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Background: Childhood cancer survivors treated with chest-directed radiotherapy have substantially elevated risk for devel-
oping breast cancer. Although genetic susceptibility to breast cancer in the general population is well studied, large-scale
evaluation of breast cancer susceptibility after chest-directed radiotherapy for childhood cancer is lacking.

Methods: We conducted a genome-wide association study of breast cancer in female survivors of childhood cancer, pooling
two cohorts with detailed treatment data and systematic, long-term follow-up: the Childhood Cancer Survivor Study and St.
Jude Lifetime Cohort. The study population comprised 207 survivors who developed breast cancer and 2774 who had not de-
veloped any subsequent neoplasm as of last follow-up. Genotyping and subsequent imputation yielded 16 958 466 high-
quality variants for analysis. We tested associations in the overall population and in subgroups stratified by receipt of lower
than 10 and 10 or higher gray breast radiation exposure. We report P values and pooled per-allele risk estimates from Cox pro-
portional hazards regression models. All statistical tests were two-sided.

Results: Among survivors who received 10 or higher gray breast radiation exposure, a locus on 1g41 was associated with
subsequent breast cancer risk (rs4342822, nearest gene PROX1, risk allele frequency in control subjects [RAFcontrols] = 0.46,
hazard ratio = 1.92, 95% confidence interval = 1.49 to 2.44, P = 7.09 x 10°°). Two rare variants also showed potentially
promising associations (breast radiation >10 gray: rs74949440, 1123, TAGLN, RAFontro1s = 0.02, P = 5.84 x 10°%; <10 gray:
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1s17020562, 1q32.3, RPS6KC1, RAF controls = 0.0005, P = 6.68 x 10°®). Associations were restricted to these dose subgroups, with

consistent findings in the two survivor cohorts.

Conclusions: Our study provides strong evidence that germline genetics outside high-risk syndromes could modify the effect
of radiation exposure on breast cancer risk after childhood cancer.

The occurrence of subsequent malignancies is a major cause of
morbidity and mortality in childhood cancer survivors (1-4).
Risk of breast cancer, one of the most common subsequent ma-
lignancies after childhood cancer, is highly dependent on the
radiation dose received and volume of breast tissue exposed
during radiotherapy (5-7). Approximately 30% of childhood can-
cer survivors who received 10 or higher gray (Gy) chest radiation
develop breast cancer by age 50 years (6). Because of this
higher-than-20-fold increased risk, females who received chest
radiotherapy prior to age 30 years are recommended to undergo
annual breast cancer screening beginning eight years following
treatment or at age 25 years, whichever occurs later (8).

Despite an increasing understanding of the heritability of re-
sponse to ionizing radiation exposure (9,10), as well as discovery
of numerous breast cancer susceptibility loci in the general pop-
ulation, genetic predisposition for breast cancer after radiother-
apy for childhood cancer remains poorly understood. We
therefore initiated a genome-wide association study (GWAS) of
subsequent breast cancer following childhood cancer within
two cohorts of childhood cancer survivors with detailed treat-
ment data, systematic long-term follow-up, and available DNA:
the Childhood Cancer Survivor Study (CCSS) (11) and the St.
Jude Lifetime Cohort (SJLIFE) (12).

