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A B S T R A C T   

Background: Radiotherapy is an effective treatment for head and neck squamous cell carcinoma (HNSCC), 
however how to predict the prognosis is not clear. 
Methods: Here we collected 262 radiosensitivity-associated genes, screened and constructed a prognostic nine- 
gene risk model through univariate COX, lasso regression, stepwise regression and multivariate COX analysis 
for transcriptome and clinical information of HNSCC patients obtained from the cancer genome atlas (TCGA) and 
gene expression omnibus (GEO) databases. 
Results: The reliability and robustness of the risk model were verified by receiver operating characteristic (ROC) 
curves, risk maps, and Kaplan-Meier (KM) curves analysis. Differences in immune cell infiltration and immune- 
related pathway enrichment between high-risk and low-risk subgroups were determined by multiple immune 
infiltration analyses. Meanwhile, the mutation map and the responses to immunotherapy were also differentiated 
by the prognostic nine-gene signature associated with radiosensitivity. These nine genes expression in HNSCC 
was verified in the Human Protein Atlas (HPA) database. After that, these nine genes expression was verified to 
be related to radiation resistance through in-vitro cell experiments. 
Conclusions: All results showed that the nine-gene signature associated with radiosensitivity is a potential 
prognostic indicator for HNSCC patients after radiotherapy and provides potential gene targets for enhancing the 
efficacy of radiotherapy.   

Introduction 

Head and neck squamous cell carcinoma (HNSCC) is the seventh 
most common cancer, accounting for 8.5 % new cancer cases and 4.8 % 
cancer-related deaths per year [1]. Radiotherapy is one of the main 
treatments for HNSCC [2], and the efficacy of radiotherapy is a 

significant prognostic factor for clinical outcomes of HNSCC [3]. Due to 
the biological heterogeneity of HNSCC, responses to radiotherapy 
treatment varies widely between patients [4,5]. Responses to radio-
therapy are affected by the radiobiological factors “6Rs”: DNA damage 
Repair, cell cycle Reassortment, Repopulation, Reoxygenation, cancer 
cell-intrinsic, Radiosensitivity, and antitumor immune Response [6,7]. 
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Differences in gene expression can affect cancer cell-intrinsic radiosen-
sitivity and immune cell infiltration in the tumor microenvironment [8]. 
Predicting the efficacy of radiotherapy through gene expression is a 
challenge for the prognostic assessment of HNSCC. The gene-expression- 
based radiosensitivity index (RIS), which depends on the expression of 
10 hub genes, was developed by Steven A. Eschrich from 48 cell lines 
including colorectal, renal, ovarian, prostate, lung, breast, and central 
nervous system cancers, as well as leukemias and melanomas [9,10]. 
The RIS was validated in multiple clinical cohorts including breast 
cancer [11,12], colon cancer [13], glioblastoma [14], pancreatic cancer 
[15], and endometrial cancer [16]. However, whether this model can 
recognize the immune cell infiltration and the anti-tumor immune re-
sponses remains unclear, especially in HNSCC. 

Radiotherapy might enhance the priming of tumor-specific T cells to 
restore cancer sensitivity to immunotherapy [17]. Preclinical experi-
ments have shown that cells irradiated with doses greater than 20 Gy for 
a short period of time exhibit the strongest effects, which suggested that 
Hypofractionated radiation therapy (HRT) might enhance the efficacy of 
radiation therapy [18,19]. HRT might derive irradiated tumor cells 
release Damage-Associated Molecular Patterns (DAMPs) to stimulate the 
differentiation and maturation of dendritic cells [20]. This is charac-
terized by the upregulation of costimulatory molecules, resulting in 
improved T cell activation [18,19]. However, this effect was not 
demonstrated by clinical trials. Immune cells within the tumor micro-
environment (TME) are associated with tumor radiosensitivity [21,22]. 
Evaluation of radiosensitivity associated genes may be used to assess 
optimal dosing and prognosis of radiotherapy in patients. These ad-
vances may help identify patients who are more likely to respond to RT. 

In this study, we constructed and validated a prognostic signature 
containing nine radiosensitivity-associated genes for HNSCC patients 
through bioinformatics analysis and in vitro cell experiments. 

Materials and methods 

Collection of data 

RNA-seq data, mutation data, and clinical information for 453 cases 
of head and neck squamous cell carcinoma (HNSCC) with patient sur-
vival time ≥ 30 days were obtained from The Cancer Genome Atlas 
(TCGA) database (https://portal.gdc.ancer.gov/). The RNA-seq data 
was re-annotated and transformed by log2(x + 1) and standardized. The 
expression profile data and clinical information of 270 HNSCC cases 
with patient survival time ≥ 30 days were obtained from gene set 
GSE65858 from Gene Expression Omnibus (GEO; https://www.ncbi. 
nlm.nih.gov/geo/). 

