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372Novel Approaches in Cancer Study

Introduction
As one of major cancer treatments, radiotherapy benefits more than half of cancer patients 

[1]. After many years of development, just like other cancer therapies the radiotherapy also 
evolved into the era of precision medicine, which addresses each therapy should be tailored to 
the personal characteristics. One important aspect of precision radiotherapy is genomic studies, 
often referred as radiogenomics in the field. There two main goals for radiogenomics. One is 
to discover related genetic variants that confer tumor or non-tumor tissue radiosensitivity 
as the target of radio-sensitizing and/or radio-protective agents. Another goal is to identify 
specific genetic markers for prognosis or risk prediction. Tissue response to the radiation is 
a complex pathophysiological process and is an inherited polygenic trait that accounts for 
up to 80% of the differences in radiosensitivity [2]. In vitro studies have also estimated a 
range from 58 to 82% of the heritability of cellular radiosensitivity [3]. Radiosensitivity or 
radiotoxicity is affected by multiple genes and/or biological pathways that include a few rare 
mutations that confer large effects and multiple common variants with small effects. This 
review is to summarize major research approaches and advances in radiogenomics. 

Candidate Gene Approaches
In general, candidate genes are those genes that known or thought to be involved in the 

pathway of radiosensitivity or radiotoxicity. The early radiogenomics studies mainly used 
candidate gene approaches. For quite a long period radio-oncologists already noticed that 
substantial genetic variationscould alterthe severity of tissue reactions to radiotherapy. Back 
to the 1960s, it has been reported that early Ataxia–telangiectasia patients suffered severe 
acute radiotoxicity, which indeed is the ATM mutation accounting for the symptom [4]. Until 
recent still ATM mutations were discovered associated with excellent radiation response [5]. 
ATM probably is one of the earliest genes known and therefore used as a candidate gene for 
radiogenomics. Such kinds of candidate genes usually are genes that involved in DNA repair 
(ATM, BRCA1, CHEK2), anti-oxidation (SOD2), apoptosis (TP53), and cytokine signaling 
(TBFB1), etc. The major advantage of candidate gene studies is low cost. With focusing on 
limited specific variants, one can collect more samples and therefore results with more 
statistical power. While the drawback of this method is the requirement of prior knowledge of 
gene function. As mentioned before the radiosensitivity or radiotoxicity is a combined effect of 
different numbers of rare variants and common variants. The total number of those variants 
can be from tens to hundreds and many of them could be with unknown function. This means 
the candidate gene approach could miss many genes involved in the radiosensitivity. Despite 
the disadvantages, the International Radiogenomics Consortium (RGC) has reported several 
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successful works using candidate gene studies, which discovered 
several SNPs associated with radiotoxicity in near or in candidate 
genes such as TNF, XRCC, and ATM [6-8]. Now a day with the cost 
decreasing of other methods, the candidate gene method is no 
longer competitive yet stills a useful method especially for small 
institutes with a limited budget. Caution should be paid when using 
this method since some prior knowledge could be misleading such 
as in TGF-β study [9-12] and early radiogenomics studies using this 
method failed to account for multiple testing [13]. 

Genome-Wide Association Studies
With the advances in DNA chip, the genome-wide association 

studies (GWAS) is getting more popular than the candidate gene 
studies. One obvious advantage of GWAS is to allow researchers to 
study all SNPs without prior knowledge which means variants with 
unknown functions can be discovered and the method is suitable for 
exploratory researches. The first radiogenomics GWAS identified 
rs2268363 (unadjusted p = 5.46 × 10-8, Bonferroni p = 0.028) in the 
follicle-stimulating hormone receptor (FSHR) gene associated with 
erectile dysfunction (ED) among a cohort of 79 African American 
prostate cancer patients treated with external beam radiotherapy 
[14]. Later several other loci in the two-stage GWAS were also 
identified by the same group (Rosenstein group) among post 
radiotherapeutic prostate cancer patients associated with urinary 
toxicity or rectal bleeding [15,16]. Many modern radiogenomics 
GWASs are often designed with two or multi-stages with cohorts 
of a large population (>1000), the first stage for discovery and the 
second stage for validation, UK RAPPER study, for example [17]. 
Such kind of design can provide solid evidence for the variants and 
phenotype association. GWAS can identify common variants with 
moderate or small effects. The biggest problem for GWAS is that 
most identified loci usually located in the noncoding region, which 
makes it difficult to explain the underlying mechanism although 
it’s not necessary for clinical utilization. Another flaw for GWAS is 
most GWAS studies will exclude rare variants, which is essential for 
radiogenomics. 

