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ABSTRACT

Genome-wide association studies (GWAS) have revealed increased breast cancer risk associated
with multiple genetic variants at 5p12. Here, we report the fine-mapping of this locus using data
from 104,660 subjects from 50 case-control studies in the Breast Cancer Association Consortium
(BCAC). Using data for 3,365 genotyped and imputed single nucleotide polymorphisms (SNPs)
across a 1Mb (positions 44394495-45364167; NCBI build 37) panel we found evidence for at
least three independent signals: the strongest signal, consisting of a single SNP rs10941679, was
associated with risk of estrogen receptor-positive (ER") breast cancer (per-g allele OR ER"=1.15;
95% Cl 1.13-1.18; P=8.35x10"°). After adjustment for rs10941679, we detected signal 2,
consisting of 38 SNPs more strongly associated with ER-negative (ER’) breast cancer (lead SNP
rs6864776: per-a allele OR ER'=1.10; 95% CI 1.05-1.14; P-conditional=1.44E™%): and a single
signal 3 SNP (rs200229088: per-t allele OR ER"=1.12; 95% CI 1.09-1.15; P-conditional=1.12E"
%%, Expression quantitative trait locus analysis in normal breast tissues and breast tumors showed
the g (risk) allele of rs10941679 was associated with increased expression of FGF10 and
MRPS30. Functional assays demonstrated that SNP rs10941679 maps to an enhancer element
that physically interacts with the FGF10 and MRPS30 promoter regions in breast cancer cell
lines. FGF10 is an oncogene that binds to FGFR2 and is over-expressed in ~10% of human
breast cancers, while MRPS30 plays a key role in apoptosis. These data suggest that the strongest
signal of association at 5p12 is mediated through coordinated activation of FGF10 and MRPS30,
two candidate genes for breast cancer pathogenesis.

Strong evidence for the existence of a breast cancer [MIM 114480] susceptibility locus at 5p12
has been observed through a GWAS in Iceland (SNP rs7703618),' in the Breast Cancer
Association Consortium (BCAC; SNP rs981782, 371Kb centromeric)®> and in the Cancer
GEnetic Markers of Susceptibility study (CGEMS; SNP rs4866929; 352Kb centromeric;
r’=0.18).> A subsequent study, using 22 SNPs in ~5000 cases and ~33,000 controls of European
ancestry, reported that risk at this locus could be explained by two SNPs: rs4415084 and
rs10941679.* More recently, a BCAC study confirmed that rs10941679 was associated with risk
of lower-grade, progesterone receptor (PGR [MIM 607311])-positive breast cancer tumors.’

Here, we report the comprehensive fine-scale mapping of this locus in 104,660 subjects from 50
case-control studies participating in BCAC, including 41 studies from populations of European
ancestry and nine of East Asian ancestry, and explore the functional mechanisms underlying the
associations in this region. Genotyping was conducted using the COGS array, a custom array
comprising approximately 200,000 SNPs.® After quality control exclusions, we analysed data
from 48,155 cases and 43,612 controls of European ancestry and 6,269 cases and 6,624 controls
of Asian ancestry. Estrogen receptor (ESR1 [MIM 133430]) status of the primary tumor was
available for 27,748 European and 4,997 Asian cases; of these 7,646 (22%) European and 1,623
(32%) Asian cases were ER".

We examined a 1Mb region (positions 44394495-45364167; NCBI build 37 assembly) in which
the 1000 Genomes Project catalogued 1,811 variants (March 2010 Pilot version 60 CEU project
data). We aimed to genotype all 628 SNPs with minor allele frequency (MAF)>2% and
correlated with rs981782 and rs10941679 at r>>0.1 (N=424), plus a set of SNPs designed to tag
all remaining SNPs with r>>0.9 (N=184); but managed to include 563 SNPs with a designability
score (DS)>0.9 and which passed QC°. IMPUTE version 2.0 was used to impute genotypes of all



known SNPs in the region using the 1000 Genome Project data (March 2012 version) as a
reference panel.

Case-control analyses were conducted on 3,365 SNPs (563 genotyped and 2,776 imputed at
r>>0.3). In European-ancestry women, 461 of these SNPs were associated with overall breast
cancer risk, 489 with ER" and 38 with ER™ breast cancer risk (P<10™ Table S1). SNP
rs10941679 showed the strongest overall association (MAF=0.27, per-minor (g) allele: OR=1.12;
95% CI 1.10-1.14; P=2.55x10; Figure 1, Table 1 and Table S1). To identify additional
association signals at this region, we conducted a forward stepwise logistic regression examining
SNPs with univariate P <0.1 (N=1,040).° The most parsimonious model included three variants:
SNP1 rs10941679 (signal 1), SNP2 rs6864776 (signal 2; conditional P=6.22x10"") and SNP3
rs200229088 (signal 3; conditional P=1.12x10", borderline significance; Table S2). SNP1 and
SNP3 are weakly correlated (r*=0.15) but SNP2 was uncorrelated with the other two (r?=0.07
and 0.05).

