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Abstract

Background: Genome-wide association studies (GWAS) have to date identified 94 genetic variants (single
nucleotide polymorphisms (SNPs)) associated with risk of developing breast cancer. A score based on the
combined effect of the 94 risk alleles can be calculated to measure the global risk of breast cancer. We aimed to
test the hypothesis that the 94-SNP-based risk score is associated with clinico-pathological characteristics, breast
cancer subtypes and outcomes in early breast cancer.

Methods: A 94-SNP risk score was calculated in 8703 patients in the PHARE and SIGNAL prospective case cohorts.
This score is the total number of inherited risk alleles based on 94 selected SNPs. Clinical data and outcomes were
prospectively registered. Genotyping was obtained from a GWAS.

Results: The median 94-SNP risk score in 8703 patients with early breast cancer was 77.5 (range: 58.1-97.6). The risk
score was not associated with usual prognostic and predictive factors (age; tumor, node, metastasis (TNM) status;
Scarff-Bloom-Richardson grade; inflammatory features; estrogen receptor status; progesterone receptor status;
human epidermal growth factor receptor 2 (HER2) status) and did not correlate with breast cancer subtypes. The
94-SNP risk score did not predict outcomes represented by overall survival or disease-free survival.
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Conclusions: In a prospective case cohort of 8703 patients, a risk score based on 94 SNPs was not associated with
breast cancer characteristics, cancer subtypes, or patients’ outcomes. If we hypothesize that prognosis and subtypes
of breast cancer are determined by constitutional genetic factors, our results suggest that a score based on breast
cancer risk-associated SNPs is not associated with prognosis.

Trial registration: PHARE cohort: NCT00381901, Sept. 26, 2006 — SIGNAL cohort: INCa RECF1098, Jan. 28, 2009

Keywords: Breast cancer, Genetic variant, Single nucleotide polymorphism, Risk score, Prognosis

Background

Both environmental and genetic factors are involved in
breast cancer pathogenesis. Germline mutations in the
tumor suppressor genes BRCAI and BRCA2 are the two
main genes involved in hereditary breast cancer, and ex-
plain around 15-20% of familial breast cancer [1-3];
however, less than 10% of all breast cancers occur in pa-
tients with BRCA germline mutations [4]. Other rare
variants in genes such as PALB2, CHEK2, ATM, NBN,
TP53, CDHI, PTEN, STKI11 and NF1 [5] confer moder-
ate to high risk of developing breast cancer [6].
Genome-wide association studies (GWAS) have to date
identified 94 common genetic variants (single nucleotide
polymorphisms (SNPs)) associated with risk of develop-
ing breast cancer [7]. If the effect of one SNP on breast
cancer risk is low, the combined effect of all known as-
sociated SNPs can be of interest for prevention and
screening, and SNPs explain 15-20% of familial breast
cancer [3, 5, 7]. A score based on the effect of risk vari-
ants can be calculated to measure the risk of developing
breast cancer conferred by the 94 known SNPs [8]. Rare
mutations conferring high risk of breast cancer, for ex-
ample in BRCA1/2 genes are not included in this score.
While SNP scores have been shown to be strongly asso-
ciated with breast cancer risk, these polygenic SNP
scores have not yet been evaluated with respect to
clinico-pathological features of breast cancer, prognosis
and outcomes.

Clinico-pathological criteria, including patient age,
axillary lymph node involvement, tumor size and
Scarff-Bloom-Richardson (SBR) grade, are commonly
used in the clinical routine as breast cancer prognostic
factors; estrogen receptor (ER), progesterone receptor
(PR) and human epidermal growth factor receptor 2
(HER?2) status are validated as prognostic and predictive
factors [9-11]. Based on these predictive factors, med-
ical oncologists divide breast cancers into 3 categories
according to the management they require [12, 13]: (1)
HER2-positive breast cancers are characterized by amp-
lification of the HER2 gene (human epidermal growth
factor receptor 2, located at 17ql2) associated with
gene overexpression and consequently high abundance
of HER2 protein. The advent of trastuzumab, a

humanized monoclonal antibody specifically targeting
the HER2 extracellular domain, has revolutionized the
natural history and management of HER2-positive
breast cancers [14]; (2) triple-negative breast cancer,
with no expression of ER or PR and no HER2 overex-
pression (amplification) has overall poorer prognosis
than other subtypes and requires chemotherapy [15];
(3) HER2-negative breast cancers with ER or PR ex-
pression represent the third group, called luminal
breast cancers, and are usually treated with endocrine
therapy [16]. The SIGNAL/Protocole Herceptin® Adju-
vant Réduisant |'Exposition - Herceptin®-based protocol
with reduced exposure (PHARE) - prospective cohort
benefits from a large, detailed database allowing assess-
ment of pathological subtypes, prognostic factors and
outcomes.

