivity 

 A total of 260 somatic variations, including 243 SNVs, 14 CNAs, 

and 3 deletions, in 148 genes were discovered. The most frequently mutated 

gene was TP53 (34.5%, 19/55), followed by APC (20.0%, 11/55), KMT2D 

(18.2%, 10/55), PIK3CA (12.7%, 7/55), and BRCA2 (10.9%, 6/55). The 

selected genes with high proportion of mutant are shown on Table 2. 

Two analytic methods, logistic regression model and Fisher’s exact 

test, revealed no mutation of specific gene significantly associated with RT 

response, in both entire cohort and patients with daily dose 10Gy or less 

(adjusted p-values for all genes were 1). The results were identical when the 

non-pathogenic SNVs and/or CNAs were filtered out. 
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Table 2. Number of somatic mutations of top-rated genes. 

Gene SNV CNA Indel Total (N,%) 

TP53 19 0 0 19 (34.5%) 

APC 10 0 0 11 (20.0%) 

KMT2D 8 0 0 10 (18.2%) 

PIK3CA 6 0 0 7 (12.7%) 

BRCA2 5 0 1 6 (10.9%) 

EGFR 4 1 0 5 (9.1%) 

NOTCH1 4 1 0 5 (9.1%) 

RAD50 5 0 0 5 (9.1%) 

SDK1 5 0 0 5 (9.1%) 

Abbreviations: SNV = single nucleotide variation; CNA = copy number 

alteration 
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4. Pathways associated with radiosensitivity 

 The most commonly altered pathway was PI3K-Akt signaling 

pathway (70.9%, 39/55), followed by MAPK signaling pathway (69.1%, 

38/55). Frequencies of mutation in 39 KEGG pathways analyzed are shown 

in Table 3. 
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Table 3. List and frequency of mutation of 39 KEGG pathways. 

Pathway Genes Number 

(%) 

PI3K-Akt signaling pathway 56 39 (70.9%) 

MAPK signaling pathway 34 38 (69.1%) 

Ras signaling pathway 40 32 (58.2%) 

ErbB signaling pathway 29 32 (58.2%) 

Signaling pathways regulating pluripotency of stem cells 26 31 (56.4%) 

Cell cycle 20 31 (56.4%) 

Rap1 signaling pathway 43 30 (54.5%) 

FoxO signaling pathway 30 30 (54.5%) 

Wnt signaling pathway 11 30 (54.5%) 

p53 signaling pathway 15 30 (54.5%) 

Apoptosis 12 30 (54.5%) 

Sphingolipid signaling pathway 19 29 (52.7%) 

Focal adhesion 31 25 (45.5%) 

HIF-1 signaling pathway 20 24 (43.6%) 

cAMP signaling pathway 16 21 (38.2%) 

mTOR signaling pathway 15 20 (36.4%) 

Hippo signaling pathway 10 20 (36.4%) 

Chemokine signaling pathway 17 19 (34.5%) 

Jak-STAT signaling pathway 17 18 (32.7%) 

Fc epsilon RI signaling pathway 17 18 (32.7%) 

Natural killer cell mediated cytotoxicity 14 18 (32.7%) 
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VEGF signaling pathway 16 18 (32.7%) 

T cell receptor signaling pathway 16 17 (30.9%) 

B cell receptor signaling pathway 15 17 (30.9%) 

AMPK signaling pathway 14 16 (29.1%) 

Adherens junction 12 16 (29.1%) 

cGMP-PKG signaling pathway 13 16 (29.1%) 

Cytokine-cytokine receptor interaction 13 16 (29.1%) 

Toll-like receptor signaling pathway 13 16 (29.1%) 

TNF signaling pathway 12 15 (27.3%) 

Gap junction 14 14 (25.5%) 

Calcium signaling pathway 9 14 (25.5%) 

Platelet activation 13 13 (23.6%) 

Fc gamma R-mediated phagocytosis 11 13 (23.6%) 

Phosphatidylinositol signaling system 6 12 (21.8%) 

Notch signaling pathway 6 12 (21.8%) 

Leukocyte transendothelial migration 6 12 (21.8%) 

Tight junction 10 11 (20.0%) 

TGF-beta signaling pathway 6 7 (12.7%) 

 

 

 

 

 



 

19 

 

In the first analysis using logistic regression model, ErbB signaling 

pathway (p=0.05 for β3) was significantly correlated with radiation response. 