Acquisition of radiosensitivity-associated mRNAs 

B.J.Thibodeau et al. used Affymetrix microarrays to compare gene 
expression between HNSCC patients who responded to radiotherapy and 
those who were radiotherapy non-responders, ultimately identifying 
262 mRNAs that may indicate responsiveness to radiotherapy [23]. GO 
and KEGG enrichment analyses of these 262 radiosensitivity-associated 
mRNAs were carried out using the clusterProfiler R package [24]. 

Screening of radiosensitivity-associated gene signature 

Univariate Cox analysis was performed to identify mRNAs associated 
with survival， those mRNAs with P < 0.05 were included into least 
absolute shrinkage and selection operator (Lasso) regression analysis 
[25]. Afterwards, stepwise regression was performed to further improve 
the predictive efficiency of the signatures [26]. 

Construction and evaluation of a radiosensitivity-associated prognostic 
gene signature 

Multivariate Cox regression was used to establish a prognostic 
signature [27]. The risk score for each HNSCC patient sample was 
calculated as the expression value of each mRNA multiplied by the sum 
of their weights in the multivariable Cox regression. The median risk 
score was used to separate HNSCC patients into high and low-risk sub-
groups. Kaplan-Meier survival analysis was performed to compare sur-
vival differences between the high- and low-risk subgroups using the 
Survminer R package. Time-dependent Receiver operating character-
istic (ROC) curve analysis was used to evaluate the predictive value of 
the prognostic signature using the time ROC R package. 

Validation of the radiosensitivity-associated prognostic signature 

To determine whether the risk score is an independent indicator of 
prognosis, univariate and multivariate Cox regression analysis were 
used to evaluate the prognostic relationship between age, gender, tumor 
size (T), lymph node metastasis (N), distant metastasis (M), clinical 
stage, and risk score. In addition, the accuracy of different clinicopath-
ological factors and risk scores in predicting survival time were evalu-
ated using the survival ROC R package. Finally, we construct a 
predictive model with the help of nomogram and use the calibration 
curves of 3- and 5-year to test the accuracy of the prediction model. 

Estimation of mutation map and responses to immunotherapy 

The maftools R package [28] was used to evaluate and quantify the 
mutation data and the tumor mutation burden (TMB) according to 
tumor-specific mutated genes in the high- and low-risk subgroups. Im-
mune checkpoint inhibitor (ICI) responses were assessed by Tumor 
Immune Dysfunction and Exclusion (TIDE) score using the TIDE 
(https://tide.dfci.harvard.edu/) algorithm in the high- and low- risk 
subgroups. Immunophenoscore (IPS), calculated based on the gene 
expression in representative cell types, was used to determine the 
immunogenicity from four main cell types: effector cells, immunosup-
pressive cells, MHC molecules, and immunomodulators. The IPS of 
HNSCC patients were downloaded from The Cancer Immunome Atlas 
(TCIA) (https://tcia.at/home). 

GSEA enrichment analysis and immune cells infiltration analysis 

Functional enrichment scores were calculated by gene set enrich-
ment analysis (GSEA) to identify the enriched GO biological processes 
and KEGG pathways in the high-and low-risk subgroups. CiberSort (htt 
ps://cibersort.stanford.edu/）was used to assess the proportion of im-
mune cells in the microenvironment of HNSCC samples. GSEA analysis 
between high-risk and low-risk subgroups was performed using the 
“maftools” R package on somatic mutation data downloaded from the 
TCGA database. In order to quantify the proportion of immune cells in 
HNSCC samples, we used CIBERSORT, MCPcounter, xCell, Quantiseq, 
and ssGSEA to compare the level of immune cell infiltration in high- and 
low-risk subgroups. 