Methods

Study Population and Phenotype Data

The study population and phenotype data are described in detail
in the Supplementary Methods (available online). Briefly, CCSS is a
multicenter retrospective cohort with prospective follow-up of in-
dividuals who survived five or more years following diagnosis
with first primary childhood cancer during 1970 to 1986 (11).
Patients eligible for CCSS were diagnosed with the most common
forms of childhood cancer before age 21 years at one of 26 partici-
pating centers in the United States and Canada. SJLIFE is a clini-
cally assessed cohort of survivors who received treatment for any
type of childhood cancer at St. Jude Children’s Research Hospital
(SJICRH; Memphis, TN) during 1962 to 2005, survived 10 or more
years following diagnosis, and were age 18 years or older (12).
SJLIFE participants who had already been genotyped as part of the
CCSS effort were analyzed in the CCSS cohort. The cohorts were
approved by the institutional review boards at each participating
center, and participants provided informed consent. The GWAS
and pooled analyses were approved by the Institutional Review
Board of the National Cancer Institute (Bethesda, MD).
Occurrences of subsequent malignancies were ascertained
through self- or proxy-report by questionnaire or death certificate,
or by clinical screening (SJLIFE only), and confirmed by review of
pathology reports and medical records. Treatment data within the
first five years following first primary childhood cancer diagnosis
were abstracted from medical records. Radiotherapy data included
information on dates of therapy; beam energy; field location and
size; use of radiation field blocks to protect normal tissue; and pre-
scribed dose. Radiation exposure was estimated as the maximum
treatment dose to the chest, accounting only for direct in-beam

contributions (13). Radiation dose reconstruction details and dis-
tributions of the estimated radiation doses to the breast are pre-
sented in the Supplementary Methods and Supplementary Figure
1 (available online), respectively.

Genotyping, Imputation, and Quality Control

In both cohorts, genotype data for this analysis were derived
from a larger effort to genotype all cohort participants with
available DNA regardless of sex or ancestry (Supplementary
Methods and Supplementary Figures 2-5, available online).

For CCSS, DNA was extracted using standard methods from
blood, saliva (Oragene), or buccal cells (collected using mouth-
wash). For samples with insufficient DNA, whole-genome am-
plification (WGA) was performed (14). Genotyping of study
samples and quality control replicates was conducted at the
Cancer Genomics Research Laboratory of the National Cancer
Institute on the Illumina (San Diego, CA) HumanOmniS5Exome
array. We estimated ancestry using the Genotyping Library and
Utilities (GLU) struct.admix module with HapMap data as the
fixed reference population. We then performed imputation
based on the 1000 Genomes Project release version 3 reference
haplotypes using IMPUTE version 2.3.0, resulting in a total of
26135905 high-quality single nucleotide polymorphisms (SNPs)
and small insertions or deletions (InDels).

For SJLIFE participants, a blood sample was collected at the
initial SJLIFE clinical evaluation, and DNA was isolated using
the DNAeasy Blood and Tissue Kit from Qiagen (Hilden,
Germany). Genotyping was performed at the SJCRH Hartwell
Center for Bioinformatics and Biotechnology using the
Affymetrix (Santa Clara, CA) Genome-Wide Human SNP Array
6.0. Ancestry for SJLIFE participants was determined using the
program STRUCTURE. We then performed imputation using
Minimac with data from the 1000 Genomes Project used as the
reference panel (RELEASE STAMP 2012-10-09), resulting in
23675718 high-quality variants.

We merged the CCSS and SJLIFE data by genome position
and alleles. The final pooled analytic data set included
16 958 466 variants that were present in both cohorts and passed
all cohort-specific quality control thresholds.

Statistical Analyses

We performed association analyses in the overall population as
well as restricted to populations receiving 10 or higher or lower
than 10 Gy radiation exposure to the breast. Details of the analyses
are provided in the Supplementary Methods (available online).
Briefly, within each population, we first tested for independence
between genotype and breast cancer occurrence for all variants
using the Mantel-Haenszel (MH) test statistic, counting the num-
ber of chromosomes by presence/absence of the minor allele and
breast cancer status within three strata defined by cohort and
DNA type (SJLIFE, CCSS-gDNA, CCSS-wgaDNA).

