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Abstract
Background and purpose—Reported associations between risk of radiation-induced normal
tissue injury and single nucleotide polymorphisms (SNPs) in TGFB1, encoding the pro-fibrotic
cytokine transforming growth factor-beta 1 (TGF-β1), remain controversial. To overcome
publication bias, the international Radiogenomics Consortium collected and analysed individual
patient level data from both published and unpublished studies.
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Materials and methods—TGFB1 SNP rs1800469 c.-1347T>C (previously known as C-509T)
genotype, treatment- related data, and clinically-assessed fibrosis (measured at least 2 years after
therapy) were available in 2782 participants from 11 cohorts. All received adjuvant breast
radiotherapy. Associations between late fibrosis or overall toxicity, reported by STAT
(Standardised Total Average Toxicity) score, and rs1800469 genotype were assessed.

Results—No statistically significant associations between either fibrosis or overall toxicity and
rs1800469 genotype were observed with univariate or multivariate regression analysis. The
multivariate odds ratio (OR), obtained from meta-analysis, for an increase in late fibrosis grade
with each additional rare allele of rs1800469 was 0.98 (95% Confidence Interval (CI) 0.85–1.11).
This CI is sufficiently narrow to rule out any clinically relevant effect on toxicity risk in carriers
vs. non-carriers with a high probability.

Conclusion—This meta-analysis has not confirmed previous reports of association between
fibrosis or overall toxicity and rs1800469 genotype in breast cancer patients. It has demonstrated
successful collaboration within the Radiogenomics Consortium.
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During the last decade, a number of studies reported associations between risk of radiation
therapy related normal tissue injury and specific genetic variants [1–3]. Some of the most
frequently studied were single nucleotide polymorphisms (SNPs) in TGFB1, which encodes
transforming growth factor-beta 1 (TGF-β1).

TGF-β1 is a pro-fibrotic cytokine, which stimulates differentiation of fibroblasts and
production of extracellular matrix and inhibits epithelial repair. It is strongly implicated in
the atrophic-fibrogenic response pathway that is a main component of normal tissue injury
after radiation therapy. The early phase of fibrogenesis, after irradiation, may be considered
as a wound-healing response with up-regulation of pro-inflammatory cytokines, such as
TGF-β1 [4]. Endothelial cell killing leading to vascular damage and macrophage activation
both contribute to tissue hypoxia, which in turn perpetuates fibrosis. The role of TGF-β1 in
the radiation response may be multi-factorial – related to development of fibrosis,
extracellular signalling, induction of apoptosis and inhibition of proliferation in response to
DNA damage [4].

TGF-β1 has been implicated in the development of radiation-related fibrosis in lung cancer
patients. Some, but not all studies, reported a correlation between elevated serum TGF-β1
levels and increased fibrosis after cancer radiotherapy [5]. The hitherto largest study on
SNPs in TGFB1 (with 778 participants) found no association with late radiotherapy toxicity
[6]. In an accompanying meta-analysis of all published studies on late effects, where odds-
ratios were reported or could be calculated, for the TGFB1 SNP c.-1347T>C (previously
known as C-509T), rs1800469 [2], odds ratios of about 1.5 were reported with confidence
intervals just above one. However, the possibility of publication bias was noted as the
distribution of reported associations was characterised by small studies with high odds
ratios, larger studies clustering around the ‘line of no effect’, and a relative absence of small
studies reporting an inverse association.

The SNPs most frequently studied in TGFB1 are rs1800469 c.-1347T>C and rs1800470
(formerly rs1982073) c.29C>T (known as T+29C) encoding Leu10Pro. SNP rs1800469 is in
the promoter region of TGFB1 but is not within any putative promoter regulatory elements.
SNP rs1800470 is in the signal peptide. The two SNPs have been reported to act by altering
the rate of secretion of TGF-β1 and hence the circulating levels of mature protein. However,
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not all studies have demonstrated such a relationship [7] – the presence, in the circulation, of
both latent and activated forms may complicate the interpretation of studies on circulating
levels.