We aimed to test the hypothesis that genetic polymor-
phisms involved in breast cancer risk may also impact
the aggressiveness of breast cancer and thus be related
to prognostic factors, pathological subtypes and patients’
outcomes. Individually, genetic variants have a small im-
pact on breast cancer risk, and potentially small conse-
quences on outcomes and pathological features of breast
cancer. A polygenic 94-SNP score, which has more statis-
tical power than individual SNPs, may also be associated
with breast cancer prognostic factors and outcomes. Our
objective was to assess if a polygenic 94-SNP risk
score was associated with breast cancer outcomes,
prognostic factors and pathological subtypes in the
PHARE and SIGNAL French prospective case cohort
(NCT00381901 — RECF1098).

Methods

Patients

PHARE was a randomized phase III clinical trial com-
paring 6-month and 12-month adjuvant trastuzumab ex-
posure (NCT00381901) and included a subset of 1430
cases of HER2-positive early breast cancer with DNA
available for GWAS analyses [17]. SIGNAL was a pro-
spective cohort specifically designed for GWAS analyses
of 8406 patients with early-stage breast cancer, enrolled
at the time of their adjuvant chemotherapy from June
2006 to December 2013 (www.e-cancer.fr RECF1098).
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The combined dataset representing the SIGNAL/
PHARE study included 9836 cases of early breast cancer;
among them 4834 were HER2-positive breast cancer. All
patients provided a blood sample, which was centralized
at the Fondation Jean Dausset-Centre d’Etudes du Poly-
morphisme Humain (CEPH) in Paris, France, for DNA
extraction using standard protocols. Genotyping was
carried out at the Centre National du Génotypage
(CNGQG) in Evry, France. From the 9836 patients in the
SIGNAL/PHARE population, some cases were excluded:
471 patients because there was no DNA available for
analysis, among the 26 pairs of individuals with identity
by state > 30% (suggesting a cryptic link) the member of
the pair with lower genotype completion rate was re-
moved, 551 were non-representative of the main Euro-
pean population cluster, and 85 did not have sufficient
clinical data. A total of 8703 patients were analyzed
(Fig. 1). Information on patient age, tumors (tumor, node,
metastasis (TNM) status, SBR grade, laterality, inflamma-
tory features, ER expression, PR expression and HER2 sta-
tus) and outcomes (survival, death, breast cancer relapse
and second cancer) were prospectively provided directly
from the patients’ medical teams using standardized
forms, and centralized at the French National Cancer In-
stitute (Institut National du Cancer - INCa).

Genotyping and 94-SNP risk score

The 94 SNPs used in the risk score were selected based on
the literature and were measured in these women as part of
a GWAS. These 94 variants are described in the European
population [7]. Briefly, all subjects were genotyped using
the Illumina HumanCore Exome chip set. Principal

Page 3 of 9

components analysis and k-means were then used to
characterize the ancestry of the participants and only the
main cluster of European individuals was included in the
present analysis: 94 SNPs associated with breast cancer risk
were selected from recent literature (Additional file 1: Table
S1). Sixty-one variants not present in our genotyping arrays
were imputed from the 1000 Genomes project (http://
1000genomes.org). The cumulative effect of the 94 SNPs
was assessed by summing the number of at-risk alleles car-
ried for each individual in an unweighted way. Carrying
two low-risk alleles was scored 0; two high-risk alleles were
scored 2 and heterozygous status was scored as 1. For im-
puted SNPs, the estimated allele dose was used directly as
the score for each SNP. Thus, the score could range be-
tween 0 and 94 x 2 = 188. Supplementary data about sub-
ject recruiting, blood collection, DNA extraction,
genotyping and imputation are detailed in Additional file 2.