Validation of the protein expression levels of radiosensitivity-associated 
prognostic gene signature via mthe human protein atlas 

To further verify the protein expression levels of the nine genes in 
colorectal cancer and normal tissues, immunohistochemistry (IHC) data 
were described from the Human Protein Atlas (HPA, https://www.Prote 
atlas.org), which can provide proteomics-based IHC results for multiple 
proteins in cancerous and normal tissues. 
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Construction of radioresistant cell lines 

The hypopharyngeal carcinoma FaDu cell line was obtained from the 
Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells 
were cultured in DMEM growth medium supplemented with 10 % fetal 
bovine serum (PAN, America), 100 U/ml penicillin and 100 mg/ml 
streptomycin at 37 ◦C in a humidified atmosphere of 5 % CO2. The FaDu 
cell line was treated with X-ray irradiation ten times at 2 Gy, 2 Gy, 4 Gy, 
4 Gy, 6 Gy, 6 Gy, 8 Gy, 8 Gy, 10 Gy, and 10 Gy in turn, for a cumulative 
total dose of 60 Gy using an American Varian Trilogy linear accelerator, 
with 6MV X-ray irradiation. The irradiation dose rate was 200 cGy/min, 
the distance of the source medium was 100 cm, and the culture flask was 
covered with 1.5 cm compensation. The final radioresistant FaDu cells 
were referred to as FaDuRR. Cell lines were authenticated by Short 
Tandem Repeat (STR) analysis as described in ANSI Standard (ANSI/ 
ATCC ASN-0002–2011 Authentication of Human Cell Lines: Standardi-
zation of STR Profiling). 

Colony formation assay 

Both parental FaDu cells and FaDuRR cells were plated in 6-well 
plate with 1000 cells per well. And were irradiated with a single dose 
of 0, 4, 6 Gy, respectively. Cells were incubated for 14 days. Plates are 
filled with identical volumes of culture medium per well and are sub-
sequently incubated in a humidified CO2 incubator at physiological 
temperature for sufficient time to allow surviving cells to form colonies 
of ≥ 50 cells (a minimum of six population doublings). Finally, colonies 
are fixed with 4% paraformaldehyde (Biosharp, China) and stained with 
0.1 % crystal violet (SparkJade, China).[29] Colonies of more than 50 
cells and 100 cells were counted under microscope (ECHORVL-100-G) 
capture. 

Quantitative real-time PCR verification 

Total RNA was extracted using Trizol reagent from cancerous and 
paracancerous tissues of patients with HNSCC who had not received 
radiation therapy（n = 11）, and from the FaDu and FaDuRR cells. 

Total RNA was reverse transcribed into cDNA using HiScipt III RT 
SuperMix for qPCR (+gDNA wiper Vazyme, China). Next, qRT-PCR was 
performed using ChamQ Universal SYBR qPCR Master Mix (Vazyme, 
China) in accordance with the manufacturer’s instructions. Primer se-
quences are shown in Supplemental Table S1. The results were analyzed 
by the 2-ΔΔCt method. Each experiment was repeated three times. Sta-
tistical significance between groups was evaluated by Student’s t test, 
and p < 0.05 indicated a statistically significant difference. 

Results 

Construction and validation of radiosensitivity-associated prognostic gene 
signature 

A total of 453 HNSCC patients’ data (Supplementary Table S2) was 
obtained from TCGA database (flowchart detailing the analysis process 
is shown in Fig. 1). In brief, 262 radiosensitivity-associated genes were 
obtained from the B.J. Thibodeau et al. study [23] Functional enrich-
ment analysis showed that the GO pathways most highly enriched 
among the 262 radiosensitivity-associated genes were the regulation of 
DNA replication, chromosome segregation, double-strand break repair 
via homologous recombination, and recombinational repair (Supple-
mentary Fig. S1A). KEGG enrichment analysis showed that the associ-
ated genes are enriched in the p53 signaling pathway, homologous 
recombination, DNA replication, and chemical carcinogenesis-reactive 
oxygen species (Supplementary Fig. S1B). 

Univariate Cox analysis of the 262 radiosensitivity-associated genes 
identified 30 mRNAs (P < 0.05) that were related to HNSCC prognosis 
(Fig. 2A, Supplementary Table S3). Among these, 22 mRNAs were 
further screened by Lasso regression (Fig. 2B, Supplementary Table S4). 
Next, forward–backward stepwise regression analysis was used to 
identify the most genes on HNSCC prognosis and narrow the signature 
down to 13 mRNAs (Supplementary Table S4). Finally, a nine gene 
radiosensitivity-associated prognostic signature was constructed by 
multivariate Cox analysis. This signature had significant characteristic 
value and contained candidate genes with the highest individual prog-
nostic value (Fig. 2C, Supplementary Table S5). This signature contained 

Fig. 1. Flowchart for the construction of the nine-gene radiosensitivity associated signature for prognosis.  
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4 mRNA risk factors: Mitochondrial Ribosomal Protein L33 (MRPL33), 
Myoferlin (MYOF), V-Set and Immunoglobulin Domain Containing 4 
(VSIG4), and Lysosomal Protein Transmembrane 4 Beta (LAPTM4B) and 
5 mRNA protective factors: RasGEF Domain Family Member 1B (RAS-
GEF1B), Tetraspanin 11 (TSPAN11), Transcription Elongation Factor A3 