In an attempt to weigh the evidence from multiple studies and overcome problems of
publication bias, the international Radiogenomics Consortium [8] collected data from both
published and unpublished studies on SNPs in TGFB1 and radiation-induced normal tissue
injury. In contrast to the majority of previous studies, multivariate analysis, adjusting for
patient and treatment variables (covariates) associated with the risk of normal tissue injury,
was possible.

Materials and methods
Patient data

Genotype of SNPs in TGFB1 and late toxicity data on 5555 patients from 21 different
cohorts were collected from members of the international Radiogenomics Consortium,
including 3257 patients with breast cancer, 78 with cervical cancer, and 2220 with prostate
cancer (Table 1 and Supplementary Fig. 1). The current analysis includes data from the
breast cancer patients. Data from patients with other tumour types will be investigated in
subsequent analysis. In addition, data on patient- and treatment-related factors were also
collected from each cohort. Patient-related factors included age, smoking status, body mass
index (BMI), breast volume and the presence of co-morbidity such as diabetes mellitus and
hypertension. Treatment-related factors included total dose, number of fractions, use of a
radiotherapy boost, chemotherapy, hormone-therapy, acute toxicity, post-operative infection
and surgical cosmesis. Due to the retrospective nature of our meta-analysis not all covariates
were available in all studies.

Genotype data
Amongst the 20 cohorts included in this meta-analysis, the SNPs most frequently studied in
TGFB1 were rs1800469 c.-1347T>C (previously known as C-509T) and rs1800470
(formerly rs1982073) c.29C>T (known as T+29C) encoding Leu10Pro. The two SNPs are in
strong linkage disequilibrium (LD) with each other such that the minor T allele of
c.-1347T>C and the minor C allele of c.29C>T, encoding proline Pro10, tend to be inherited
together. An association was therefore sought between c.-1347T>C (rs1800469) and the
development of late radiotherapy toxicity. Table 1 shows the genotyping platforms used in
each cohort as well as selected study characteristics. Supplementary Table 1 gives the
distribution of genotypes in each study and the minor allele frequency (MAF). In all studies,
the genotype distributions did not differ from those expected under Hardy Weinberg
Equilibrium.

Toxicity data
The toxicity endpoints recorded in each study are listed in Supplementary Table 2. Some
endpoints were graded using identical scaling systems, whereas others used slightly different
scoring scales. Some studies reported the same endpoint at multiple time points after
therapy. For each of the breast patients, the endpoint was selected which was judged to
reflect breast fibrosis most closely. As late toxicity can progress up to 10 years following
radiotherapy, where toxicity was recorded longitudinally, data from the latest time point
available were used. The incidence of ≥ grade 2 late fibrosis ranged from 1.3% to 56.1%
among the studies and the incidence across all studies was 25.2%.
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The primary investigation was a univariate analysis of fibrosis. A Z-score was obtained for
an individual patient (k) for the fibrosis endpoint for which that patient had a valid (non-
missing) score, sk.

where Mean and Standard Deviation are taken over all cases in the study population where
fibrosis data were available. Converting individual toxicity scores to Z-scores eliminates the
problem of grades for one toxicity item not being directly comparable with grades for
another item. Z-scores define, for a particular endpoint, whether a patient’s score is high or
low relative to the distribution of the scores of other patients in the population.

In addition, a secondary analysis of overall toxicity, reported by the Standardised Total
Average Toxicity (STAT) score [9], and genotype was performed. To obtain a STAT score
for an individual patient (k), a standardised Z-score, Zk,i, is derived for each toxicity
endpoint (i) for which that patient has a valid (non-missing) score, sk,i:

The STAT score for patient k, STATk, is simply the average of all non-missing Z scores for
that patient:

Statistical analysis
Stata version 11.0 was used. Univariate analysis (UVA) was initially performed to look for
an association between genotype at rs1800469 and either fibrosis or overall toxicity using
the non-parametric Spearman’s rank correlation coefficient. UVA was also performed on
each cohort to determine the non-genetic factors that influenced both fibrosis and overall
toxicity. Spearman’s rank correlation coefficient was used to test for associations between
fibrosis or STAT scores and continuous covariates. The Mann–Whitney two-sample statistic
was used for binary covariates.