Statistical analysis

The primary objective was to detect an association be-
tween the 94-SNP risk score and invasive-disease-free
survival (iDFS) [18]. iDFS was defined as the time from
first (neo)adjuvant chemotherapy administration to time
of first documented disease relapse (including local, re-
gional, ipsilateral, contralateral and distant invasive breast
cancer recurrence), second non-breast malignant disease
or death (whatever the cause), whichever occured first
[18]. Overall survival (OS) was calculated from the date of
diagnosis to the date of death from any cause. For iDFS
and OS, patients alive without any predefined event were
censored at the time of the last assessment. Survival times
were computed according to the Kaplan-Meier method.

PHARE SIGNAL early breast cancer
patients cohort
n= 9836

Unavailable DNA

n=471

Unavailable clinical data

Patients with available DNA and
clinical data
n=9240

n=85

Non-representative of the main

European population cluster
n=551

Individuals with identity by state > 30%

(cryptic link)
n=26

Patients eligible for a Genome Wide
Association Study
n= 8703

Fig. 1 Flow chart
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Results were adjusted for breast cancer type (luminal,
HER?2 or triple- negative) age at start of treatment, tumor
size, nodal involvement and inflammatory type. Breast
cancers were divided into three subtypes as defined in the
“Background” section: HER2-positive, luminal and triple-
negative breast cancers.

The 94-SNP score risk was studied as a continuous
variable and subgroups were defined based on quartile
values. A relationship was examined between iDFS and
OS time and the 94-SNP score risk using Cox propor-
tional hazard models. Differences in mean SNP score
and clinical characteristics and between breast cancer
subtypes (HER2-positive, luminal and triple-negative)
were assessed by analysis of variance (ANOVA). All stat-
istical tests were performed using R version 3.1.2.

A post hoc power analysis using PASS 14 software
showed that our study had more than 82% power to de-
tect a hazard ratio (HR) of 1.02 or higher for a change of
one unit of the score, considering iDFS and given the
sample size of 8703 patients and the observed event rate
of 0.118. If we consider a change of 5.48 as the unit,
which corresponds to the standard deviation, the HR
would then be 1.11.

Results

Clinico-pathological characteristics of the population and

94-SNP risk score repartition

From May 30, 2006, to December 30, 2013, 8703 assess-
able women with early breast cancer were included in the
SIGNAL/PHARE cohort (NCT00381901 - RECF1098).
The median OS time was 56 months (range 2.7-183,
standard deviation +/-14.5) and the median iDFS time
was 54.3 months (range 0-183, standard deviation +/-
16.0). Because of the PHARE study inclusion criteria
this cohort was enriched in HER2-positive breast can-
cer subtypes [17] with 3199 patients (36.8%) with
HER2-positive breast cancer. Clinical characteristics
are summarized in Table 1. All 94 SNPs were successfully
genotyped (33 SNPs) or imputed (61 SNPs). As these
SNPs are necessary for calculating the score, no quality fil-
tering was applied to the SNP imputation. The 94-SNP
risk median value was 77.5 (range 58.1-97.6) (Fig. 2). The
distribution of the risk score among the population was
considered as normal.

Relationship between SNP risk score and prognosis
factors

The 94-SNP risk score was not associated with any of
the usual prognosis factors (Table 2). The age at breast
cancer diagnosis was not correlated with the 94-SNP risk
score (p =0.18). The size of the tumor, the nodal status,
the SBR grade and the inflammatory status were not as-
sociated with the 94-SNP risk score (p > 0.05).
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Predictive factors and breast cancer subtypes

There was no consistent association between the 94-
SNP risk score and ER status, PR status or HER2 status
(Table 2). The 94-SNP risk score was not correlated with
the three clinical subtypes of breast cancer - triple-
negative breast cancer, HER2-positive breast cancer and
hormone-receptor-positive HER2-negative breast cancer
(Fig. 3).

Outcomes (OS and iDFS)

No relationship was found between survival endpoints
and the 94-SNP risk score. No evidence of difference in
terms of iDFS or OS between patients in the different
quartiles of 94-SNP risk score was observed (Fig. 4); with
a p value of 0.26 for iDFS at and a HR of 0.993 (95% CI
0.981-1.005). For OS, the p value was 0.88 and the HR
was 1.001 (95%CI 0.982-1.022).