The logistic regression model involving ErbB signaling pathway is shown in 

figure 2. After adjusting multiple comparison, however, the p-values was 

0.45. By truncating patients with daily dose >10Gy, none of the pathways 

were associated with radiation response. 

After filtering out non-pathogenic SNVs, ErbB signaling pathway 

was associated with RT response in both entire cohort (p=0.01 for β3) and 

daily dose ≤10Gy cohort (p=0.03 for β3). However, the adjusted p-values 

were 0.43 and 0.71, respectively. When CNAs were filtered out, logistic 

regression failed to identify pathways of statistical significance. By filtering 

out both non-pathogenic SNVs and CNAs, ErbB pathway was statistically 

significant with p-values of 0.01 and 0.03 in the entire and daily dose ≤10Gy 

cohort, respectively; however, the adjusted p-values were 0.53 and 0.79. 
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Figure 2. Logistic regression model of mutant (blue solid line) and wildtype 

(red solid line) in ErbB signaling pathway. The dotted lines indicate 95% 

confidence interval of each model. 
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Results from analysis using Fisher’s exact test are demonstrated on 

Table 4. It is revealed that Notch signaling pathway was significantly 

associated with radiation response (p=0.033), but the false-discovery rate 

was 0.85 when multiple comparison was adjusted. The result was similar 

when excluded non-pathogenic SNVs or CNAs, with adjusted p-value of 

0.73 and 0.24, respectively. When both non-pathogenic SNVs and CNAs 

were filtered out, Notch signaling pathway was significantly associated with 

radiation response (p=0.002, adjusted p=0.094). Tumors with mutation in 

Notch signaling pathway were more radiosensitive than those with no 

mutations. Among 55 patients, Notch signaling pathway was mutated in 7 

patients (12.7%), and six of the mutated patients were responders. The 

logistic regression model of radiation response according to BED and Notch 

signaling pathway mutant status are shown in figure 3. In 7 patients with 

mutation in Notch signaling pathway, higher BED was delivered compared 

to wildtype (mean BED = 96.97Gy vs. 59.87Gy, p=0.0356, Mann-Whitney 

test). When incorporated into logistic regression model, both BED (p=0.054) 

and mutation status (p=0.031) were associated with radiation response. 

Distribution of primary cancer in the 7 patients with Notch signaling 

pathway mutation was diverse; hepatocellular carcinoma (n=2), 

adenocarcinoma of colon (n=1), invasive ductal carcinoma of breast (n=1), 

undifferentiated pleomorphic sarcoma (n=1), malignant peripheral nerve 

sheath tumor (n=1), and squamous cell carcinoma of tongue (n=1). Heatmap 
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of treatment and pathway mutation (excluding non-pathogenic SNVs and 

CNAs) is displayed in figure 4. 

Identical analysis was performed in patients who received daily dose 

of 10Gy or less. When non-pathogenic SNVs and CNAs were filtered out, 

Notch signaling pathway was also significantly correlated with radiation 

response (p=0.017, Fisher’s exact test); but the false discovery rate was 

higher when adjusted for multiple comparison (p=0.657). 
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Table 4. Results of pathway analysis using Fisher’s exact test. The values are p-value from the test and the 

adjusted p-values from Benjamini-Hochberg method are in bracket.  

 Entire cohort Daily dose ≤10Gy cohort 

Mutations filtered out None Non-patho 

SNV 

CNA Non-patho 

SNV/CNA 

None Non-patho 

SNV 

CNA Non-patho 

SNV/CNA 

PI3K-Akt signaling pathway 0.34 (0.85) 0.34 (0.94) 0.13 (0.97) 0.13 (1) 0.71 (1) 0.71 (1) 0.48 (1) 0.48 (1) 

Rap1 signaling pathway 0.56 (0.9) 0.77 (0.94) 0.78 (0.98) 1 (1) 0.73 (1) 1 (1) 1 (1) 1 (1) 

Ras signaling pathway 0.77 (0.92) 0.77 (0.94) 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 

MAPK signaling pathway 0.54 (0.9) 0.37 (0.94) 0.36 (0.97) 0.23 (1) 0.72 (1) 0.71 (1) 0.71 (1) 0.48 (1) 