In order to quantify the prescribed radiation dose, and to account for differences in dose per
fraction used in the participating cohorts, the equivalent dose in 2 Gy fractions was
calculated in each patient using the formula:

where D = total dose, d = dose per fraction and the α/β ratio was assumed to be 3.4 Gy,
which was the value estimated for late change in breast appearance (photographic) in the
meta-analysis of START trial A and the pilot RMH/GOC trial [10].

In addition, ordinal logistic regression was used to look for an association between late
fibrosis and genotype. This was considered appropriate as late fibrosis was scored using a
graded scale in all studies. No numeric relationship is assumed between these grades; it is
only assumed that lower grades correspond to milder reactions. Patients are assumed to have
a decreasing risk of developing a specific grade of reaction when going from rare allele
homozygous to heterozygous and to common allele homozygous. This form of regression
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effectively looks for a trend both down and across a table of toxicity score against genotype
and has greater power than simple dichotomization of the toxicity endpoints, e.g. <grade 2
or ≥ grade 2. Univariate and multivariate analyses were performed, including factors that
were associated with fibrosis with P-value <0.1 in each data set (Supplementary Table 3).
The analyses were also repeated including any factors that were associated with fibrosis in
the largest dataset with P-value <0.1. The inclusion of these additional factors did not
significantly change the results of the analysis (data not shown).

The resulting univariate and multivariate odds ratios for each study were meta-analysed and
Forest plots created, using the Der-Simonian–Laird random-effects model. This model
assumes heterogeneity between the studies; i.e., it assumes that the true effect can be
different for each study. It is assumed that the individual-study true effects are distributed
around an overall true effect, but the model makes no assumptions about the form of the
distribution of either the within-study or the between-studies effects. Meta-analysis was also
repeated with a fixed effect model which assumes no heterogeneity between studies.

Multivariate linear regression of STAT score with genotype at rs1800469 was then
performed on each cohort, including covariates associated with overall toxicity on univariate
analysis of that cohort with P-value <0.1 or of the largest cohort in the data set. Linear
regression was considered appropriate as STAT scores follow an approximately normal
distribution. Supplementary Table 3 shows the results of univariate analysis of association
between covariates and overall late toxicity for the 11 studies. After multivariate analysis
(MVA), residuals were calculated for each patient, for the STAT score (R-STAT), to
quantify the overall toxicity not explained by available patient and treatment related factors
(Table 1) [11]. A residual is the difference between the observed and the estimated toxicity
score. Patients with residuals of zero have toxicity entirely accounted for by these factors.
Patients with negative or positive residuals have less or greater toxicity respectively than is
explained by known factors. Residuals were used in the analysis as clinical data were
available in some patients from the cohorts who did not have genotyped data. This meant
that the clinical factors that influence toxicity could be determined in all patients to
maximise power and the resulting factors used in the calculation of residuals in patients for
whom genetic data were available.

Results
The minimally required data: SNP rs1800469 genotype, treatment variables, and clinically-
assessed fibrosis (measured 2 years or later after therapy) were available in 2782 participants
who had received adjuvant radiotherapy to the breast, from 11 cohorts. Supplementary Fig.
1 shows the CONSORT diagram for this meta-analysis. Table 1 shows the number of
patients included from each cohort, the endpoints used to score fibrosis and calculate overall
toxicity reported by the STAT score as well as the covariates included in multivariate
analysis.