The top signal, SNP1 (rs10941679), is markedly more significant than any other SNP in the
locus (likelihood ratio >10,000:1). Hence, the most parsimonious explanation is that this SNP is
causally related to risk. The next most strongly associated SNP, after adjustment for signal 1
SNP rs10941679, was rs6864776, representing signal 2 (OR per minor allele=1.04; 95% CI 1.02-
1.06; P=7.84x10"; conditional P=1.44x10"*?). Within signal 2, a further 37 SNPs correlated with
rs6864776 at r2>0.6, had likelihood ratios of <100:1 relative to rs6864776 and hence could not
be excluded from being causative statistically (Table S2). After adjustment for both signal 1
SNP rs10941679 and signal 2 top SNP rs6864776, a single SNP remained: rs200229088 (OR
overall=1.09, 95%; CI 1.07-1.12; P=2.28x10*% conditional P=1.12x10"). There are no other
SNPs correlated with rs200229088, which could explain this association. All other SNPs were
excluded from causality (likelihood ratio >10,000:1; Table S2). Two of the excluded variants
had been previously postulated as likely causative variants*’ and so we investigated these in
more depth. We found both SNPs to be partially correlated with all three signals and
consequently display initiallz/ inflated effects, which are adjusted by the conditional analyses.
Thus, SNP rs4415084* (r* with signal 1 SNP rs10941679=0.51; with signal 2 SNP
rs6864776=0.11 and with signal 3 SNP rs200229088=0.37) has odds against causality >10
million:1 versus Signal 1 candidate rs10941679. Similarly, SNP rs7716600, which is an eQTL
for MRPS30 expression’ (r* with SNP rs10941679=0.77; with SNP rs6864776=0.05 and with
SNP rs200229088=0.12 has odds against causality>160,000:1 versus signal 1 candidate
rs10941679). These exclusions of former causal candidates highlight the need for fine-mapping
studies before conducting functional analyses.

Haplotype analyses were conducted using the above three signal-representative variants, which
generated eight haplotypes (Table 2). Haplotypes carrying the rare allele of signal 3 SNP
rs200229088 conferred higher risks than corresponding haplotypes carrying the common allele,
consistent with this allele having an independent effect. Haplotype G, carrying the minor alleles
of both the signal 1 and 2 representative SNPs, is very rare and reveals that their risk alleles are
negatively correlated, this is also consistent with our finding that signal 2 top SNP rs6864776
increases in significance after conditioning on signal 1 SNP rs10941679 (Table 1).



We examined the associations of these three SNPs in the Asian case-control studies within
BCAC. SNP1 and SNP3 both replicated in the Asian studies and the relative risk estimates with
overall breast cancer were consistent with those seen in the European population: per g-allele OR
(rs10941679)=1.09; 95% CI 1.04-1.15; P=0.0009, conditional P =0.0859 and per t-allele OR
(rs200229088)=1.09; 95% CI 1.02-1.15; P=0.0065, conditional P = 0.9149 (Table 1). SNP2 was
not replicated in Asians (per a-allele OR=0.94; 95% CI 0.89-1.00; P=0.034, conditional
P=0.8901 (Table 1).

We investigated the associations of these three signals with tumor-subtypes based on ER status.
SNP1, rs10941679, was largely associated with ER™ breast cancer (OR ER*=1.15; 95% CI 1.13-
1.18; P=8.35x10* versus OR ER™ disease=1.04; 95% Cl 1.00-1.08; P=0.059; P-
heterogeneity=1.5x10"; Table 1) as was SNP3, rs200229088 (OR ER*=1.12; 95% CI 1.09-1.15;
P=7.51x10"* versus OR ER=1.03; 95% CI 0.99-1.09; P=0.11, P-heterogeneity=0.02). By
contrast the SNP2, rs6864776, was moderately associated with ER” but not with ER" tumors (OR
ER-=1.10; 95% CI 1.05-1.14; P=2.55x10" versus OR ER"=1.02; 95% CI 0.99-1.05; P=0.08; P-
heterogeneity=0.01; Table 1).

Candidate SNPs 1-3 span a 1.7 Mb region on 5p12 that includes three annotated genes; FGF10
[MIM 602115], MRPS30 [MIM 611991] and HCN1 [MIM 602780] and several putative long
noncoding RNAs (IncRNAs; Figure 1). To identify potential target gene(s), we examined the
associations of the three lead SNPs with expression levels of genes located within 1 Mb in three
different studies: (1) 116 normal breast samples and 241 breast tumors from the Norwegian
Breast Cancer Study (NBCS).? (2) 93 normal and 765 breast cancer tissues from the TCGA study.
Germline genotype data from Affymetrix SNP 6 array were obtained from TCGA dbGAP data
portal.? (3) 183 normal breast samples from the Genotype-Tissue Expression (GTEXx) project.*
The SNP1 rs10941679 risk-associated g-allele was moderately associated with increased FGF10
MRNA expression in NBCS normal breast (P=0.013, P-corrected=0.39) and breast tumors
(P=0.005, P-corrected=0.38), as well as in GTEx normal breast (P-corrected =0.02; Figure 2a
and Figure Sla). The effect in TCGA was in the same direction, though not significant (normal
breast P=0.353, P-corrected=0.95 and P=0.057, P-corrected=0.41 in breast tumors; Figure S1b).
The g-allele was also associated with increased expression of MRPS30 in the NBCS normal
(P=0.002, P-corrected=0.36) and breast tumors (P=0.049, P-corrected=0.43), in GTEx normal
breast (P-corrected=0.002) and in TCGA (normal breast P=6.86x10", P-corrected=5.31x10"
and breast tumors P=7.21x10°, P-corrected=9.35x10*, Figure 2b and Figure Slac). No
associations were observed with SNP2, rs6864776 or SNP3 variant, rs200229088. We also
measured endogenous levels of FGF10, MRPS30 and nearby INcRNAs FGF10-AS1, BRCAT54,
RP11-503D12.1 and RP11-473L15.3 mRNA in breast cell lines homozygous (A/A or G/G) or
heterozygous (A/G) for the common allele of SNP1 (Table S3, Figure 2c,d and Figure S2, S3).
Total RNA from cell lines was extracted using Trizol and complementary DNA synthesized
using random primers as per manufacturers’ instructions. Quantitative PCR (qPCR) were
performed using TagMan assays for FGF10 and MRPS30 normalized against beta-glucuronidase
(GUSB [MIM 611499]) or with SYTQO9 for IncRNAs normalized against TATA box-binding
protein (TBP [MIM 600075]; primers are listed in Table S4). While the number of ER" breast
cell lines carrying the risk allele was limited, FGF10 and MRPS30 mRNA levels were
significantly higher in the BT474 heterozygous cell line (Figure 2c,d). BRCAT54 was detected
in the majority of cell lines but its expression appears to be genotype-independent (Figure S3a).