For those SNPs with Pyy; values of less than 1 x 107, we fur-
ther assessed the association between genotype and breast can-
cer occurrence using multivariable Cox regression, assuming an
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additive genetic effect (allelic dosage). Age was the underlying
time scale, with individuals followed from the age of first pri-
mary childhood cancer until the earliest of breast cancer diag-
nosis, death, or last follow-up. Covariates included cohort,
receipt of any alkylating agent- or platinum-containing chemo-
therapy, and associated principal components. The analysis of
the overall population also adjusted for receipt of 10 or higher
Gy radiation exposure to the breast. For the top SNP associa-
tions (pooled Py < 1x 1077), we obtained a permutation-based
P value (Pcox), based on the Wald test statistic (Pwarp), permut-
ing on case status. P values of less than 5x10°® were considered
statistically significant at the genome-wide level. We also tested
for departure from a multiplicative effect of genotype (allelic
dosage) and radiation (>10 vs < 10 Gy exposure to the breast) on
breast cancer risk by comparing the model fit with and without
a genotype xradiation parameter (Pgg).

Statistical analyses and data management were conducted
using R (version 3.2.3, R Foundation for Statistical Computing,
Vienna, Austria) and SAS (version 9.4, SAS Institute Inc., Cary,
NC). All statistical tests were two-sided.

Results

The primary analytic population comprised females of
European descent who developed breast cancer (Nccss = 178,
Ngjire = 29) or who did not develop a subsequent neoplasm as
of the date of death or last follow-up (“control subjects”; Nccss =
2200, Ngjpg = 574) (Table 1; Supplementary Table 1, available
online). Among the 207 breast cancer case patients, 73.9% were
invasive and 26.1% in situ, median age at first primary cancer
(most commonly Hodgkin lymphoma, 64.7%) was 15.6 years
(interquartile range [IQR] = 13.5-18.0 years), and median age at
breast cancer was 39.2 years (IQR = 35.1-43.2 years). Sixty-three
percent of case patients received 10 or higher Gy radiation expo-
sure to the breast. Among the 2774 control subjects, median age
at first primary cancer (most commonly leukemia, 34.7%) was
6.1 years (IQR = 2.9-12.7 years), and median age at last follow-
up was 32.9 years (IQR = 27.7-39.3 years). Eighteen percent of
control subjects received 10 or higher Gy radiation exposure to
the breast. Distributions by first primary type and age at first
primary cancer differed when we stratified the cohort by 10 or
higher and lower than 10Gy radiation exposure to the breast
(Table 1).

Among childhood cancer survivors who received 10 or higher
Gy radiation to the breast, the locus at 1q41 marked by rs4342822
was statistically significantly associated with risk of developing
subsequent breast cancer (risk allele frequency [RAF] = 0.46 in
control subjects, Pyy = 7.09x10°) (Table 2; Supplementary
Figures 6-7, available online). In Cox regression analyses,
154342822 was associated with nearly twofold increased risk of
breast cancer per G allele (hazard ratio [HR] = 1.92, 95% confidence
interval [CI] = 1.49 to 2.44, Pcox = 7.00 x 10'9). Results were consis-
tent in the two cohorts. In contrast, no association with this locus
was observed among survivors who received lower than 10Gy
breast radiation (Pyy; = .80, HR = 1.04, 95% CI=0.75 to 145, Pggr =
.006) (Supplementary Table 2, available online). In more detailed
analyses by radiation exposure level, the presence of the G allele
for rs4342822 appeared increasingly detrimental with increasing
radiation dose (Figure 2). Similarly, the effect of radiation exposure
was increasingly detrimental with an increasing number of G al-
leles (Supplementary Tables 3 and 4, available online).

In addition, we identified potentially promising associations
(Puu < 1x107) for two rare variants. A locus at 11q23

(rs74949440) was associated with the risk of developing subse-
quent breast cancer among childhood cancer survivors who re-
ceived 10 or higher Gy radiation to the breast (RAF = 0.02 in
control subjects, Py = 5.84 x 108, HR=2.59, 95% CI=1.62 to
4.16, Pcox = 8.40 x 1078, Pgg = .06), whereas a locus at 1q32.3
(rs17020562) was associated among those who received lower
than 10Gy radiation to the breast (RAF = 0.0005 in control
subjects, Py = 6.68 x 108, HR =44.52, 95% CI=15.06 to 131.62,
Pcox = 5.00x10° Pgg = .002) (Table 2 and Figure 1;
Supplementary Figure 7 and Supplementary Tables 2-4, avail-
able online).