(TCEA3), Inhibitor of Growth Family Member 4 (ING4), and Tubulin 
Polymerization Promoting Protein Family Member 3(TPPP3), as iden-
tified by the cutoff of Hazard Ratio (HR) > 1. The overall risk score for 
prognosis was calculated as Risk score =

∑
iExpi(mRNAi)*Coef(mRNAi)

where Expi is the expression value of each mRNA, and Coef is the 

Fig. 2. The construction and verification of the radiosensitivity associated gene signature. (A) Lasso coefficient distribution of 30 mRNAs in the training cohort. (B) 
The coefficient profile was generated according to the logarithmic λ sequence. Selection of optimal parameter λ in the lasso model. (C) Lasso regression analysis 
screened forest maps of 9 candidate radiosensitivity mRNAs related to HNSCC survival in the construction of the prognostic signature. *P < 0.05, **P < 0.01. (D-E) 
Verification of the radiosensitivity gene prognostic signature. The risk score level of the model-based classifier, Kaplan-Meier survival analysis was used to analyze 
the risk of death (overall survival) in (D) the training cohort and (E) the testing cohort. (F-G) Time-dependent receiver operating characteristic (ROC) analysis of the 
sensitivity and specificity of the survival for the nine-gene radiosensitivity-associated signature risk score in the (F) training cohorts and (G) testing cohorts. 
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regression coefficient of the multivariate Cox analysis for the target 
mRNAs. 

Following that, the HNSCC samples were divided into high-risk 
subgroups and low-risk subgroups based on the median risk score. The 
risk score and survival status of each HNSCC sample in the training 
cohort and the testing cohort were shown in a risk curve (Supplementary 
Fig. S2A and B) and scatter plot (Supplementary Fig. S2C and D). The 
risk coefficient and mortality in the high-risk subgroup was higher than 
those in the low-risk subgroup. RASGEF1B, TSPAN11, TCEA3, ING4, 
and TPPP3 were highly expressed in the low-risk subgroups, while 
MRPL33, MYOF, VSIG4 and LAPTM4B were highly expressed in the 
high-risk subgroups (Supplementary Fig. S2E). Kaplan-Meier analysis 
demonstrated that the overall survival (OS) of patients in the high-risk 
subgroup was worse than the low-risk subgroups in the training 
cohort (Fig. 2D, P < 0.001); this was verified in the testing cohort 
(Fig. 2E, P = 0.021). These results indicated that the risk score could 
effectively distinguish high-risk HNSCC patients from low-risk HNSCC 
patients. The AUC values analyzed by ROC for the 3-, 5-, and 10-year 
survival rates in the training cohort were 0.706, 0.674, and 0.672 
respectively (Fig. 2F). The AUC values analyzed by ROC for 1-, 3-, and 5- 
year survival rates in the testing cohort were 0.629, 0.617, and 0.577, 
respectively (Fig. 2G). These results demonstrate that the nine-gene 
radiosensitivity-associated prognostic signature may be an effective 
prognostic marker for HNSCC. 

The nine-gene radiosensitivity-associated prognostic signature is an 
independent predictive factor for HNSCC survival 

Univariate and multivariate Cox regression analysis were used to 
explore whether the risk score of the nine-gene radiosensitivity- 

associated prognostic signature was a prognostic factor independent of 
age, gender, pathological stage, and other clinicopathological factors. 
The risk scores and Hazard Ratios (HR) of univariate Cox regression 
analysis (Fig. 3A) and multivariate Cox regression analysis (Fig. 3B) 
were 2.099 with confidence interval 1.748–2.520 (P < 0.001), and 
2.129 with confidence interval 1.765–2.568 (P < 0.001), respectively, 
suggesting that the risk score was an independent prognostic factor for 
HNSCC patients. In order to compare the sensitivity and specificity of 
risk score and clinicopathological factors on the prognosis of HNSCC 
patients, time-dependent ROC analysis was performed. The area under 
the ROC curve of the risk score was 0.662 (Fig. 3C), which was much 
higher than that of other clinicopathological factors. In addition, to 
improve the accuracy of prediction, a nomogram was integrated and 
constructed based on the statistically significant eigenvalues of the 
above multivariate Cox analysis results, including age, gender, tumor 
size (T), lymph node metastasis (N), distant metastasis (M), and risk 
score (Fig. 3D). The calibration curves of 3-year and 5-year survival 
probabilities predicted by the nomogram were in good agreement with 
the actual observed results (Fig. 3E). These results indicated that the risk 
score is a superior prognostic factor for HNSCC, and may be useful as an 
indicator to predict responses to radiotherapy in patients with head and 
neck tumors. 

