1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

o NATIG,

R HE

N WS)))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Cancer. 2012 July 15; 118(14): 3450-3454. doi:10.1002/cncr.26670.

Predicting Toxicity from Radiation Therapy- It’'s Genetic, Right?

Chris R. Kelsey, M.D.1, Barry S. Rosenstein, Ph.D.2, and Lawrence B. Marks, M.D.3
1Department of Radiation Oncology, Duke University Medical Center, Durham, NC, USA

2Departments of Radiation Oncology, Dermatology & Preventive Medicine, Mount Sinai School of
Medicine, New York, NY, USA and Department of Radiation Oncology, NYU School of Medicine,
New York, NY, USA

3Department of Radiation Oncology, University of North Carolina, Chapel Hill, NC, USA

Just a few years after Wilhelm Rdentgen discovered x-rays in 1895 and Antoine Becquerel
discovered radioactivity in 1898, various forms of radiation were used to treat cancer. It was
immediately apparent that radiation therapy held great promise as an effective therapeutic
modality. It was also observed that radiation therapy damaged normal tissues, sometimes
severely. Over the course of many years of investigation it was determined that the primary
determinants of normal tissue toxicity are:

a. Physical characteristics of the radiation beam (e.g. type of radiation, energy, dose
rate)

b. Time, dose, and fractionation (e.g. dose/treatment, total dose, fractionation
schedule)

c. Normal tissue irradiated (e.g. volume and type of normal tissue receiving a
specified dose)

d. Radiosensitizers (e.g. chemotherapy)
e. Comorbidities (e.g. connective tissue disorders, prior surgery)

These factors provide clinicians a basic framework to assess the risk of toxicity in an
individual patient and largely guide routine clinical decisions. However, even when all of
the factors listed above are relatively constant, a wide range of responses to radiation
therapy are observed. It is clear that inherited mutations in certain genes can lead to
radiosensitivity. Individuals with rare genetic disorders such as ataxia telangiectasia and
Nijmegen breakage syndrome develop severe reactions if exposed to therapeutic doses of
radiationl. However, even for the vast majority of otherwise healthy patients receiving
radiation therapy, genetic factors appear to play a significant role determining radiation
response.

It is generally assumed that radiation sensitivity is a quantitative complex trait. Alterations
in certain key genes (e.g. protein truncation mutations in both copies of ATM) can result in

Corresponding Author: Chris R. Kelsey, M.D., Department of Radiation Oncology, Duke University Medical Center, Box 3085,
Durham, NC 27710, Tele: 919-668-5213, Fax: 919-668-7345, kelse003@mc.duke.edu.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kelsey et al.

Page 2

extreme radiosensitivity. However, it is expected that for the great majority of people,
normal tissue toxicity is influenced by the cumulative effect of multiple genetic
polymorphisms. Furthermore, it is likely that a degree of tissue specificity exists, whereby
certain genes influence radiation sensitivity in one organ but not others. If these assumptions
are true, the prediction of radiation-induced toxicity based on underlying genetics will be
challenging.

In order to identify the genetic factors associated with the development of radiation-induced
toxicity, with a goal to create an assay to predict radiotherapy response, candidate gene
studies have been conducted. With this approach, SNPs in a series of genes associated
primarily with DNA repair pathways and other radiation-related processes were genotyped
in subjects that exhibited radiation-associated toxicities. The results of this work have been
summarized in several excellent recent reviews2=>. An example of a candidate gene SNP
approach was used by Mak et al. in this issue of CANCER. Their endpoint was clinical
symptomatic radiation pneumonitis, typically consisting of shortness of breath and/or cough
developing 1-6 months post-radiation therapy. They noted an association between the risk
of pneumonitis and a SNP in the methylenetetrahydrofolate reductase gene (the AC or CC
genotype having an increased risk compared to the AA genotype), which can be added to a
list of results from similar studies (Table 1). The growing number of studies in this area
perhaps reflects our collective frustration in being unable to accurately predict pneumonitis
risk based on clinical and dosimetric parameters alone. While well-intentioned, these studies
illustrate some of the fundamental shortcomings in this area of research. A brief review of
these studies specifically evaluating lung toxicity provides some insight into the difficulties
faced in understanding and assessing the inherited risk of radiation sensitivity.