Because of the strong associations among treatment, age at
exposure, and type of initial childhood cancer (Supplementary
Figure 8, available online), we conducted a series of sensitivity
analyses for the top three variants in subgroups of survivors de-
fined by these characteristics (Supplementary Table 5, available
online). Results appeared consistent regardless of first primary
type, age at first primary childhood cancer, and whether ovar-
ian function had been compromised by receipt of pelvic radia-
tion or alkylating agent-containing chemotherapy. Moreover,
results were similar when we restricted the case patients to
those for whom breast cancer was their first subsequent neo-
plasm (ie, excluding case patients who developed another inter-
vening neoplasm before breast cancer) and when we included
as “control subjects” individuals who developed subsequent
neoplasms other than breast cancer. Intriguingly, the associa-
tions for all three variants appeared to be specific to the devel-
opment of subsequent breast cancer because no evidence of
risk was observed for the most commonly occurring other types
of subsequent neoplasms (basal cell carcinoma of the skin, me-
ningioma, and thyroid cancer), even after accounting for radia-
tion exposure to the tumor locations (Supplementary Table 6,
available online).

We also identified seven further regions with promising as-
sociations for breast cancer risk after childhood cancer (Pyy <
1x 10 (Supplementary Table 7, available online). A locus at
7q36.3 (rs117114682) showed potential evidence for association
among survivors who received 10 or higher Gy radiation to the
breast. Loci at 2q14.3 (rs1519277) and 17q24.3 (rs11651604)
showed potential evidence for association among survivors
who received lower than 10 Gy radiation to the breast, whereas
loci at 2q37.3 (rs114971217), 4q32.2 (rs139948181), 11q13.2
(rs4930561), and 22q12.1 (rs147512482) showed potential evi-
dence for association in the overall population.

A previous GWAS identified variants at 621 to be associated
with second solid malignancies (>75% breast cancers) after radio-
therapy for Hodgkin lymphoma, with the strongest association for
154946728 (15). Our study included an overlapping set of individ-
uals from CCSS with that case-control study (60 cases, 84 controls).
After removal of the overlapping individuals, our results did not
support the association between rs4946728 and breast cancer in
Hodgkin lymphoma survivors receiving 10 or higher Gy radiation
to the breast (CCSS nonoverlapping individuals: HR=1.07, 95%
CI=0.55 to 2.07, Py = .27; SJLIFE: HR=0.89, 95% CI=0.43 to 1.85,
Py = .52) (Supplementary Table 8, available online).

Among 122 common breast cancer susceptibility variants re-
ported previously with P values of less than 5 x 10°%, primarily in
analyses of sporadic breast cancer in the general population,
seven variants from six independent regions (R? < 0.8) achieved
a Py value of less than .01 in any of the three populations in
our study (overall, <10Gy or>10Gy to the breast)
(Supplementary Table 9 and Supplementary Figure 9, available
online). These loci included 1q21.1 (NBPF10, RNF115), 5p12
(FGF10, MRPS30), 5q11.2 (MAP3K1), 8q24.21 (POUSF1B, CASCS,
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Table 1. Selected characteristics of childhood cancer survivors of European descent included in the GWAS of subsequent breast cancer after
childhood cancer, overall and by radiation exposure to the breast

By radiation exposure to the breast

>10Gy <10Gy
Subsequent Subsequent
Subsequent No subsequent breast No subsequent breast No subsequent
breast cancer neoplasm cancer neoplasm cancer neoplasm

Characteristics No. (%) No.(%) No.(%) No.(%) No.(%) No.(%)

Total 207 (100.0) 2774 (100.0) 131 (100.0) 493 (100.0) 69 (100.0) 2144 (100.0)

Cohort
CCSSs 178 (86.0) 2200 (79.3) 108 (82.4) 372 (75.5) 63 (91.3) 1691 (78.9)