Differences in mutation status and responses to immunotherapy between 
high- and low-risk subgroups 

Using the maftools R package [28], mutation data were analyzed and 
summarized based on the variant effect predictor. The top 30 driver 
genes with the highest alteration frequency in the high- and low-risk 
subgroups are shown in Fig. 4A and B. Tumor mutational burden 

Fig. 3. Risk score analysis and nomogram construction to evaluate overall survival of HNSC patients. (A) Univariate Cox regression analysis of the model in the 
training cohort. (B) Multivariate Cox regression analysis of the risk score in the training cohort. (C) ROC analysis of the risk score and other clinicopathological 
factors for prediction of overall survival of HNSCC patients. (D) Nomogram for predicting the overall survival rate of HNSCC. (E) Nomogram calibration chart during 
3-year and 5-year follow-up. 
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(TMB) scores were calculated based on the TGCA somatic mutation data. 
The TMB scores in the high-risk subgroup were higher than the low-risk 
subgroup (Fig. 4C). Next, the responses to anti- Programmed Cell Death 
1 (PD-1) and anti- Cytotoxic T-Lymphocyte Associated Protein 4 
(CTLA4) immunotherapy in the high- and low-risk subgroups were 
assessed using the TIDE algorithm. The TIDE score was higher in the 
high-risk subgroup compared with the low-risk subgroup (Fig. 4D), 
suggesting that tumors in the low-risk group may be more sensitive to 
anti-PD-1 and anti-CTLA4 immunotherapy. In addition, the IPS scores 
were higher in the low-risk subgroup (Fig. 4E), suggesting that patients 
in the low-risk group might achieve a better response to immuno-
therapy. These results suggest that the nine-gene radiosensitivity-asso-
ciated prognostic signature may also predict response to 
immunotherapy. 

Gene enrichment analysis and immune infiltration analysis 

In order to explore potential biological activities associated with the 
prognostic signature, functional enrichment analysis was performed for 
the differential expressed genes between the high- and low-risk sub-
groups. The high-risk subgroup was significantly enriched in the process 
of mitochondrial transport and in B cell and T cell receptor signaling 
pathways, P53 and JAK/STAT signaling pathways, and in pathways 
involved in regulating cell cycle and DNA replication. Immune-related 

KEGG pathways associated with favorable prognosis were more signif-
icantly enriched in the low-risk subgroup than the high-risk subgroup, 
and included B cell and T cell receptor signaling pathway, CD4 positive 
or CD8 positive alpha beta T cell lineage commitment, mast cell acti-
vation in GO biological process, and the T cell receptor signaling 
(Fig. 5A, B and Supplementary Tables S6-S9). These findings suggest 
that higher levels of immune related gene expression and lower 
expression of DNA replication and cell cycle related genes could facili-
tate improved prognosis in the low-risk subgroups. 

The immune cell infiltration in the tumor immune environment was 
analyzed by CiberSort, and compared between the high-risk and low- 
risk subgroups. Significant increases were identified in immune cell 
infiltration of plasma cells, CD4+ T cells, CD8+T cells, T follicular helper 
cells, and mast cells in the low-risk subgroup vs. the high-risk subgroup, 
which may indicate more potent antitumor immune activity (Fig. 5C). 
We used CIBERSORT, MCPcounter, xCell, Quantiseq, and ssGSEA to 
calculate the level of immune cell infiltration in HNSCC samples. The 
numbers of immune cells with the strong anti-tumor activity, such as 
dendritic cells, natural killer (NK) cells, B cells, CD4 T cells, and CD8 T 
cells, were higher in the low-risk group than in the high-risk group 
(Fig. 5D-F). These findings suggest that among HNSCC samples, the low- 
risk group may have more active and robust anti-tumor immune prop-
erties, meaning this group may have a more favorable prognosis in terms 
of immunotherapy response and overall treatment effect. 