FGF10-AS1, RP11-503D12.1 and RP11-473L15.3 transcripts were either expressed at very low
levels or not detected in the cell lines analyzed (Figure S3b-d). Therefore, while we cannot rule
out the possibility that the risk SNPs may influence local IncRNA expression, the low or absent
transcript levels precluded any further evaluation.

Candidate causal SNPs were then explored using publicly available datasets from ENCODE™,
which includes information such as the location of promoter and enhancer histone marks, open
chromatin, bound proteins and altered motifs for the MCF7 breast cancer cell line, and from
Hnisz et al*? and Corradin et al™, to identify the location of likely enhancers and their gene
targets in a cell-specific context. Analysis of cis enhancer-gene interactions using PreSTIGE™®
showed evidence of putative regulatory elements (PREs) surrounding the top risk-associated
SNPs in MCF7 breast cancer cells, but no histone marked elements harboring a risk SNP in this
cell line or in a range of cell lines and tissues analyzed in Roadmap (Figure 1 and S4). However,
it is possible that certain epigenetic marks may only be detected in a specific cell subtype such as
breast stem cells or in response to an external stimulus.

To identify target gene(s), we performed chromatin conformation capture (3C) assays in ER”
MCF7, BT474 and MDA-MB-361 and ER” MDA-MB-231 breast cancer cell lines and Bre80
normal breast cells (Table S5).2 3C libraries were created by cross-linking the chromatin from
cell lines; DNA was then digested with EcoRlI, which flanks 12 contiguous fragments that cover
the PRE, and the FGF10, MRPS30 and HCN1 promoters (Table S6); DNA was religated and
decrosslinked; and gPCR with primers for the bait (gene promoters) and interactors (12 PRE
fragments) was performed to detect the presence of ligation products, representing gene loops.
BAC clones covering the regions of interest were used to normalize for PCR efficiency. These
assays showed that the PRE containing SNP1 frequently interacted with the FGF10 and MRPS30
promoter regions in MCF7 and BT474 breast cancer cell lines, but only with MRPS30 in the
MDA-MB-361, MDA-MB-231 and Bre80 cell lines. This latter result was expected as FGF10 is
not expressed or expressed at very low levels in these cell lines (Figures 2c, 3a, S5 and S6).
Notably, both genes share a bidirectional promoter with the IncRNAs FGF10-AS1 and BRCAT54,
raising the possibility that these transcripts are also targets of the PRE (Figure 3a). No additional
interactions were detected between the PRE and other annotated genes within 1Mb of the PRE,
including HCNL1 (Figure S5). To assess the potential impact of SNP1 on the identified chromatin
interactions, allele-specific 3C was performed in heterozygous BT474 cell lines®. However, the
sequence profiles revealed that SNP1 had no significant effect on chromatin looping (Figure S7).

The regulatory capability of the PRE, combined with the effect of SNP1, was further examined
in reporter assays. Promoter-driven luciferase reporter constructs were generated by the insertion
of PCR amplified fragments containing FGF10, FGF10-AS1, MRPS30 or BRCAT54 promoters
into pGL3-Basic.** A 1,736bp PRE fragment (containing either the common or minor allele of
rs10941679) was then generated by PCR and cloned downstream of the modified pGL3-
promoter constructs (Table S7). MCF7 and BT474 breast cancer cell lines plus Bre80 normal
breast cells were transfected with the reporter plasmids and luciferase activity was measured
24hr post-transfection. To correct for any differences in transfection efficiency or cell lysate
preparation, Firefly luciferase activity was normalized to Renilla. Notably, the ‘Ref PRE’ acted
as a transcriptional enhancer, leading to a 2-3 fold increase in FGF10, MRPS30 and BRCAT54
promoter activity, but had no effect on the FGF10-AS1 promoter in MCF7 and BT474 cells



(Figures 3b and S8). The enhancer activity was also observed for the MRPS30 and BRCAT54
promoters in Bre80 cells (Figure S8). In all cell lines, inclusion of the SNP1 risk (g) allele had
no significant effect on the PRE enhancer activity. While this appears to rule out an effect of this
SNP on transactivation, it is possible that SNP1 affects the recruitment of key proteins required
for the epigenetic modification of the enhancer, which would not be observed in a reporter assay.
Another possibility is that the SNP effect may only be observed under certain biological
conditions such as growth factor stimulation.

To seek further evidence that SNP1 lies within an enhancer element we performed
electrophoretic mobility shift assays (EMSAs) for both the protective (a) and risk (g) alleles.®
Nuclear lysates were prepared from ER* BT474, MCF7 and MDA-MB-361 or ER” MDA-MB-
231 and Hs578T cells using the NE-PER nuclear and cytoplasmic extraction reagents.
Biotinylated oligonucleotide duplexes were prepared by combining sense and antisense
oligonucleotides, heat annealing and slow cooling. Duplex-bound complexes were transferred
onto Zeta-Probe positively-charged nylon membranes by semi-dry transfer then cross-linked
onto the membranes. Membranes were processed with the LightShift Chemiluminescent EMSA
kit as per the manufacturer’s instructions, and signals visualized with the C-DiGit blot scanner.
For SNP1, we observed allele-specific binding by nuclear proteins only in the ER™ BT474,
MCF7 and MDA-MB-361 extracts (Figures 3c and S9). The protein-DNA complexes were
shown to be specific, as demonstrated by increasing amounts of cold self-competitor (Figures 3c,
S9 and Table S8).