Focal adhesion 0.39 (0.85) 0.39 (0.94) 0.56 (0.97) 0.56 (1) 1 (1) 1 (1) 1 (1) 1 (1) 

FoxO signaling pathway 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 

ErbB signaling pathway 0.14 (0.85) 0.39 (0.94) 0.15 (0.97) 0.56 (1) 0.16 (1) 0.48 (1) 0.16 (1) 0.48 (1) 

Pathways regulating 

pluripotency of stem cells 

0.39 (0.85) 0.56 (0.94) 0.77 (0.98) 0.78 (1) 0.28 (1) 0.28 (1) 0.3 (1) 0.3 (1) 

HIF-1 signaling pathway 0.78 (0.92) 1 (1) 0.77 (0.98) 0.77 (1) 0.48 (1) 0.73 (1) 0.48 (1) 0.73 (1) 

Cell cycle 0.56 (0.9) 0.57 (0.94) 0.26 (0.97) 0.39 (1) 0.5 (1) 0.73 (1) 0.48 (1) 0.72 (1) 

Sphingolipid signaling 

pathway 

0.57 (0.9) 0.57 (0.94) 0.56 (0.97) 0.56 (1) 1 (1) 1 (1) 1 (1) 1 (1) 

Chemokine signaling 

pathway 

0.12 (0.85) 0.21 (0.94) 0.13 (0.97) 0.34 (1) 0.12 (1) 0.13 (1) 0.12 (1) 0.13 (1) 
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Jak-STAT signaling pathway 1 (1) 0.75 (0.94) 1 (1) 0.75 (1) 1 (1) 0.46 (1) 1 (1) 0.46 (1) 

Fc epsilon RI signaling 

pathway 

0.37 (0.85) 0.54 (0.94) 0.54 (0.97) 0.75 (1) 0.69 (1) 0.69 (1) 0.69 (1) 0.69 (1) 

cAMP signaling pathway 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 

VEGF signaling pathway 0.37 (0.85) 0.54 (0.94) 0.54 (0.97) 0.75 (1) 0.69 (1) 0.69 (1) 0.69 (1) 0.69 (1) 

T cell receptor signaling 

pathway 

0.54 (0.9) 0.75 (0.94) 0.75 (0.98) 0.75 (1) 0.69 (1) 0.69 (1) 0.69 (1) 0.69 (1) 

p53 signaling pathway 0.39 (0.85) 0.39 (0.94) 0.26 (0.97) 0.26 (1) 0.72 (1) 0.72 (1) 0.72 (1) 0.72 (1) 

mTOR signaling pathway 0.55 (0.9) 0.76 (0.94) 0.76 (0.98) 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 

B cell receptor signaling 

pathway 

0.54 (0.9) 0.75 (0.94) 0.75 (0.98) 0.75 (1) 0.69 (1) 0.69 (1) 0.69 (1) 0.69 (1) 

AMPK signaling pathway 0.75 (0.92) 0.75 (0.94) 0.75 (0.98) 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 

Gap junction 1 (1) 1 (1) 1 (1) 1 (1) 0.69 (1) 0.69 (1) 1 (1) 1 (1) 

Natural killer cell mediated 

cytotoxicity 

0.37 (0.85) 0.75 (0.94) 0.37 (0.97) 0.75 (1) 0.45 (1) 0.46 (1) 0.45 (1) 0.46 (1) 

cGMP-PKG signaling 

pathway 

0.34 (0.85) 0.34 (0.94) 0.51 (0.97) 0.73 (1) 0.46 (1) 0.46 (1) 0.69 (1) 0.69 (1) 

Cytokine-cytokine receptor 

interaction 

1 (1) 1 (1) 1 (1) 1 (1) 0.26 (1) 0.69 (1) 0.23 (1) 0.42 (1) 

Platelet activation 0.3 (0.85) 0.3 (0.94) 0.3 (0.97) 0.47 (1) 0.4 (1) 0.4 (1) 0.4 (1) 0.4 (1) 

Toll-like receptor signaling 

pathway 

0.34 (0.85) 0.34 (0.94) 0.34 (0.97) 0.51 (1) 0.69 (1) 0.69 (1) 0.69 (1) 0.69 (1) 