Fig. 4. Differences of mutation maps and responses to immunotherapy between high- and low-risk subgroups. (A-B) The mutations of the top 30 driver genes with 
the highest alteration frequency in the (A) high- and (B) low-risk subgroups. (C) Tumor mutational burden (TMB) in the high and low-risk subgroups (D) The Tumor 
Immune Dysfunction and Exclusion (TIDE) score in the high- and low-risk subgroups. (E) The Immunophenoscore (IPS) scores in the high- and low-risk subgroups. 
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Fig. 5. Computational analysis of immune cell infiltration in HNSCC tumors. (A-B) GSEA analysis. Results of functional enrichment of GSEA genes in different 
groups. (C) The differences in the estimation of infiltrating immune cells between the high-risk group and the low-risk group. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. (D) Heatmap depicting the frequency of tumor microenvironment infiltrating cells in two radioresistant-associated subtypes. The infiltration levels 
of different cell types in the low- and high-risk subgroups were analyzed using (E) CIBERSORT (F) MCPcounter, (G) Quantiseq, (H) ssGSEA, and (I) xCell. 
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Verification of the nine-gene radiosensitivity-associated prognostic 
signature in FaDu radiation resistant cells and in HNSCC tissue 

Protein expression from the HPA database along with IHC results 
were shown in Fig. 6A. The proteins corresponding to the nine genes 
exhibited varying expression levels among different patients. TCEA3 and 
MYOF are moderately expressed in normal tissues, while MRPL33 is 
low-expressed and RASGEF1B is not detected. However, the proteins 
corresponding to these high-risk group mRNAs are not uniformly 
expressed in tumor tissues, and there are the above three situations. For 
example, MRPL33 has moderate or low expression in tumors, while 
TCEA3 has moderate or no expression. In the low-risk group, mRNAs 
TPPP3 and VSIG4 were not detected in normal tissues, but there was low 
expression of ING4 and moderate expression of LAPTM4B. Likewise, the 
proteins corresponding to these genes were not uniformly expressed in 
tumor tissues, except for LAPTM4B, which was moderately expressed. It 
is worth noting that the expression of TSPAN11-related proteins is not 
collected in the HPA database, so graph A only shows the internal 
expression of eight-gene signature associated with radiosensitivity. 

After that, we tested these nine gene expression change in radio-
therapy resistance cells to check their function in radiotherapy resis-
tance. As shown in Fig. 6B, more colonies survived in FaDuRR cells after 
irradiation. Counting of cell clusters with clones greater than 50 cells at 
0GY showed that FaDuRR was slightly higher than FaDu group (Fig. 6C), 
but there were more cell clusters greater than 100 cells in FaDuRR group 
(Fig. 6C). FaDuRR is more radioresistant than FaDu. QPCR results 
showed that the expression of RASGEF1B, TCEA3, ING4, TPP3, and 
TSPAN11 (Fig. 6D) decreased and MRPL33, MYOF, VISG4, LAPTM4B 
(Fig. 6E) increased in FaDuRR cell line. However, the only significant 
expression differences between HNSCC tissue and paracancerous tissue 
were seen in TSPAN11, MYOF, and VSIG4 (Fig. 6F and G), indicating 
that differences in the expression of these genes may occur after radio-
therapy treatment. Taken together, our findings demonstrate the 
important roles of these nine genes in HNSCC prognosis, especially in 
radiotherapy resistance, and provide important clues for in-depth un-
derstanding of their molecular mechanisms. 

Discussion 

Radiotherapy is the primary mode of treatment for HNSCC, however, 
many tumors exhibit radiotherapy resistance, which impairs the efficacy 
of radiotherapy [30]. In order to improve treatment for HNSCC it is 
important to improve the efficacy of radiotherapy and avoid radio-
resistance. In this study, we identified nine radiosensitivity-associated 
mRNAs by univariate Cox regression, Lasso regression, stepwise 
regression, and multivariate Cox regression to construct a nine-gene 
radiosensitivity associated prognostic signature. This signature may 
help provide more individualized risk-assessment for HNSCC treatment. 
The prognostic value of the nine-gene radiosensitivity-associated prog-
nostic signature was confirmed and validated by rigorous computational 
techniques including Kaplan-Meier analysis, ROC analyses, and multi-
variate Cox regression. Our data suggested that this signature may 
provide prognostic indicators for HNSCC following radiotherapy, and 
might identify gene targets that could be used to enhance the efficacy of 
radiotherapy in HNSCC. It might potentially help guide the course of 
treatment and clinical decision making in patients at high risk of 
HNSCC. 

Clinicopathological factors including age, gender, tumor size (T), 
lymph node metastasis (N), and distant metastasis (M) are related to the 
prognosis of HNSCC [31,32]. In our study, through univariate and 
multivariate Cox regression analysis, the clinicopathological factors age, 
N, M, and risk score were identified as independent clinical prognostic 
factors. ROC analysis and nomogram analysis showed that the risk score 
was an independent prognostic factor for HNSCC. These data suggest 
that the risk score is of great significance and could be used as a diag-
nostic indicator for the prognosis of radiotherapy. 