Further EMSAs using competitor DNA or antibody supershifts against predicted transcription
factors (TFs) suggested four proteins bound to the SNP site including FOXAL, FOXA2, CEBPB
and OCT1 (Figure S10 and Table S9). To confirm TF binding in vivo, we performed chromatin
immunoprecipitation (ChIP) in heterozygous BT474 cells as previously described (Table $10).%
When compared to an 1gG control antibody, we observed a moderate enrichment in FOXA1 and
OCT1 binding to DNA overlapping SNP rs10941679, but no difference between alleles in this
cell line (Figure S11). In addition, Western blot analysis indicated that FOXAL1 protein
expression was restricted to the ER" breast cancer cell lines analysed, whereas OCT1 was more
widely expressed (Figure S12). FOXAL is a pioneer factor and master regulator of ER activity
due to its ability to open local chromatin and recruit ER to target gene promoters.’® Notably,
breast cancer-associated SNPs are enriched for FOXA1 binding®’ and several studies have linked
cooperative binding of FOXAL, ER and OCT1 to increased gene transcription.’® ** Consistent
with our eQTL data, it is tempting to speculate that in specific ER" cell subtypes and/or
conditions, rs10941679 alters FOXAL affinity and OCT1 recruitment leading to target gene
activation.

In conclusion, we have provided evidence for at least three independent causal SNPs with effects
on the risk of breast cancer at this locus. The minor g-allele of signal 1 SNP rs10941679
conferred a 15% increased risk of ER™ breast cancer and higher expression levels of the MRPS30
and FGF10 genes and was the most strongly associated SNP with MRPS30 expression in this
1Mb region. MRPS30 also called PDCD9 (Programmed Cell Death protein 9) encodes a
mitochondrial ribosomal protein involved in apoptosis.?’ Although the role of mitochondria in
apoptosis remains unclear, it is well established that cytochrome c and other pro-apoptotic
proteins are released during cell death initiation.?® Clearly further investigation of the function of
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this protein is now merited. By contrast, FGF10 is an extensively studied gene with compelling
data suggesting its involvement in breast tumorigenesis. FGF10 is a member of the fibroblast
growth factor (FGF) family and encodes a glycoprotein that specifically binds to FGFR2 (splice
FGFR2I1Ib) to control signalling pathways including cell differentiation, proliferation and
apoptosis.”* Variants regulating FGFR2 [MIM 176943] have the strongest association with ER”
breast cancer susceptibility identified to date.? FGF10 is over-expressed in ~10% of human
breast cancers®, and increased levels of FGF10 are highly correlated with proliferation rate of
breast cancer cell lines and cancer cell invasion.?* % It signals through multiple downstream
pathways including MAPK and WNT, and genes such as FGFR2, CCND1 [MIM 168461] and
TGFB1 [MIM 190180]%* #* all known to play key roles in breast cancer. Therapeutic targeting of
FGFs and their receptors FGFRs is currently a major area of drug development research and the
identification of a subgroup of individuals diagnosed with breast cancer with alterations in these
pathways may open new avenues for personalised medicine and pathway-targeted treatments.

SUPPLEMENTARY TEXT
Supplementary text for online publication is provided in the additional file:
Ghoussaini_et al 5p12_Supplementary Text.doc.
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FIGURE LEGENDS

Figure 1. Manhattan plot of the 5p12 breast cancer susceptibility locus. SNPs are plotted
according to their chromosomal position on the x-axis and their overall P values (logyo values,
likelihood ratio test) from the European BCAC studies (48,155 cases and 43,612 controls) on the
y-axis. The purple dotted line intersects the y-axis at p=10"8 and indicates genome-wide
significance. Candidate SNPs in signal 1 (rs10941679), signal 2 (38 SNPs) and signal 3
(rs200229088) are shown as short vertical lines. The locations of annotated genes and putative
IncRNA transcripts from GENCODE and enhancers predicted in Corradin et al*® and Hnisz et
al*? from breast cancer cell lines, are shown in the bottom panels.

Figure 2. Association of rs10941679 with FGF10 and MRPS30 expression in normal breast
tissues, breast tumors and breast cancer cell lines. FGF10 (a) or MRPS30 (b) expression in
normal breast (N=116) or breast tumors from NBCS dataset (N=241). SNP genotypes are shown
on the x-axis and log2-normalized gene expression values on the y-axis. P-values are presented
before and after correction for multiple testing using FDR as implemented in p.adjust function in
R. Endogenous FGF10 (Hs00610298 m1) (c) or MRPS30 (Hs00169612 m1) (d) expression
measured by qPCR in untreated breast cell lines and normalised to GUSB (4326320E). Error bars
denote SEM (N=3). P-values were determined with a two-tailed t test. **P<0.01, ***P<0.001.

Figure 3. Distal regulation of FGF10 and MRPS30 at the 5p12 risk region. (a) 3C interaction
profiles between the FGF10/FGF10AS-1 or MRPS30/BRCAT54 bidirectional promoters and the
putative regulatory element (PRE; grey bar) containing SNP rs10941679. Anchor points are set
at the promoters. Graphs represent one of three independent experiments (see Figure S5b). Error
bars denote SD. (b) Luciferase reporter assays following transient transfection of ER" BT474
breast cancer cell lines. The PRE containing the major SNP allele was cloned downstream of
target gene promoter-driven luciferase constructs (Ref PRE). The risk g-allele was engineered
into the constructs and designated by the rs ID. Primers are listed in Table S7. Error bars denote
95% confidence intervals from three independent experiments. P-values were determined by 2-
way ANOVA followed by Dunnett’s multiple comparisons test (***P<0.001). (¢) EMSA for
oligonucleotides containing SNP rs1094617 with the A=common allele and G=minor allele as
indicated below the panel, assayed using BT474 nuclear extracts. Primers are listed in Table S8.
Labels above each lane indicate inclusion of competitor oligonucleotides at 30- and 100-fold
molar excess, respectively: (-) no competitor and control denotes a non-specific competitor. A
red arrowhead shows a band of different mobility detected between the common and minor
alleles.
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Table 1. Associations of the top SNPs from each signal with overall breast cancer risk and breast cancer stratified by ER
status.