Suboptimal Endpoint Selection and Scoring

The endpoint in most of these studies was clinical radiation pneumonitis, which was scored
predominantly in a retrospective fashion. This is problematic, since it is notoriously difficult
to accurately identify and grade treatment-related toxicity based upon the medical record.
Furthermore, radiation pneumonitis is essentially a diagnosis of exclusion- there is no test
that can be done to confirm the diagnosis. Even prospectively, it is often difficult to
distinguish it from other common entities such as exacerbation of chronic obstructive
pulmonary disease, pneumonia, and cardiac disease®. Thus, the endpoint used in most of
these studies is somewhat subjective. A similar problem plagues the literature addressing the
role of SNPs in other radiation-associated toxicities that also largely rely on somewhat
subjective, non-specific symptom-based endpoints.

Confounding Variables

The risk of radiation pneumonitis is clearly related to the volume of lung exposed to various
doses of radiation’, and may also be affected by a variety of clinical factors (e.g.
chemotherapy, pre-treatment lung function). The impact of these factors on the pneumonitis
risk is challenging to quantify. The typical multivariable analysis, while commonly used,
might not adequately address these sources of variation. Thus, genetic-based studies should
ideally be conducted on populations of relatively-uniform patients. However, this need is in
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direct conflict with the requirement to include a large number of patients. For example, it is
well known that frequencies of SNPs vary significantly between ancestries, which may
influence susceptibility to diseases and complications from treatments. While some of the
studies confined their investigation to a single self-reported ancestry, most did not. When
multiple ancestries, with different underlying polymorphism frequencies are combined, this
complicates interpretation of the data set. Of course, to maintain as much power as possible,
it is tempting to include all eligible patients, regardless of ancestry. It is also unclear if
polymorphisms leading to toxicity in one ethnic or racial group will translate to a similar
risk in a different group.

Validation studies

Power

Most of the published studies lack validation in an independent replication cohort. This
should be an essential requirement for publication of any study purporting to demonstrate an
association between a particular SNP with a radiotherapy outcome.

Perhaps the biggest criticism of the referenced studies is the statistical approach. The
number of subjects in these studies is relatively small by the standards typically applied to
such genetic-based research. Unless large numbers of patients are analyzed, the sheer size of
the genome and the large number of SNPs would be expected to lead to a high false positive
rate using a candidate gene approach. The primary obstacle to performing a genome wide
association (GWA) study is sufficient patient numbers. Indeed, studies in which thousands
of patients are genotyped may be necessary to have the statistical power to identify the
polymorphisms which are independently contributing to radiation sensitivity. To provide a
resource for the conduct of such large scale studies, which can only be accomplished
through multi-institutional collaborations, an international Radiogenomics Consortium has
been established® °. The goal of this consortium is to provide a structure in which tissue
samples and data can be pooled from investigators performing work in radiogenomics on a
global scale to create a large biorepository and databank, which will substantially strengthen
the statistical power of these studies. Once initial studies have been performed and evidence
for the involvement of specific genes has been obtained, the Radiogenomics Consortium
will also play an important role for the essential validation studies in which additional
radiotherapy cohorts will be genotyped.

Correction for Multiple Hypothesis Testing

Most studies involve genotyping multiple SNPs. However, a correction for multiple
hypothesis testing is often not included with the authors simply taking note of this limitation
and referring to their results as “hypothesis generating”.

Despite the shortcomings of these studies, their conduct reflects our need and desire to
develop better predictors for radiation-induced normal tissue injury. One cannot always wait
for “ideal study conditions” because they may never exist. For example, there is no
expectation in the foreseeable future that we will be able to accurately quantify the impact of
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various clinical factors on the risk for pneumonitis. Therefore, we conduct these types of
research studies while acknowledging their limitations.