SJLIFE 29 (14.0) 574 (20.7) 23 (17.6) 121 (24.5) 6(8.7) 453 (21.1)

Primary cancer OU
Retinoblastoma 0(0.0) 25 (0.9) 0(0.0) 0(0.0) 0(0.0) 25(1.2) §
Leukemia 20 (9.7) 962 (34.7) 3(2.3) 82 (16.6) 17 (24.6) 827 (38.6) g
Hodgkin lymphoma 134 (64.7) 246 (3.9) 106 (80.9) 176 (35.7) 24 (34.8) 60 (2.8) &
Non-Hodgkin lymphoma 10 (4.8) 132 (4.8) 6 (4.6) 28 (5.7) 3(4.3) 97 (4.5) g
Neuroblastoma 1(0.5) 231(8.3) 0(0.0) 30 (6.1) 1(1.4) 188 (8.8) S
Soft tissue sarcoma 11(5.3) 245 (8.8) 4(3.1) 20 (4.1) 6(8.7) 212 (9.9) =3
CNS 3(1.4) 346 (12.5) 0(0.0) 71 (14. ) 3(4.3) 256 (11.9) S
Bone 23 (11.1) 224 (8.1) 8(6.1) 21 (4.3 14 (20.3) 195 (9.1) S
Kidney (Wilms) 4(1.9) 314 (11.3) 4(3.1) 60 (12. 2) 0(0.0) 240 (11.2) Q
Other 1(0.5) 49 (1.8) 0(0.0) 5(1.0 1(1.4) 44 (2.1) 3

Year of primary cancer g
1962-1975 77 (37.2) 480 (17.3) 53 (40.5) 110 (22.3) 24 (34.8) 342 (16.0) P
1976-1980 71(34.3) 693 (25.0) 35(26.7) 101 (20.5) 30 (43.5) 552 (25.7) %
1981-2005 59 (28.5) 1601 (57.7) 43 (32.8) 282 (57.2) 15 (21.7) 1250 (58.3) 8

Age at primary cancer, y _i
0-4 5(2.4) 1189 (42.9) 3(2.3) 119 (24.1) 1(1.4) 1011 (47.2) 3.
5-9 11 (5.3) 628 (22.6) 4(3.1) 100 (20.3) 7 (10.1) 492 (22.9) o
10-14 71 (34.3) 551 (19.9) 44 (33.6) 132 (26.8) 26 (37.7) 397 (18.5) o
15-23 120 (58.0) 406 (14.6) 80 (61.1) 142 (28.8) 35 (50.7) 244 (11.4) =

Any radiotherapy for primary cancer* 5
No 25 (12.1) 1149 (41.4) 0(0.0) 0(0.0) 25 (36.2) 1149 (53.6) =
Yes 179 (86.5) 1528 (55.1) 131 (100.0) 493 (100.0) 44 (63.8) 995 (46.4) g
Unknown 3(1.4) 97 (3.5) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 2

AA/PT-containing chemotherapy for primary cancer %
No/unknown 96 (46.4) 1467 (52.9) 64 (48.9) 201 (40.8) 29 (42.0) 1153 (53.8)

Yes 111 (53.6) 1307 (47.1) 67 (51.1) 292 (59.2) 40 (58.0) 991 (46.2)

Age at breast cancer (cases)/last follow-up (controls), y
11-29 9(4.3) 982 (35.4) 5(3.8) 111 (22.5) 4(5.8) 838 (39.1) -
30-39 103 (49.8) 1155 (41.6) 64 (48.9) 195 (39.6) 34 (49.3) 886 (41.3) E
40-61 95 (45.9) 637 (23.0) 62 (47.3) 187 (37.9) 31(44.9) 420 (19.6) &

Breast cancer locationt <
Upper outer quadrant 73 (35.3) — 58 (44.3) — 14 (20.3) —