Common (Com) and Minor (Min) alleles, Minor Allele Frequncy (MAF), Per-allele odds ratios (OR), 95% Confidence intervals
(95%Cl) and 1 degree of freedom Significance levels (P) for overall breast cancer are indicated in European and Asian case-control
studies, and separately for ER* and ER" disease.

Europeans
Sig SNP Com Min MAF OR_ overall P_overall Conditional OR ER- P_ER- OR_ER+ P_ER+
* 95% CI p-value

1 rs10941679 A G 0.27 1.12 2.55E-26 6.55E-24 1.04 0.059 1.15 8.35E-30
[1.10-1.14] [1-1.08] [1.13-1.18]

2 rs6864776 G A 0.23 1.04 7.84E-04 1.44E-12 1.10 2.5E-05 1.02 0.08
[1.02-1.06] [1.05-1.14] [0.99-1.05]

3 rs200229088 TTG T 0.31 1.09 2.28E-12 1.12E-05 1.03 0.11 112 7.51E-14
[1.07-1.12] [0.99-1.09] [1.09-1.15]

Asians

1 rs10941679 A G 0.50 1.09 9.12E-04 0.0859 1.03 0.53 1.11 1.32E-03
[1.04-1.15] [0.95-1.11] [1.04-1.18]

2 rs6864776 G A 0.32 0.94 3.47E-02 0.8901 0.95 0.28 0.94 6.24E-02
[0.89-1.00] [0.87-1.04] [0.89-1.00]

3 rs200229088 TTG T 0.37 1.09 6.52E-03 0.9149 1.04 0.43 1.08 3.65E-02
[1.02-1.15] [0.95-1.14] [1.00-1.16]
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Table 2. Haplotype analysis across the BCAC studies. Each haplotype was compared to the ancestral haplotype carrying the common

alleles of signal 1 SNP rs10941679, signal 2 SNP rs6864776 and signal 3 SNP rs200229088 (haplotype A).

Haplotypes rs10941679 rs6864776  rs200229088 Haplotype OR P-value
Signal 1 Signal 2 Signal 3 frequency

A 1 1 1 0.395440 _ _
B 1 1 2 0.120099 1.06[1.02-1.10] 1.49E-03
C 1 2 1 0.199599 1.10[1.06-1.13] 7.76E-11
D 1 2 2 0.018665 1.15[1.04-1.27] 5.03E-03
E 2 1 1 0.098169 1.14[1.09-1.19] 1.45E-11
F 2 1 2 0.154525 1.20[1.16-1.24] 2.72E-30
G 2 2 1 0.004248 0.91[0.72-1.15] 4.15E-01
H 2 2 2 0.009253 1.28 [1.10-1.48] 1.14E-03
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Supplementary Figure 1. Associations of SNP rs10941679 with expression of candidate target genes. (a) 183
normal breast samples from the GTEx database, (b) FGF10 or (¢) MRPS30 in normal breast TCGA (N=93) and breast
tumours TCGA (N=765). The x-axis of each plot corresponds to the three observed SNP genotypes and the y-axis
represents log2-normalized gene expression values. P-values in the GTEx datasets are pre-corrected for multiple testing.
P-values in the TCGA datasets are presented before and after correction for multiple testing using FDR as implemented in

p.adjust function in R.



Supplementary Figure 2. Location of putative noncoding RNAs close to the top risk SNPs. The top risk SNPs from
each signal are shown as small horizontal lines and labelled. Green boxes represent putative noncoding RNAs.