On initial univariate analysis there was no evidence of association between rs1800469
genotype and either fibrosis or overall toxicity. Spearman’s correlation coefficient of Z
scores for fibrosis and genotype was 0.02 (P = 0.38) and the correlation between overall
toxicity and genotype was 0.005 (P = 0.80). Meta-analysis of the univariate odds ratios
obtained from ordinal logistic regression in all data sets gave an OR = 1.015 (95% CI 0.89,
1.14), with no significant evidence of heterogeneity in this effect size between studies (P =
0.67).

Multivariate analysis was next performed, adjusting for all variables found to be associated
with late toxicity. Fig. 1 shows the Forest plot of odds ratios obtained from multivariate
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ordinal logistic regression of fibrosis by genotype for all 11 cohorts included in the meta-
analysis, with the corresponding confidence intervals. Smaller trials have larger confidence
intervals, reflecting the decreased power to detect an association between genotype and the
development of late fibrosis of the breast. The multivariate OR obtained from meta-analysis,
for an increase in late fibrosis grade with each additional rare allele of rs1800469 was 0.98
(95% CI 0.85–1.11). The corresponding 99% CI are 0.81–1.13. Thus, the null hypothesis
that the OR equals 1 could not be rejected, i.e. there was no association between the SNP
and risk of subcutaneous fibrosis in breast cancer patients. Table 2 shows the univariate and
multivariate odds ratios and standard errors obtained for the ordinal regression of fibrosis
against genotype at rs1800469. The results of meta-analysis did not change when a fixed-
effect model was used (data not shown).

Multivariate linear regression of overall toxicity with genotype at rs17800469 was
performed to obtain residuals. The residuals therefore quantify the toxicity not explained by
available patient and treatment related factors, i.e. they are the difference between the
observed and the estimated toxicity score. Fig. 2 shows the Forest plot of the regression
coefficients for residuals of overall toxicity and genotype for each of the seven cohorts with
more than one toxicity endpoint available, with the corresponding confidence intervals.
Meta-analysis reveals that each additional rare allele of rs1800469 corresponds to a 0.026
increase in STAT score (95% CI −0.074 to 0.126). Thus, the null hypothesis that this
coefficient of regression equals 0 could not be rejected, i.e. there was no significant
association between the SNP and overall toxicity in breast cancer patients.

Discussion
This meta-analysis did not confirm previously reported associations between TGFB1 SNP
c.-1347T>C (rs1800469) and increased risk of radiation-induced fibrosis in breast cancer
patients. After adjustment for covariates which influence the development of radiation
fibrosis, this meta-analysis enables the exclusion of an odds ratio >1.13 associated with the
T allele, with >99% confidence. We can translate this into a confidence interval for the
increased risk (around the overall average risk) of fibrosis in carriers vs. non-carriers.
Assuming an incidence of ≥ grade 2 fibrosis of 25.2% after adjustment for covariates, we
can exclude an incidence of ≥ grade 2 fibrosis greater than 28.5% for carriers of the rare
allele of rs1800469 with >99% confidence. Thus, the statistical power of the present analysis
is sufficient to rule out a clinically relevant difference in risk of moderate/severe fibrosis
between carriers and non-carriers of the rs1800469 SNP with a high probability.

This is the first unbiased evaluation, with sufficient statistical power and adjustment for
covariates, on a SNP that has been reported to be associated with radiation-induced normal
tissue injury. The strengths of the current study include its large size, the use of both
published and unpublished data and the availability of non-genetic factors that influence
toxicity.

SNP rs1800469 is in the promoter region of TGFB1, but its effect on secretion and hence
circulating levels of the cytokine remains unclear [7,22]. In addition the development of
radiation fibrosis, a complex multi-factorial process, involving atrophy of normal tissues and
excess collagen deposition, involves complex interactions between many proteins. Therefore
it is possible that genetic variation in many proteins will influence the development of
radiotherapy toxicity in a complex fashion.