Lower outer quadrant 6(2.9) — 3(2.3) — 3(4.3) —
Upper inner quadrant 19 (9.2) — 4(3.1) — 15 (21.7) —
Lower inner quadrant 10 (4.8) — 1(0.8) — 8(11.6) —
Central 7 (3.4) — 6 (4.6) — 1(1.4) —
Overlapping 39(18.8) — 23 (17.6) — 16 (23.2) —
Unknown 53 (25.6) — 36 (27.5) — 12 (17.4) —

Breast cancer type
Invasive 153 (73.9) — 96 (73.3) — 53(76.8) —

In situ 54 (26.1) — 35 (26.7) — 16 (23.2) —

— = Breast cancer data are not applicable to individuals with no subsequent neoplasm; AA/PT = alkylating agent or platinum; CNS = central nervous system; CCSS =
Childhood Cancer Survivor Study; GWAS = genome-wide association study; Gy = gray; NPS = not otherwise specified; SJLIFE = St. Jude Lifetime Cohort Study.

*For cases, represents 10 or higher Gy to the tumor location (categories as listed in the table). For controls, represents 10 or higher Gy to any location in the breast.
Radiotherapy was unknown for three cases and 97 controls. Radiotherapy was received, but dose to the breast was unknown for four cases and 40 controls from CCSS.
Lower than 10 Gy to the breast includes no radiotherapy (Ncases = 25, Neontrols = 1149), greater than 0 to less than 1 Gy (Ncases = 16, Neontrols = 681), and 1 to 9.9 Gy (Ncases
= 28, Neontrois = 314).

tRepresents first breast cancer diagnosed. Overlapping sites included upper inner/outer quadrants (n=15), lower inner/outer quadrants (n=>5), outer upper/lower
quadrants (n=9), inner upper/lower quadrants (n =5), lower outer quadrant/central (n = 1), and three or more quadrants (n =4). Second breast cancers were diagnosed
in 42 and five women in CCSS and SJLIFE, respectively.
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Table 2. Top SNP associations (pooled Py < 1 x 107) in the GWAS of subsequent breast cancer after childhood cancer in the pooled population
and by cohort

. . RAF
Location, nearest gene, Genotyping -
and SNP information* Populationt Cohort status® Controls/cases Controls Cases Pyt HR (95% CI)t+ Pcox?t
1941, PROX1 >10Gy Pooled N/A 493/131 0.46 0.66 7.09x107° 1.92(1.49 to 2.44) 7.00 x 107
154342822 (214024225) CCSS  Imputed (0.996) 372/108 0.47 0.66 2.23x107 1.89 (1.31to 2.50) 1.38x 107
Risk allele = G, SJLIFE  Genotyped 121/23 0.45 0.65 .02 2.33(1.27 to 4.35) .003
referent allele =T
11923, TAGLN >10Gy  Pooled N/A 493/131 0.02 0.09 5.84x10® 2.59(1.62to4.16) 8.40x 10
1574949440 (117070361) CCSS  Imputed (0.905) 372/108 0.02 0.08 1.75x10° 247 (1.45 to 4.23) 1.24 x 10
Risk allele =T, SJLIFE Imputed (0.674) 121/23 0.01 0.13 7.09x10* 3.14(0.97 to 10.19) .001
referent allele = C
1q32.3, RPS6KC1 <10Gy Pooled N/A 2144/69 0.0005 0.04 6.68x10% 44.52 (15.06 to 131.62) 5.00 x 10
1517020562 (213542706) CCSS  Imputed (0.988) 1691/63 0.00 0.02 4.36x10° —
Risk allele = C, SJLIFE  Genotyped 453/6 0.002 0.17 9.27 x10™* 41.01 (6.59 t0 255.10) 7.44 x 10°°

referent allele =T

— = Cox model results are not shown if <2 cases or controls have the variant allele; CI = confidence interval; HR = hazard ratio; MH = Mantel-Haenszel; NA = not
applicable; RAF = risk allele frequency.