Supplementary Figure 3. Putative noncoding RNA expression measured by qPCR in untreated breast cell lines and
normalised to TBP. Error bars denote SEM (N=3).
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Supplementary Figure 4. Genomic region (chr5:44276112-44866764) showing chromatin
state annotations called by Roadmap Epigenomics Project Chromatin Hidden Markov
Modelling (Imputed ChromHMM) relative to GENCODE V19 gene models. The 25 states of
chromatin segmentation depicted as colors along the genomic axis are described in the key.
The position of top risk SNPs for signals 1-3 are shown by the vertical black lines.
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Supplementary Figure 5. Chromatin interactions at 5p12 in breast cancer cell lines. (a) Physical map of the region
interrogated by 3C. 3C interaction profiles between the FGF10/FGF10AS-1, MRPS30/BRCAT54 or HCN1 promoters and
the putative regulatory element (PRE, grey bars) containing SNP rs10941679 in (b) ER"/PR" MCF7 and BT474, (c)
ER'/PR" MDA-MB-361 or ER/PR" MDA-MB-231 breast cancer cell lines and (d) ER" Bre80 normal breast cells. 3C
libraries were generated with EcoRlI, with the anchor points set at the promoters. Error bars denote SD.
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Supplementary Figure 6. DNA sequencing to confirm chromatin interactions. Chromatogram of 3C products
amplified between the (a) FGF10 or (b) MRPS30 promoters and the 5p12 putative regulatory element (PRE) containing
SNP rs10941679.
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Supplementary Figure 7. SNP rs10941679 does not influence chromatin looping between the PRE and FGF10 or
MRPS30 promoters. 3C followed by sequencing for the rs10941679-containing region in heterozygous BT474 ER+
breast cancer cells.
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Supplementary Figure 8. Luciferase reporter assays in ER* MCF7 and ER" Bre80 breast cell lines. The putative
regulatory element containing the major SNP allele was cloned downstream of target gene promoter-driven luciferase
constructs (Ref PRE). The minor SNP allele was engineered into the constructs and is designated by the rs ID. Error bars
denote 95% confidence intervals from three independent experiments. P-values were determined by 2-way ANOVA
followed by Dunnett’s multiple comparisons test. **P<0.01, ***P<0.001.
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Supplementary Figure 9. EMSAs for oligonucleotides containing SNP rs10941679. The A=common allele and
G=minor allele as indicated below the panel, assayed using (a) ER"/PR" MDA-MB-361, ER"/PR" MCF7 and (b) ER/PR
MDA-MB-231 and Hs578T nuclear extracts. Primers are listed in Table S8. Labels above each lane indicate inclusion of
competitor oligonucleotides at 100-fold molar excess, respectively: (-) no competitor and control denotes a non-specific
competitor. Red arrowheads show bands of different mobility detected between the A and G alleles.
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Supplementary Figure 10. Competition EMSAs for SNP rs10941679 to identify candidate nuclear proteins.
Competitor oligonucleotides for predicted transcription factors (100-fold molar excess) were incubated with ER" BT474
nuclear extracts (competitor sequences are listed in Table S9). Red arrowheads indicate bands that were competed for
complex formation on either the (a) common or (b) minor alleles. (¢) EMSA-supershift using the common DNA duplex and
2 ug of polyclonal antibody against FOXA1 (ab5089, abcam), FOXA2 (sc-20692, Santa Cruz Biotechnology), CEBPB (sc-
150) or OCT1 (sc-232) with BT474 nuclear extracts. Rabbit IgG (sc-2027) was used as a negative control. The red
arrowhead denotes supershifted complexes.
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Supplementary Figure 11. FOXA1 and OCT1 binding in vivo. ChIP-qPCR results against (a) FOXA1, (b) OCT1, (c)
FOXA2 or (d) CEBPB in heterozygous BT474 breast cancer cells. Error bars denote SD (N=2). A region within the second
intron of ESR1 served as a negative (Neg) control. P-values were determined by two-tailed t-t test. **<0.01, ***<0.001.
(e) Sanger sequencing of the PCR fragment generated using primers flanking SNP rs10941679 following ChIP-gPCR.
Primers are listed in Table S10.
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Supplementary Figure 12. Western blot analysis of FOXA1 and OCT1 protein expression in breast cancer cell
lines. Actin (Sigma A2066) served as a loading control.



Supplementary Table 1. Strongest Associated SNPs (N=461 P<10-4) with overall breast cancer risk from 41 European
BCAC studies (n=104,660). * Type refers to either genotyped or imputed SNPs.

SNP position EAF Pvalue OR ER+ Pvalue OR Pvalue Type R?
overall ER+ ER- ER-

rs10941679 44706498 A G 0.27 2.55E-26 1.15 244E-29 1.04 0.08 Gen 0.99
rs10462082 44800917 A C 0.50 9.11E-22 1.11 3.40E-20 1.06 0.00 Imp 0.95
c5 pos44911206 44875449 A G 0.48 1.67E-21 0.90 3.28E-21  0.95 0.01 Gen 1.00
rs6451770 44691395 T G 0.39 2.50E-21 1.13 4. 76E-25 1.01 0.59 Gen 1.00
rs7716600 44875005 A C 0.77 4. 13E-21 0.87 3.17E-24  0.96 0.09 Gen 1.00
rs930395 44822458 G A 023 1.1 7.58E-21 1.14 487E-24 1.04 0.08 Gen 1.00
rs13185555 44690964 G A 039 11 7.59E-21 1.13 5.36E-25  1.01 0.75 Imp 0.98
rs76514876 44673354 A C 0.41 1.1 491E-20 1.12 5.39E-23  1.01 0.72 Imp 0.98
rs4463188 44642670 T C 0.41 1.09 5.35E-20 1.12 8.29E-23 1.00 0.80 Gen 1.00
rs4321755 44646195 C T 0.41 1.09 6.44E-20 1.12 6.75E-23  1.00 0.81 Gen 1.00
rs4339357 44670741 T C 040 11 6.64E-20 1.12 9.24E-23  1.01 0.56 Imp 0.97
rs4479849 44644006 G A 0.41 1.09 6.93E-20 1.12 492E-23 1.00 0.85 Gen 1.00
rs12187196 44683819 A C 0.41 1.09 747E-20 1.12 8.48E-23  1.01 0.62 Gen 1.00
rs36068815 44645998 T C 0.41 1.09 7.80E-20 1.12 5.15E-23 1.00 0.84 Gen 1.00
rs13155752 44680687 A C 0.41 1.09 1.65E-19  1.12 7.46E-23  1.01 0.71 Imp 0.98
rs13156283 44680758 G C 0.41 1.09 1.66E-19  1.12 7.48E-23  1.01 0.71 Imp 0.98
rs4492118 44646625 G A 0.41 1.09 1.86E-19 1.12 1.98E-22 1.01 0.79 Gen 1.00
rs7735881 44650176 A G 0.41 1.09 1.90E-19 112 1.15E-22 1.00 0.82 Gen 1.00
rs12516900 44644495 A G 0.41 1.09 2.27E-19 112 2.34E-22 1.01 0.78 Gen 1.00
rs6861560 44708378 C G 0.41 1.09 2.31E-19 112 7.82E-23  1.01 0.71 Imp 0.98
rs1821936 44699482 A C 0.41 1.09 242E-19 112 1.30E-22 1.01 0.67 Imp 0.99
chr5:44648592:1 44648592 C C 0.41 1.09 242E-19 112 2.22E-22 1.01 0.76 Imp 0.98
chr5:44645330:D 44645330 A A 040 11 2.50E-19 1.12 3.61E-22  1.01 0.77 Imp 0.95
rs6874055 44666965 T A 0.41 1.09 251E-19 1.12 1.70E-22 1.01 0.75 Imp 0.99
rs12522626 44685698 G T 0.41 1.09 2.67E-19 1.12 1.73E-22 1.01 0.69 Gen 1.00
rs10805686 44662128 T C 0.41 1.09 2.95E-19 1.12 2.24E-22 1.01 0.76 Gen 1.00
rs6890556 44648666 C G 0.41 1.09 3.01E-19 1.12 3.17E-22  1.01 0.76 Gen 1.00
rs2165010 44706780 A C 0.41 1.09 3.12E-19  1.12 1.68E-22 1.01 0.68 Imp 0.99
rs13176502 44697908 T C 0.41 1.09 3.36E-19  1.12 217E-22  1.01 0.66 Imp 0.99
rs714130 44701418 T C 0.41 1.09 3.55E-19 1.12 2.03E-22 1.01 0.68 Gen 1.00
rs1438825 44706931 G A 0.41 1.09 3.58E-19 1.12 1.63E-22 1.01 0.72 Gen 1.00
rs10941677 44662399 G A 0.41 1.09 3.64E-19 1.12 2.24E-22 1.01 0.77 Gen 1.00
rs1371027 44699857 T C 0.41 1.09 3.65E-19 1.12 1.90E-22 1.01 0.69 Gen 1.00
rs2218081 44705140 C T 0.41 1.09 3.76E-19 1.12 1.50E-22 1.01 0.74 Gen 1.00
rs4415084 44662515 C T 0.41 1.09 3.81E-19 1.12 2.67E-22 1.01 0.78 Gen 1.00
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Supplementary Table 2. The three independent signals showing the lead SNP in each signal together with the correlated
SNPs that could not be excluded from causality.