Radiotherapy toxicity is a complex phenotype involving a variety of different pathological
mechanisms, and these different processes lead to a variety of different clinical end-points.
Despite a recognised need for a standardised approach for reporting toxicity, a variety of
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scoring systems are used and toxicity remains generally under-reported. In this meta-
analysis, an attempt was made to minimise these problems by studying a single clinical
endpoint (fibrosis) in breast cancer patients. Patients from clinical trials or dedicated
radiogenomics studies were included. In each study the toxicity endpoint selected was
judged to reflect breast fibrosis most closely. Note, that in a meta-analysis all effect
estimates are within a specific study rather than between studies. Thus, it is not necessary to
assume consistency in grading and use of scales across studies. It is also noteworthy that the
toxicity scoring used in most cases had face validity in the sense that factors known to
influence toxicity were found to have a significant impact on the toxicity scores. The current
analysis corrects for total dose and dose fractionation, which is one of the most important
non-genetic risk factors. However, due to the retrospective design of the analysis, it was not
possible to include volume-related parameters. Whenever possible, future prospective
studies should aim to include sufficient information on both dose and volume related
parameters. The more accurate the information included on the non-genetic factors that
influence late toxicity, the greater the chance of determining the genetic factors that
determine radiotherapy toxicity. However, sample size is paramount. Most published
GWAS have shown that a large sample size, even if the data are “noisy”, is more effective
for detecting associations than a smaller sample size with very clean data.

The odds ratios and standard errors obtained from UVA and MVA of each data set were
similar (Table 2). This means that in these studies the adjustment for covariates did not
significantly alter the magnitude of the effect size of genotype at rs1800469. This implies
that for SNPs that are not significantly associated with radiotherapy toxicity, i.e. true
negative results, the adjustment for covariates does not have an undue influence on the
results. It could be hypothesised that the effect of genotype may be constant despite
increases in dose or the addition of other treatments, such as chemotherapy. However, it is
possible that for a SNP that is truly associated with toxicity, adjustment for covariates would
have a significant effect on the magnitude of the odds ratio. The relative importance of the
inclusion of non-genetic factors will be demonstrated once univariate and multivariate
analyses are performed on SNPs that are found to be truly associated with late radiotherapy
toxicity.

The Radiogenomics Consortium was established in Manchester in 2009 [8] to provide a
collaborative link between the major groups performing genotyping studies and existing
cancer epidemiology cohorts in radiogenomics. It provides a route for sharing and
developing expertise and quality assurance procedures; developing best practices for data
collection; pooling data, addressing methodological challenges associated with
radiogenomics and carrying out large, sufficiently powered studies. This meta-analysis of
both published and unpublished studies demonstrates the Consortium’s ability to achieve its
collaborative goals and has successfully overcome a publication bias problem.

Genome-wide association studies have highlighted the limitations of our current
understanding of the genetic basis of most complex traits and diseases. Radiosensitivity is a
complex phenotype and positive findings from candidate gene studies have proved difficult
to replicate [12]. Several Stage 1 GWAS of radiogenomics are underway [13], the future
meta-analysis of which should identify true causative variants. The large amount of data
collected for this meta-analysis (Supplementary Fig. 1) highlight the need for
standardisation between studies of radiogenomics in the Consortium.

In conclusion, this relatively large meta-analysis, found no clinically relevant association
between the frequently-studied candidate SNP rs1800469 in TGFB1 and the development of
fibrosis or other late radiotherapy toxicity. The meta-analysis demonstrates successful
collaboration of groups included in the Radiogenomics Consortium.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Forest plot of odds ratios obtained from multivariate ordinal logistic regression of fibrosis by
genotype for all 11 cohorts included in the meta-analysis, with the corresponding confidence
intervals.
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Fig. 2.
Forest plot of the regression coefficients for residuals of overall toxicity and genotype for
each of the seven cohorts with more than one toxicity endpoint available, with the
corresponding confidence intervals.
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