Combination treatment of radiotherapy and immune checkpoint 
inhibitors (ICIs) is a promising strategy, sue to effects including in situ 
tumor vaccination and radiation-induced cell death, which can initiate 
an immune stimulatory cascade. TMB predicts a favorable response to 
ICIs [33,34]. However, there is limited and conflicting evidence 
regarding the association between TMB and outcome after radiotherapy. 
In esophageal squamous cell carcinoma and cervical cancer, high TMB is 
associated with poorer OS [35,36], which is consistent with our study of 
mutation map analysis in high- and low-risk subgroups of HNSCC. 

Prognostic gene expression signatures have been identified in 
HNSCC [37]. Several studies have demonstrated the clinical validity of 
multi-gene expression models of tumor radiosensitivity [9]. Tumors in 
high-risk subgroups have more genetic mutations and are less sensitive 
to radiotherapy. More frequent mutations in Tumor Protein P53 (TP53), 
Titin (TTN), Cyclin Dependent Kinase Inhibitor 2A (CDKN2A), and FAT 
Atypical Cadherin 1 (FAT1) were observed in the high-risk subgroup. 
Mutations in TTN and FAT1 are associated with cancer radiosensitivity 
and invasion in HNSCC [38,39]. This is consistent with our findings that 
mutation frequency in TTN and FAT1 was higher in the high-risk sub-
group [40]. Mutations in TP53 and CDKN2A genes impact DNA repair 
that alter the radiosensitivity of tumors [41]. 

Radiation therapy causes DNA damage in tumors, leading to tumor 
cell death [42]. Genes associated with DNA damage repair can repair the 
DNA damage caused by radiotherapy, which can facilitate radiotherapy 
resistance of tumor cells [43]. In our study, we found that genes highly 
expressed in the high-risk subgroup were enriched in DNA damage 
repair, which may be a main factor contributing to high risk. 

Differences in the distribution of immune cells in the tumor immune 
microenvironment, especially tumor-killing immune cells such as nat-
ural killer cells, CD8T cells, macrophages, and T follicular helper cells 
can lead to differences in disease prognosis [44]. GSEA enrichment 
analysis showed that there were significant differences in gene expres-
sion between high-risk and low-risk subgroups in DNA damage repair, 
immune cells, natural killer (NK) cell, and mast cell regulation, and a 
variety of immune responses. Immune cell infiltration analysis showed 
that immune cells beneficial to tumor killing are distributed more in 
tumors in the low-risk subgroup, indicating that the nine-gene radio-
sensitivity-associated prognostic signature may reflect the immune cell 
infiltration status of tumors and provide value to disease prognosis. 

We found that the expression of RASGEF1B, TCEA3, ING4, TPPP3, 
and TSPAN11 were reduced and the expression of MRPL33, MYOF, 
VISG4 and LAPTM4B were increased in radiotherapy resistant HNSCC 
cells. Significant differences in expression levels of TSPAN11, MYOF, 
and VISG4 were observed between HNSCC tissue and paracancerous 
adjacent tissue, suggesting that these genes may be related to HNSCC 
development. There were no significant expression differences of RAS-
GEF1B, TCEA3, ING4, TPPP3, MRPL33, and LAPTM4B between HNSCC 
tissue and paracancerous adjacent tissue, indicating that radiotherapy 
may change gene expression within the tumor, resulting in differential 
radiotherapy responses. 

RASGEF1B is an immune-related enhancer RNA, is related to im-
mune pathways and DNA damage regulation [45], and has prognostic 
value for bone metastasis of breast cancer [46]. Ectopic expression of 
TCEA3 inhibits cancer cell proliferation and induces tumor cell 
apoptosis by activating the c-Jun N-terminal kinase (JNK) pathway 
[47,48]. TCEA3 was highly downregulated in FaDuRR cells compared to 
FaDu cells, which may contribute to radiotherapy resistance. The 
membrane repair factors MYOF and LAPTM4B predict poor survival 
[49] and promote tumor growth [50,51] and metastasis in pancreatic 
cancer [52], breast cancer [53], colorectal cancer [54], and triple- 
negative breast cancer [55]. Expression of MYOF and LAPTM4B is 
related to drug resistance, and de novo chemoresistance to anthracy-
clines [56–58]. However, the functions of MYOF and LAPTM4B in 
HNSCC remain unclear. In our study, ectopic expression of MYOF and 
LAPTM4B contributed to radiotherapy resistance. This is supportive of 
previous reports, in which ectopic expression of MYOF and LAPTM4B 