P-value P-value

Imput- Single condition conditio cor_ cor rs68 cor_
SNP Position Ref/Alt MAF ation OR (95% Cl) SNP al on nal on rs109416 64776 rs200229
r2 p_value signal 1 signal 1 79 088
top hit +2
Signal 1
rs10941679 44706498 AIG 0.27 0.99 1.12(1.1-1.15)  2.60E-26 NA NA 1.00 0.07 0.14
Signal 2
rs6864776 44513304 G/A 0.23 0.97 1.04(1.02-1.06) 0.00078  6.22E-11 NA 0.07 1.00 0.05
chr5.44527739.1 44527739 ATACT/A 0.24 0.96 1.04(1.02-1.07) 0.00044  6.40E-11 NA 0.06 0.98 0.05
rs4634356 44553611 CIT 0.23 0.99 1.04(1.02-1.06) 0.00076  7.89E-11 NA 0.07 0.99 0.06
rs1905192 44531538 AIT 0.23 0.99 1.04(1.02-1.06) 0.00077  8.76E-11 NA 0.07 0.99 0.06
rs4866905 44555867 CIT 0.23 1.00 1.04(1.02-1.06)  0.00086 1.02E-10 NA 0.07 0.98 0.06
rs1482663 44543102 AIG 0.23 1.00 1.04(1.02-1.06) 0.00085  1.04E-10 NA 0.07 0.99 0.06
chr5.44496660.| 44496660 AG/A 0.23 0.98 1.04(1.02-1.06)  0.00087 1.04E-10 NA 0.06 0.99 0.05
rs7710996 44514350 G/A 0.23 0.99 1.04(1.02-1.06) 0.00085 1.07E-10 NA 0.06 0.99 0.05
rs6451763 44527841 C/A 0.23 0.99 1.04(1.02-1.06)  0.00087 1.09E-10 NA 0.07 0.99 0.05
c5_pos44562807 44527050 A/IC 0.23 1.00 1.04(1.02-1.06)  0.00087 1.15E-10 NA 0.07 0.99 0.06
rs1351633 44543851 CIT 0.23 0.99 1.04(1.02-1.06)  0.00094 1.18E-10 NA 0.07 0.99 0.06
rs1384453 44496114 T/IC 0.23 0.99 1.04(1.02-1.06)  0.00091 1.20E-10 NA 0.06 0.99 0.05
rs1482665 44546628 G/A 0.23 1.00 1.04(1.02-1.06)  0.00093 1.20E-10 NA 0.07 0.99 0.06
rs983940 44544136 G/A 0.23 0.99 1.04(1.02-1.06) 0.00095 1.21E-10 NA 0.07 0.99 0.06
rs6897963 44554781 C/A 0.23 1.00 1.04(1.02-1.06) 0.00098  1.33E-10 NA 0.07 0.98 0.06
rs1384454 44492998 CIT 0.23 0.99 1.04(1.02-1.06) 0.00098  1.43E-10 NA 0.06 0.99 0.05
rs10079222 44561473 G/C 0.23 1.00 1.04(1.02-1.06) 0.001 1.45E-10 NA 0.07 0.98 0.06
rs7736427 44524276 AIG 0.25 0.93 1.04(1.02-1.07)  0.00028  1.48E-10 NA 0.05 0.94 0.05
rs10512860 44539953 G/C 0.23 1.00 1.04(1.02-1.06) 0.001 1.50E-10 NA 0.07 0.99 0.05
rs4866776 44525589 T/A 0.23 1.00 1.04(1.02-1.06) 0.001 1.52E-10 NA 0.07 0.99 0.05
rs1482690 44488840 T/A 0.24 0.98 1.04(1.02-1.06) 0.0011 1.91E-10 NA 0.06 0.99 0.05
rs12516346 44488156 A/IC 0.23 0.99 1.04(1.01-1.06) 0.0016 2.39E-10 NA 0.07 0.97 0.06
rs1482684 44478742 G/A 0.23 1.00 1.04(1.01-1.06) 0.0013 2.41E-10 NA 0.06 0.99 0.05
chr5.44496659.1 44496659 TAIT 0.25 0.93 1.04(1.01-1.06) 0.0017 2.41E-10 NA 0.07 0.95 0.05
rs1482691 44487477 C/A 0.23 0.99 1.04(1.01-1.06) 0.0013 2.52E-10 NA 0.06 0.99 0.05
rs7724859 44471395 T/IC 0.23 1.00 1.04(1.01-1.06) 0.0014 2.84E-10 NA 0.06 0.99 0.05
rs2128430 44462926 T/IC 0.23 0.99 1.04(1.01-1.06) 0.0014 3.03E-10 NA 0.06 0.99 0.05
rs7707044 44471392 AIT 0.23 1.00 1.04(1.01-1.06) 0.0015 3.15E-10 NA 0.06 0.99 0.05