Discussion

We have evaluated the prognostic value of a 94-SNP risk
score in 8703 patients with early breast cancer included
in the PHARE and SIGNAL prospective case cohort
(NCTO00381901 — RECF1098). This score was not associ-
ated with prognostic and predictive factors commonly
used in the clinical routine, and was similarly unrelated
to breast cancer subtypes. Moreover, the 94-SNP risk
score did not predict outcomes. The analysis of this
large cohort did not detect any association between iDFS
and the 94-SNP score although the study had more than
82% power to detect a HR of 1.02 or higher. A previous
GWAS [19] has already suggested that survival may be
associated with a different set of SNPs to those that in-
fluence breast cancer susceptibility. If we hypothesize
that prognosis and subtype of breast cancer are deter-
mined by constitutional genetic factors, variants associ-
ated with breast cancer subtypes and prognosis may be
different from variants involved in the risk of developing
breast cancer. Tumoral characteristics and age at diag-
nosis were superimposable between patients at high and
low risk. Even if we assume that patients with family his-
tory of breast cancer may have a higher genetic risk
score, breast cancer characteristics and outcomes of
these high-risk patients are similar to others. Genetic
history has already provided such an example: BRCAI
and BRCA2 gene mutations significantly increase the
risk of developing breast cancer; however, outcomes of
carriers seem to be similar to those with sporadic breast
cancer [20-26]. For each individual, we calculated a 94-
SNP score by adding the number of breast cancer risk-
increasing alleles across 94 known breast cancer SNPs.
All variants are equally weighted. BRCA1/2 variants,
which are rare and confer high risk of cancer, are not in-
cluded in the 94-SNP score. Risk scores are generally
calculated this way [3, 7]; however, these points can be
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Table 1 Clinico-pathological characteristics of the patients

(n=8703)

Characteristics

Number of
patients,
or median (range)

Percentage of
the study population

Age, years
median (range)
Size of tumor
T1
T2
T3-T4
missing data
Nodal status
NO
N1
N2
N3
missing data
SBR grade
|
Il
Il
missing data
Inflammatory breast cancer
yes
no
missing data
Laterality
right
left
bilateral
missing data
Estrogen receptor status
negative
positive
missing data
Progesterone receptor status
negative
positive
missing data
HER2 status
negative
positive
Breast cancer subtypes

triple-negative breast
cancer

luminal breast cancer

53.7 (21.8-90.9)

4042
3416
1074
171

4593
3052
575
219
264

689
4034
3730
250

317
8201
185

4197
4347
76
83

2468
6191
44

3717
4908
78

5504
3199

1115

4355

NA

46

39
12

53
35

46
43

94

48
50

28

0.5

43

56

63
37

50
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Table 1 Clinico-pathological characteristics of the patients
(n=8703) (Continued)

HER2-positive breast 3199 37
cancer

missing data 34 04
Outcomes

recurrences 1025 12

deaths 423 5
- related to breast cancer 359 4
- unrelated to breast cancer 64 0.7

SBR Scarff-Bloom-Richardson, HER2 human epidermal growth factor receptor 2,
NA not applicable

considered as limits. Furthermore, we did not apply any
quality filtering for imputed SNPs. There may be very
minor error in calculating the overall risk score when in-
cluding poorly imputed SNPs, but this impact should be
minor considering the number of SNPs involved.

The first studies for identification of variants associated
with prognosis in breast cancer investigated polymorphisms
of candidate genes involved in oncogenesis, such as Plas-
minogen activator inhibitor-1 gene [27, 28], VEGF [29],
TP53 [30] or Cycline DI genes [31] and suggested links be-
tween some gene variants and breast cancer prognosis. Re-
cently, GWAS have focused on associations between
inherited germline genetic variants and breast cancer out-
comes. They have identified SNPs that may influence breast
cancer prognosis [28, 32-34]. Around 60 variants have
been described to date as potentially correlated with breast
cancer outcomes [35]. Most of them are involved in path-
ways playing fundamental roles in oncogenesis such as cell
cycle control, cell adhesion or DNA repair [35, 36].
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SD:72-83
8 | ranges: 58.1-97.6
o
o]
o 4
o
<
o 4
2> o
‘@
c
[
8 g |
o
N
o 4
o
s |
o
o
s |
o
T T T T T
60 70 80 1) 100
SNP Score
Fig. 2 The 94-SNP risk score repartition among the breast cancer
patient population: normal distribution. SNP single
nucleotide polymorphism
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Table 2 Association between clinico-pathological characteristics
and 94-SNP risk score: no significant correlation