Apoptosis 0.77 (0.92) 0.77 (0.94) 0.57 (0.97) 0.57 (1) 1 (1) 1 (1) 1 (1) 1 (1) 
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Adherens junction 0.75 (0.92) 0.73 (0.94) 1 (1) 1 (1) 0.72 (1) 0.69 (1) 1 (1) 1 (1) 

TNF signaling pathway 0.34 (0.85) 0.51 (0.94) 0.51 (0.97) 0.73 (1) 1 (1) 1 (1) 1 (1) 1 (1) 

Wnt signaling pathway 0.15 (0.85) 0.15 (0.94) 0.15 (0.97) 0.15 (1) 0.48 (1) 0.48 (1) 0.48 (1) 0.48 (1) 

Fc gamma R-mediated  

phagocytosis 

0.3 (0.85) 0.3 (0.94) 0.3 (0.97) 0.47 (1) 0.4 (1) 0.4 (1) 0.4 (1) 0.4 (1) 

Hippo signaling pathway 1 (1) 1 (1) 1 (1) 1 (1) 0.71 (1) 1 (1) 0.45 (1) 0.69 (1) 

Tight junction 0.72 (0.92) 0.72 (0.94) 0.48 (0.97) 0.48 (1) 1 (1) 1 (1) 1 (1) 1 (1) 

Calcium signaling pathway 0.18 (0.85) 0.3 (0.94) 0.47 (0.97) 0.71 (1) 0.45 (1) 0.46 (1) 1 (1) 1 (1) 

Phosphatidylinositol 

signaling system 

0.73 (0.92) 1 (1) 0.73 (0.98) 1 (1) 1 (1) 1 (1) 1 (1) 1 (1) 

Notch signaling pathway 0.03 (0.85) 0.02 (0.73) 0.01 (0.24) 0.002 (0.09) 0.03 (1) 0.02 (0.66) 0.01 (0.48) 0.004 (0.16) 

TGF-beta signaling pathway 0.66 (0.92) 0.64 (0.94) 0.36 (0.97) 0.58 (1) 0.61 (1) 1 (1) 0.56 (1) 0.49 (1) 

Leukocyte transendothelial  

migration 

0.3 (0.85) 0.47 (0.94) 0.3 (0.97) 0.47 (1) 0.4 (1) 0.4 (1) 0.4 (1) 0.4 (1) 

Abbreviations: SNV, single nucleotide variation; CNA, copy number alteration 
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Figure 3. Logistic regression model of mutant (blue solid line) and wildtype 

(red solid line) in Notch signaling pathway when non-pathogenic SNVs and 

CNAs were filtered out. The dotted lines indicate 95% confidence interval 

of each model. 
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Figure 4. Heatmap of treatment and pathway mutations excluding non-

pathogenic SNVs and CNAs. Green and yellow box represent responder and 

non-responder, respectively. Graded red box represent biologically 

equivalent dose, and blue box represent mutation. Identifier of Notch 

signaling pathway is hsa04330. 
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Discussion 

 Discovering biomarkers predicting radiation response of tumor is 

one of the most interesting areas of research for radiation oncologists. To 

date, there have been numerous preclinical studies investigating the genomic 

background of radiosensitivity of tumor (19-20). In the present study, we 

showed a pathway of which somatic aberrations were associated with 

susceptibility of tumor to radiation using sequencing data of patient-derived 

specimens.  

 In current analysis, no individual gene was found to be relevant to 

radiosensitivity. Low incidence of somatic aberration of single gene may be 

a reason; respective proportion of gene mutation did not exceed 20%, except 

for TP53. For convenience and cost-effectiveness in clinical application, 

predicting radiation response with a small number of genes is attractive. For 

instance, Eschrich and colleague (21) devised radiosensitivity index using 

expression profiles of 10 genes, and it was validated in several types of 

cancer (22-24). It is generally hypothesized, however, that radiosensitivity is 

a phenotype determined by complex interaction between multiple loci rather 

than few genes. 

 On the first analysis, ErbB signaling pathway consistently appeared 

to be a significant RT-associated pathway in logistic regression model, but 

not after adjustment for multiple comparison. Our panel included 29 target 

genes in ErbB signaling pathway. The pathway regulates crucial cellular 



 

29 

 

functions related to radiation response, such as apoptosis, cell growth, and 

DNA repair. A number of investigations revealed the correlation between 

ErbB signaling pathway and response to ionizing radiation (25-28). It is, 

however, difficult to conclude the relationship from our analysis, because the 

false-positive rates are high.  