*Position (in parentheses after rs number) according to Genome Reference Consortium Human Build 37 (hg19). For imputed variants, number in parentheses after geno-
typing status represents the quality score (CCSS = IMPUTE2 info_score; SJLIFE = Minimac R?).

tWe performed association analyses in the overall population as well as restricted to survivors receiving 10 or higher or lower than 10 Gy radiation exposure to the
breast. Results for all three populations for these SNPs are presented in Supplementary Table 2 (available online).

1Py represents the two-sided P value for the Mantel-Haenszel test statistic, calculated from the exact conditional distribution. Hazard ratio (95% confidence interval)
and two-sided permutation-based Pcox calculated using multivariable Cox regression. Adjustment variables in the Cox model included cohort, receipt of any alkylating

agent- or platinum-containing chemotherapy, and associated principal components to adjust for potential population stratification.

CASC21), and 10qg26.13 (FGFR2). Although a previous study re-
ported an association between rs1219648 (FGFR2) and breast
cancer after Hodgkin lymphoma (16), we found no statistically
significant difference in the risk estimates for this SNP in sub-
groups stratified by radiation exposure to the breast (Pgg = .44).

Discussion

We conducted the first large-scale GWAS of subsequent breast
cancer risk among childhood cancer survivors by combining
two cohorts with detailed treatment data, systematic second
cancer ascertainment, and long-term follow-up. We found a lo-
cus at 1g41 to be associated with subsequent breast cancer risk
only among survivors who received 10 or higher Gy breast radia-
tion exposure. Two additional rare variants also showed poten-
tially promising associations with subsequent breast cancer
risk, with the locus at 11923 most evident among survivors who
received 10 or higher Gy breast radiation exposure and the locus
at 1q32.3 most evident among those with lower than 10Gy
breast radiation exposure.

Each of these three loci map to the vicinity of biologically
plausible candidate genes for breast cancer (Figure 2;
Supplementary Tables 9 and 10, available online). The variant
rs4342822 maps near PROX1 (prospero homeobox 1), a transcrip-
tion factor involved in early embryonic development and impli-
cated in cellular proliferation and migration (17-19). Previous
studies have reported altered PROX1 expression in breast tumors
because of DNA hypermethylation (20), and the Cancer Genome
Atlas (TCGA) data demonstrate a high frequency of PROX1 alter-
ations (13%), particularly amplifications, in breast cancers (21).
Additionally, several correlated variants (R*> > 0.4, D’ > 0.9) have
regulatory potential, binding transcription factors such as CTCF
and ETS1, both of which have been implicated in breast carcino-
genesis (22,23). The variant rs74949440 lies intronic to TAGLN
(transgelin), an actin binding protein involved in cellular migra-
tion (24) near a region of open chromatin (25). TAGLN

overexpression has been observed in triple-negative breast can-
cer (26) and promotes cellular transformation and proliferation
through its role in the inactivation of p53 via metalloprotein iso-
zymes, which has been shown to increase tumor cell tolerance to
chemotherapy and gamma radiation (27-29). The association of
these variants with breast cancer risk only after radiation expo-
sure raises the hypothesis that these germline genetic variants
could create a pro-proliferative, pro-invasive phenotype that
supports the growth of malignant cells following transformation
by ionizing radiation. In contrast, the variant rs17020562, which
maps near RPS6KC1 (ribosomal protein S6 kinase, 52kDa, poly-
peptide 1), showed the strongest association among survivors
who received lower than 10 Gy radiation to the breast. TCGA data
demonstrate that RPS6KC1 is amplified or mutated in approxi-
mately 13% of breast cancers (21), and RPS6KC1 has been pro-
posed as an oncogene in endometrial cancer, possibly because of
its role in endosomal trafficking (30). Clarification of the mecha-
nisms of action, accounting for varying levels of radiation
exposure, will require laboratory follow-up.