Characteristics P value
Age 0.24
Size of tumor 0.58
Nodal status 061
SBR grade 0.89
Inflammatory breast cancer 092
Laterality 0.32
ER status 0.77
PR status 0.72
HER2 status 049
Breast cancer subtypes 0.79

SBR Scarff-Bloom-Richardson, ER estrogen receptor, PR progesterone receptor,
HER2 human epidermal growth factor receptor 2

However, in a cohort of over 37,000 patients with breast
cancer, none of the 62 studied variants showed significant
association with outcomes [35, 37—42]. From these 62 vari-
ants, only one (rs2981582, in FGFR2 on chromosome 10) is
used in our 94-SNP score. It has been identified as possibly
associated with outcomes in breast cancer, with a HR (90%
CI) of 1.09 (1.04—1.14) [35]. This variant reached nominal
significance (p <0.05) but did not reach genome-wide sig-
nificance (p <5x107°) [35]. Preliminary analyses in our
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GWAS study do not indicate that this variant is associated
with outcomes (unpublished data). This lack of evidence
can be explained by limited statistical power, or that germ-
line genetic polymorphisms may not impact the natural his-
tory of breast cancer, once the cancer is present.

Regarding breast cancer subtype, there is more evi-
dence that susceptibility loci are associated with specific
breast cancer subtypes. In 2011, the Breast Cancer Asso-
ciation Consortium identified six loci associated with ER
+ breast cancer, four loci associated with triple-negative
tumors and two loci associated with basal-like tumors
[43]. These variants were included in the present ana-
lyses. The SIGNAL/PHARE cohort confirmed the asso-
ciation between FGFR2 locus and ER+ tumors, further
restricting this association with HER2-negative breast
tumors [44]. In our study, the 94-SNP risk score was not
associated with specific breast cancer subtypes.

In clinical practice, there is a need to identify prognostic
factors that can predict the risk of tumor recurrence. To ac-
curately determine the prognosis of a patient is crucial and
can also help to stratify patients in clinical trials assessing
new therapies. Finding predictive factors that are associated
with response or failure to a treatment and thus help to
identify the most effective therapy remains the ultimate
challenge to provide patients with personalized medicine.
With regard to this aim, gene expression signatures

o
°s s @

94-SNP risk score

3199

HER2-positive BC

[ ] ]
.
L ]
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4355 1115
1 1
ER-positive Triple-negative BC

HER2-negative BC
Breast cancer (BC) subtypes

Fig. 3 No correlation between the 94-SNP risk score and pathological subtype of breast cancer. SNP single nucleotide polymorphism, ER estrogen
receptor, HER2 human epidermal growth factor, ANOVA analysis of variance
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assessed on tumor tissue, such as the 21-gene recurrence
score assay Oncotype DX®, Mammaprint®, EndoPredict® or
PAMS50°, are of interest. They estimate the risk of distant
recurrence and Oncotype DX° also predicts the magnitude
of benefit of adjuvant chemotherapy for patients with early-
stage breast cancer [45-49]. Genes involved in this signa-
ture are different from those used in the 94-SNP score.
Genetic variants and scores based on SNPs may be of inter-
est in clinical routine if they provide prognostic and pre-
dictive information [50, 51]. GWAS in very large case
cohorts of patients with available complete clinical data
provide the opportunity to identify prognostic and predict-
ive variants usable in clinical practice. The SIGNAL/
PHARE database will also allow the investigation of clinical
endpoints such as iDFS. The SIGNAL trial is the first large
prospective clinical study whose primary objective was to
identify prognostic and predictive genetic variants in early
breast cancer. We are currently expanding our analyses, in
order to search for SNPs associated with prognostic and
predictive factors, eventually combined in a polygenic risk
score as described for breast cancer risk, which could be of
interest in routine clinical practice. Further stratifying pa-
tients based on their potential to respond to treatment will
help optimize adjuvant regimens, if indeed they are
necessary.

Conclusion

A score built with 94 SNPs can be used to stratify women
with respect to their risk of developing breast cancer. In a
prospective cohort of 8703 patients, this score is not

associated with breast cancer characteristics, cancer sub-
types or patients’ outcomes (iDFS and OS). If we
hypothesize that prognosis and subtypes of breast cancer
are determined by constitutional genetic factors, we sug-
gest that inherited variants associated with breast cancer
subtypes and prognosis may be different from variants in-
volved in the risk of developing breast cancer.
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