The first analysis method employing logistic regression model with 

interaction failed to discover any associated genes or pathways; it is probably 

because interactions between mutation and treatment were supposed 

regardless of gene or pathway with mutation. Indeed, p-values of β4, 

meaning interaction between radiation and mutation, were not significant in 

all analyses. Furthermore, administration of concurrent chemotherapy was 

not associated with RT response, but included in the initial logistic 

regression model. In other words, appropriate selection of variables to be 

included in the logistic regression model was crucial prior to model testing. 

Also, no previous studies adjusted multiple testing in logistic regression 

model. Moreover, this model can be problematic when multiple mutation 

status are incorporated. Therefore, testing mutation status that is significant 

in Fisher’s exact test with logistic regression model seems more reliable. 

 Mutation in Notch signaling pathway was relevant to radiosensitivity 

in the second statistical method. Difference in response to RT was greater 

when lower BED was delivered (figure 3). The pathway involved 6 genes 

from the panel; CREBBP, EP300, NOTCH1, NOTCH2, NOTCH3, and 
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NOTCH4. It is one of the frequently altered pathways in various types of 

cancer. Notch proteins play key roles in self-renewal, proliferation, DNA 

damage response, differentiation, and cell survival. Previous experiments 

showed that activation of Notch signaling pathway resulted in resistance to 

radiation (29). Song and colleagues reported enhanced radiation-induced 

apoptosis with Notch signaling pathway inhibitor in lung cancer cell line (30). 

Similarly, Theys et al. concluded that lung cancer cells with high Notch 

activity showed radioresistant phenotype in xenograft (31). However, the 

result was not reproduced in vitro, indicating the importance of 

microenvironment in Notch-related effect. Shen et al. suggested that 

activation of Notch signaling pathway may mediate the radioresistance in an 

orthotopic glioma model (32). In the study with targeted NGS, mutation in 

NOTCH1 was correlated with improved survival after concurrent 

chemoradiotherapy in squamous cell carcinoma of the head and neck (33). 

Mutations in the Notch signaling pathway can result either gain-of-function 

or loss-of-function. Several studies suggested that activating Notch 

mutations are found in acute lymphoblastic leukemia, while inactivating 

mutations are common in skin, lung, and head and neck cancers (34-36). 

Thus, the result concerning Notch signaling pathway seems to be consistent 

with the knowledge from prior studies, assuming inactivating mutation is 

dominant. 

 Significance of Notch signaling pathway was disappeared with non-

pathogenic SNVs or CNAs were included. In current analysis, top 10% 
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deleterious SNVs were defined to be pathogenic. Non-pathogenic mutations 

are unlikely to disrupt molecular pathways, and the recommended cutoff of 

CADD score is 10 to 20. By eliminating variants using CADD score, non-

significant mutations are thought to be sifted out. In addition, exclusion of 

CNAs unveiled the association between Notch signaling pathway and 

radiation response. Amplification in genes in Notch signaling pathway, 

likely resulting in activation of the pathway, were present in two non-

responders; NOTCH1 and NOTCH2, respectively. Role of CNA may be 

opposite to that of deleterious mutations. Thus, impact of CNA on the 

statistical significance can be explained. 

There are several drawbacks derived from the panel itself. The 

composition of the 148 gene panel is one of them. One of the main purposes 

of the panel includes discovery of therapeutic targets to facilitate 

personalized treatment, especially targeted agents, and most of target genes 

are related to chemotherapy rather than RT. Therefore, included genes in the 

panel may not be appropriate to investigate response to RT. Examining wide 

variety of candidate genes reported to be correlated with radiation response 

in previous studies may provide in-depth understanding of radiosensitivity. 

Discrepancy between sampled and treated lesions is another pitfall of current 

analysis, as intrapatient spatial and temporal genomic heterogeneity of tumor 

is a well-known phenomenon (37-38). In this cohort, sampled lesion was 

different from treated lesion in all but eight (14.5%) patients. Also, it is 

obvious that factors other than tumor genetics are involved in radiation 
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response, for example, tumor microenvironment, gene expression level, and 

epigenetics. Moreover, genetic data from biopsy specimen cannot represent 

that from whole tumor, hence tumoral heterogeneity.  