To address some of these limitations, our group at Duke/UNC has used imaging as an
objective quantitative metric to assess radiation injury. Patients have undergone pre- and
post-radiation CT and single photon emission computed tomography perfusion scans!0. By
registering the scans to each other and the 3D radiation dose distribution, we can define the
degree of dose-dependent changes in the lung. This metric is likely independent of the
specific dose/volume parameters (a major source of inter-patient variation that can confound
analyses). Thus, we believe that this might provide an objective measure of inherent
radiation sensitivity. However, as opposed to symptomatic radiation pneumonitis, a
clinically relevant endpoint for the patient, asymptomatic imaging changes may be of little
clinical consequence. Further, these imaging-based assessments are expensive, time
consuming, and are thus not practical to perform in large numbers of patients. An ideal
endpoint to assess radiation sensitivity would be objective, measurable, clinically relevant,
and scored in a prospective fashion. Such endpoints are rare. A more scientifically sound
approach is needed to address this issue.

Many candidate-gene studies have demonstrated a statistically significant association
between various SNPs and radiation-induced normal tissue toxicity. However, none of the
positive associations reported has been consistently validated in subsequent studies with
other patient cohorts. Thus, at this time, no single gene or SNP has been identified that can
serve as the basis for a predictive assay. The lack of success and limited scope of candidate
gene studies has prompted GWA studies that more broadly search for genes and SNPs
associated with radiation response. A fundamental reason for GWA studies is the
recognition that only rudimentary knowledge exists as to the molecular pathways involved
in the development of most normal tissue responses to radiation. It is therefore expected that
a GWA approach will yield a useful clinical assay to predict radiation response, and that the
affected genes may provide information to help elucidate the molecular pathways leading to
radiation injuries. This knowledge may guide the development of pharmacologic agents to
prevent or mitigate radiation-induced toxicity.

Recently, the first radiogenomics GWA study designed to identify SNPs associated with
radiation-induced toxicity was published!!. The study considered SNPs associated with
erectile dysfunction among African American patients with prostate cancer treated with
radiotherapy. The SNP most significantly associated with erectile dysfunction was located in
the follicle stimulating hormone receptor gene (rs2268363), whose encoded product plays a
role in male gonad development and function. This SNP is located in a gene associated with
normal erectile function rather than one more specifically linked to radiation response. Since
most candidate SNP studies address genes associated with radiation response, this gene
would not have been identified using a candidate gene approach. While there is substantial
enthusiasm and promise for GWA studies, the superiority of this over a candidate gene
approach has not been demonstrated. Further work is underway.

While it is generally assumed that DNA sequence alterations play an important role in
underlying susceptibility to radiation-induced toxicity, changes in gene function are also
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likely contributing. For example, one study that compared intra- with inter-patient variation
in skin telangiectasias concluded that approximately 80-90% of the variability in radiation
response was due to patient-related factors2. In contrast, it was estimated that only 10-20%
of the difference could be explained through stochastic (random) events arising from the
probabilistic nature of radiation-induced cell killing and variations in dosimetry and dose
delivery. While genetic makeup was assumed to be the primary patient-related factor
accounting for inter-patient differences, epigenetic and other such phenomenon are probably
also playing a role. For example, Kozin et al utilized an in-bred strain of mice and
performed uniform irradiation to the legs to study tibial shortening®3. Similar to the study on
telangiectasias in humans, they found that leg shortening in mice was significantly
influenced by variability between individuals. Because the mice in this experiment were
genetically identical, this implies that individual factors other than genetic make-up are
influencing radiation toxicity. If true, unraveling the contribution of epigenetic and genetic
factors will pose an additional challenge.

In conclusion, the ultimate goal of these investigations is the personalization of a patient’s
treatment plan to maximize their therapeutic ratio. A patient’s individual plan can be
modified based on inherent differences in the sensitivity of their normal tissues. Patients
deemed at a very high risk of radiation-related complications may be best treated with a
surgical alternative if one were to exist, or smaller radiation fields, lower doses, or
aggressive supportive care if radiation therapy remained the best local modality. It is
possible that tumors in patients susceptible to radiation toxicity may also prove to be
radiosensitive and cured with lower-than-standard treatment doses. On the other hand,
patients at low risk of toxicity may benefit from radiation dose escalation to maximize the
chance of local tumor control. While progress is being made, we remain far from the point
where these data can be used in the clinical setting.
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