C. Lu et al.                                                                                                                                                                                                                                       



Clinical and Translational Radiation Oncology 43 (2023) 100686

9

Fig. 6. Verification of expression of the nine-gene radiosensitivity-associated signature in HNSCC cell lines and tissues. (A) Protein expression of mRNAs corre-
sponding to high and low risk groups in the HPA database. (B)Colony formation assay of FaDu and FaDuRR cell lines in 0GY,4GY,6GY group. (C) Colonies of FaDu 
and FaDuRR with more than 50 cells in 0GY,4GY,6GY group and more than 100 cells in 0GY group. (D-E) The expression of nine genes was verified in FaDu and 
FaDuRR cell lines. (F-G) Expression of nine genes in HNSCC tissue and in paracancerous tissue (n = 11). 
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promoted tumor progression and drug resistance. 
VSIG4 protein is a B7 family related macrophage protein, which has 

the ability to inhibit T cell activation and has a potential role in cancer 
[59–61]. VSIG4 expression plays a critical role in the induction and 
maintenance of liver T- and Natural killer T (NKT)-cell tolerance [62], 
facilitates cancer development [63], and is associated with poor prog-
nosis [64,65]. VSIG4 overexpression may inhibit tumor-killing immune 
responses and may be related to an increase in resting immune cells in 
the HNSCC microenvironment, thus contributing to radiotherapy resis-
tance. Through bioinformatics analysis, TPPP3 and TSPAN11 were 
found to be associated with tumor immune infiltration of T cells, B cells, 
and bone marrow dendritic cells [66,67]. In our study, higher infiltra-
tion of B cells and CD8+ T cells was seen in the low-risk subgroup, which 
may be associated with lower TPPP3 and TSPAN11 expression in radi-
oresistant cells. MRPL33 promotes chemosensitivity to epirubicin in 
gastric cancer [68], which is consistent with higher MRPL33 expression 
levels in radioresistant cells in our study. 

Compared to other markers such as imaging, the analysis based on 
the expression levels of specific genes in tumor tissues or cells can take 
complex biological processes including intracellular signaling pathways 
and gene expression regulation into account. It can identify potential 
molecular targets, providing a basis for personalized therapy. Simon A. 
Keek et al. built a model for predicting overall survival in late-stage 
HNSCC patients using a multivariate Cox proportional hazards model 
incorporating 11 radiomic features extracted from diagnostic CT of 
primary tumors, along with clinical and biological variables, TNM8, and 
volume [69]. However, there are currently few relevant models for 
predicting radiotherapy sensitivity of HNSCC. Therefore, establishing a 
model, including monocular, protein, imaging characteristics, and 
clinical information, is necessary in the future. 

In this study, we performed bioinformatics analysis to identify and 
validate a nine-gene radiosensitivity-associated prognostic signature for 
HNSCC. This signature provides a novel approach for stratification of 
HNSCC patients based on potential responsiveness to radiotherapy. 
However, there might be limitations related to data quality and patient 
heterogeneity. The incomplete clinical information, such as HPV status 
limited to include more clinical information in TCGA cohort. Addition-
ally, it is crucial to consider the impact of ethnic diversity. Given that the 
TCGA database predominantly consists of information from patients of 
European and American descent, there is a notable gap in research 
pertaining to Asian populations. This may potentially constrain the 
applicability of our study findings across different ethnic groups. 
Therefore, when interpreting and generalizing the conclusions of our 
research, special attention should be paid to this aspect. Further vali-
dation and exploration in diverse populations, particularly among 
Asians, should be pursued whenever possible. Further clinical valida-
tion, including prospective studies or validation in independent cohorts, 
will be undertaken in the future through single-center or multi-center 
studies. Future studies should attempt to clarify the mechanisms of 
how the nine radiosensitivity associated genes regulate the tumor im-
mune microenvironment and radiotherapy effects in HNSCC, and may 
provide new targets for the treatment of HNSCC. 
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Appendix A. Supplementary data Fig. 1: The functional 
enrichment analysis of (A) 453 HNSCC related genes and (B) 262 
radiosensitivity related genes. Supplementary Fig. 2: 
Construction and evaluation of the 9-gene signature. (A–E) The 9- 
gene signature risk score analysis. The distribution of risk scores 
in (A) the training cohort and (B) the testing cohort. The 
distribution of the sample survival overview in (C) the training 
cohort and (D) the testing cohort. Green dots and red dots denote 
survival and death, respectively. (E) Heatmap of the expression 
profile distribution of the nine-gene signature among the low- 
risk group and high-risk group in the training cohort. The pink 
bar represents the low-risk subgroup and the blue bar indicates 
the high-risk subgroup. 
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