Heterogeneity of the analyzed cohort can be another source of bias. 

First of all, BED and fractionation schedule of RT were heterogeneous. 

Mechanisms of tumor cell killing, and thus underlying molecular pathways, 

are different depending on daily dose. Besides direct killing, single high dose 

triggers indirect effect, such as deteriorating tumor microenvironment by 

vascular damages (39), and the LQ model is known to be inaccurate for high 

daily dose treatment. Moreover, although there was no association between 

concurrent chemotherapy and tumor response, various chemotherapeutic 

regimens were administered together with or after RT. Associations of 

genomic landscape and response to chemotherapy were reported in a number 

of studies. Therefore, receipt of chemotherapy may still have influenced the 

result. Furthermore, inclusion of diverse types of solid tumor may have 

resulted in unclear interpretation. Genetic landscape of cancer is highly 

diverse. The selected 148 cancer-related genes may not be sufficient to 

explain the entire diversity. We applied the same α/β ratio (10Gy) for all 

solid tumors, however, it is well-known that the α/β ratio is different across 

tumor types. Analyzed result may be more straightforward with less debate, 

if cohort was composed of single cancer type and identical treatment strategy.  
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CONCLUSION 

 

 We investigated radiosensitivity-associated molecular pathways 

using patient-derived targeted sequencing data and radiologic evaluation. 

Employed method in this study seems feasible in discovering genes and 

pathways relevant to radiation response. The resultant Notch signaling 

pathway is in line with previous findings and our knowledge on radiation 

response mechanisms. The result of this study should be validated in larger 

and more homogeneous cohort. 
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국문 초록 

차세대 염기서열 표적분석을 이용한 방사선치료 반응 

연관 유전 변이 규명 

 

목적: 본 연구에서는 차세대 염기서열분석과 영상학적 평가를 

통해 방사선 반응과 연관된 유전자 혹은 분자경로를 찾아내는 

방법의 가능성을 탐구하고자 하였다. 

대상환자 및 방법: 크기 측정이 가능한 종양에 대해 방사선치료를 

시행한 55명의 환자로부터 얻은 생검 조직에서 148개의 표적 

유전자에 대하여 차세대 염기서열분석을 시행한 결과가 분석에 

사용되었다. 방사선치료 후 6개월 이상 완전 관해 혹은 부분 

관해를 보인 환자들은 반응자로, 그렇지 못하면 비반응자로 

분류하였다. 관심 유전자 148개와 이를 포함한 39개의 분자 

경로의 돌연변이를 시험하였다. 상호작용을 포함한 로지스틱 회귀 

모델과 Fisher의 정확 검정의 두 가지 방법으로 분석을 

시행하였다. 

결과: 포함된 환자 중 17명은 반응자였고 38명은 비반응자였다. 

생물학적 등가선량은 방사선 반응성과 연관이 있었지만 동시 
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화학요법 여부는 그렇지 않았다. 사용된 두 가지 통계방법으로 

연관된 단일 유전자를 찾을 수 없었다. 상호작용을 포함한 

로지스틱 회귀 모델을 이용했을 때, ErbB 신호전달 경로가 연관 

있었으나, 다중 비교를 교정했을 때는 유의미하지 않았다. 

발병성이 없는 단일염기변이와 복제수변이를 제외하고 Fisher 

정확 검정을 했을 때에는, Notch 신호전달 경로의 돌연변이가 

통계적으로 의미 있게 방사선 저항성과 연관이 있었다. 로지스틱 

회귀 분석에서도 생물학적 등가선량과 Notch 신호전달 경로의 

돌연변이 모두 방사선 반응성과 상관관계를 보였다. 

결론: 본 분석은 영상학적 평가와 표적 차세대 염기서열분석으로 

방사선 반응성과 관련된 유전적 변이를 찾는 것이 가능함을 

보여주었다. Notch 신호전달 경로가 방사선 반응성과 연관이 

있을 수 있다. 본 연구의 결과는 대규모의, 균일한 치료를 받은 

환자군에서 검증되어야 할 것이다. 

------------------- 

주요어: 방사선치료, 방사선민감성, 분자 경로, 차세대 

염기서열분석 
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