We also identified seven further regions with promising
associations for breast cancer risk after childhood cancer. Of
these regions, only the association for the locus at 7g36.3
(rs117114682) was associated with breast cancer risk among sur-
vivors who received 10 or higher Gy radiation to the breast. This
association is particularly intriguing because rs117114682 is
intronic to PTPRN2 (protein tyrosine phosphatase, receptor type
N2), which has been associated with breast cancer metastasis
via actin-remodeling-dependent migration (31,32), further sup-
porting our hypothesis that germline genetic variants contrib-
ute to a favorable growth environment for transformed cells in
the breast. Additional data will be needed to clarify the possible
role of these promising loci in the development of breast cancer
after childhood cancer.

A previous GWAS identified rs4946728 at 6q21 in association
with second solid malignancies after radiotherapy for Hodgkin
lymphoma (15). The discovery phase of that study utilized
CCSS, selecting as case patients Hodgkin lymphoma survivors
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pooled study population.

who developed a second solid malignancy after receiving ra-
diotherapy to the body region where that tumor developed
(n=96, of whom 59 [61.5%] developed breast cancer) and as
control subjects Hodgkin lymphoma survivors who were fol-
lowed for 27 or more years (median = 32 years, range = 27-38
years) without developing a second cancer (n = 82). Results
from our pooled study population restricted to the cohort of
Hodgkin lymphoma survivors who received 10 or higher Gy ra-
diation exposure to the breast provided only suggestive evi-
dence for the association between rs4946728 and breast
cancer, but no evidence once overlapping case patients were
excluded. The difference in results can be primarily attributed
to the use of selected CCSS case patients and control subjects
in Best et al. (15) vs the cohort of individuals in CCSS with
available DNA in the current study, as well as a lack of associa-
tion in SJLIFE (Supplementary Table 8, available online).

However, small sample sizes in both our study and the previ-
ous study could also contribute to the differences, underscor-
ing the importance of additional data sets for replication.

Our study was not designed to evaluate variants previously
reported to be associated with breast cancer in the general
population because, given our sample size, we did not have
the statistical power to detect the small effect sizes typically
observed for such variants (per-allele risk ratio < 1.5).
Moreover, the etiology of breast cancers arising after child-
hood cancer might differ from the etiology of breast cancers
arising in case patients of previous GWAS, which primarily in-
cluded women sampled from the general population who
tended to be diagnosed at older ages and would rarely have
received chest radiotherapy. Nevertheless, for completeness,
we evaluated these variants in our study population and did
not find a strong relationship.
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Figure 2. Continued

Before the findings from this study can be translated to the
clinical setting, the results require further replication in inde-
pendent populations, the magnitude of the risks need to be
more precisely quantified, and the functional significance of the
variants in the context of specific radiation exposures needs to
be better understood. Our study was limited because of small
sample sizes in some subgroups and because of the potential
for misclassification of radiation exposure due to lack of infor-
mation on 1) the specific breast tumor location, 2) precise loca-
tion of radiotherapy treatment field blocks (used to protect
normal tissue), and/or 3) treatments received five or more years
following first primary childhood cancer diagnosis. Caution is
particularly warranted in interpreting the results for rare vari-
ants, particularly for the radiation subgroups because of small
numbers, potential genotype misclassification from imputation,

and, for rs17020562, because of potential residual confounding
by population substructure because the RAF varies substantially
by ancestry. We could not fully disentangle the complex rela-
tions of genetic susceptibility, treatment, age at exposure, at-
tained age, and type of initial childhood cancer with subsequent
breast cancer risk. Further research is needed to evaluate
whether our findings generalize to adults treated with radio-
therapy to the chest (ie, after breast development associated
with puberty, pregnancy, and lactation), and also whether our
findings persist among childhood cancer survivors treated with
current approaches (33). Finally, we could not determine breast
tumor receptor status and molecular subtype, which have been
suggested to have different genetic etiologies (34).

In summary, this discovery study presents strong evidence
that germline variants beyond identified high-risk cancer
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susceptibility genes may interact with radiation exposure to
modify risk for breast cancer after childhood cancer. With fur-
ther replication of our results in additional patient cohorts,
knowledge of such germline variants could ultimately influence
clinical practice for choosing frontline therapy and/or post-
treatment surveillance for breast cancer.
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