Next-Generation Sequencing (NGS) Approach
Next-Generation Sequencing, also called high-throughput 

sequencing, massively parallel sequencing, or deep sequencing, can 
generate a huge amount of information within one run. Comparing 
to other methods, NGS has many advantages. The first advantage is 
the cost for each variant is very low. Now a whole human genome 
can be sequenced for around a thousand dollars, which equals 
about only thirty cents per million bases. The second advantage is 
NGS can be applied at different scales: either focusing on few or 
multiple specific genes, or the whole exome, or the whole genomes. 
The third is the same set of NGS data can also be used for copy 
number alterations (CNA) analysis, which is an important yet to be 
explored area for radiogenomics. The fourth one is NGS can also be 
used for epigenetic research for radiogenomics, another important 
yet to be explored area for radiogenomics. The fifth advantage is the 
small Indels, which is extremely important for some specific genes 
such as TP53, difficult to be found with other methods, can be easily 

discovered by NGS. There so many successful applications of NGS in 
radiogenomics [18] and here we will give only one typical example 
addressing one specific feature of NGS. In a study of concurrent 
chemoradiation of squamous cell carcinoma of the head and 
neck (HNSCC) patients where the NGS panel was applied, the null 
functional (nonsense, frameshift, truncation, or complete loss of 
expression) TP53 was found distinct from the missenses mutations 
as far as the survival concerned [19]. This study is a typical example 
illustrating varieties of complex mutations that can be detected by 
NGS simultaneously. One thing that should be noticed is that NGS 
generates huge amounts of data and analysis is a time-consuming 
process often requires powerful computing and bioinformatic 
resources.

Epigenetic Study and Other Methods
Epigenetic modifications include DNA methylation and histone 

modifications (methylation and acetylation). Both will cause gene 
expression profile change, which could result in the variation of 
sensitivity or resistance of tumor or non-tumor tissues to radiation. 
At least it has been shown in vitro the DNA methylation changes were 
associated with radioresistance in a human laryngeal squamous 
cell carcinoma cell line [20]. As for the radiogenomics studies 
only very few literatures regarding epigenetics were published so 
far and it is a direction with many prospects. Another direction of 
radiogenomics is gene expression profiling. A typical example is the 
work did by Torres-Roca group which used a gene-expression-based 
radiation-sensitivity index (GARD)to independently predicted the 
clinical outcome of different cancers [21].

Challenges and Future Directions
To date, continuous advances in new techniques brought 

new challenges to radiogenomics studies. The one emerging 
radiotherapy is the increasing use of charged particle therapy 
including protons and carbon ions. Different types of radiation will 
have different radiotoxicity. How different those radiotoxicities are 
and whether previous knowledge on the radiogenomics can be 
applied to these new techniques? Even with the traditional type 
of radiation, methods like Oligo fractionation, which intents to 
improving tumor cell killing, delivers much higher radiation doses 
in fewer fractions than standard fractionation, and the question 
is whether radiotoxicity risk differs from standard fractionation. 
The biological effect of radiation includes but is not restricted to 
the generation of DNA damage. Many other pathways such as 
cell death, immunological response, hypoxia metabolism, etc. are 
also involved in the radiation response [22,23]. How the genetic 
variants or gene expression profiles are linked to these biological 
pathways is another direction of radiogenomics. So far, most of 
the previous radiogenomics studies have focused on single or few 
biomarkers as a predictor of radiosensitivity and the polygenic 
nature of radiosensitivity made none of those biomarkers are 
currently used in the clinical daily practice. The future direction 
of radiogenomics should be the development of the polygenic 
risk scores that are incorporated into end point-specific clinical 
models/nomograms[24].
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