rs1905191 44456782 CIT 0.23 0.98 1.04(1.01-1.06) 0.0015 3.21E-10 NA 0.06 0.99 0.05
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Supplementary Table 3. ER/PR status, genotype and copy number at 5p12 of breast cell lines used in functional assays.

ER? PR® Signal 1 Signal 2 Signal 3 Copy
status status rs10941679 rs6864776 rs200229088 Number® Haplotype
SVCT - - AA GG TTG/T Not det A/B
MCF10A - - AA GG TTG/T Not det A/B
T47D + + AA AA TTG/T Gain C/D
ZR751 + + AA AA TTG/T Normal C/D
MDA-MB-361 + - AA AA TTG/T Gain C/D
MCF7 + + AA AG TTG/T Gain Not det
Hs578T - - AA AG TTG/T Gain Not det
BT474 + + AG AG TTG/T Gain Not det
Bre80 - - AG AG TTG/T Not det Not det
MDA-MB-231 - - AG AG TTG/T Gain Not det
BT-20 - - GG AA TTG/T Gain G/H
MDA-MB-468 - - GG AA TTG/T Gain G/H

Estrogen receptor-alpha, °Progesterone receptor, °Copy number status from array CGH data (segmentation of
normalized log2 ratios) generated by the Cancer Cell Line Encyclopedia (CCLE), Not det = Not determined.



Supplementary Table 4. Oligonucleotides used for qRTPCR of putative noncoding RNAs.

qRT Primer

Sequence (5’ to 3’)

FGF10-AS1FOR
FGF10-AS1REV
BRCAT54FOR
BRCAT54REV
RP11-503D12.1FOR
RP11-503D12.1REV
RP11-473L15.3FOR
RP11-473L15.3REV
TATA-binding proteinFOR
TATA-binding proteinREV

TGCACCAACATCCATAACTCCTCG
CTTTGTGAAGGAAAGCTGGACAGG
TGTGTGCTTAGACCTGACGCTGG
CTCCTCACATGGCAGGAAGAAGG
CAAGGTCAGTTGGCATTGTTCTGG
CAACCACCATGTCAAGGAACTCTAGC
CACATGCATTGGCTATGACCTTGC
GCTGGCCATAAAGCTTCAATGTCC
CATGGATCAGAACAACAGCCTGC
TTGTGAGAGTCTGTGAGTGGAAGAGC

Supplementary Table 5. Cell lines used in the study.

Cell line'? Source

SVCT ECACC 94122105

MCF10A ATCC CRL-10317

T47D ATCC HTB-133

ZR751 ATCC CRL-1500

MDA-MB-361 Gift from S. Lankani, UQCCR, AUS
MCF7 ATCC HTB-22

Hs578T ATCC HTB-126

BT474 ATCC HTB-20

Bre80 Gift from R. Reddel, CMRI, AUS
MDA-MB-231 ATCC HTB-26

BT-20 ATCC HTB-19

MDA-MB-468 ATCC HTB-132

' Cell lines used in experiments were within passages 15-30.
2 Cell lines were routinely tested for mycoplasma and short tandem repeat (STR) profiled.



Supplementary Table 6. Oligonucleotides used in 3C assays.

3C Primer (EcoRl)

Sequence (5’ to 3’)

FGF10 promoter bait
MRPS30 promoter bait
HCN1 promoter bait
PRE Fragment 1
PRE Fragment 2
PRE Fragment 3
PRE Fragment 4
PRE Fragment 5
PRE Fragment 6
PRE Fragment 7
PRE Fragment 8
PRE Fragment 9
PRE Fragment 10
PRE Fragment 11
PRE Fragment 12

GCTGCTCTTCTGTACAGCGTGATGACAAGAGG
CCTTCACAGAAGTAAGCAACATGAGGGAAGC
TCCCACTGGCACCTGCAAGTATGTGC
CTAAGACTGTCTCACCATGGAGCAACTCATGC
TGGCTTCCTGCCACTTGTTTCCTAATGC
CTCCTTGCTGTGAGAAGGTTGCACATCC
AGCACAAGAGCAGCCTCTACTGGGATATGC
TCCAAGTGAGTCAGTCTCCTGCCTCAGG
TCACTTGCTTTCTAGATTTGTGATTCTGCTTTCC
GTCCAGAGTCAAGTGGAGGAGATAACTCAAGGG
GAGGAATCAGGCAATCTTCATAAATATGGCTTACC
GGAATGCAAAGTGCAGCTATTGCTCTGC
GAAAATTTGGCATCATCCTTAGTGCACAGTAGG
CTGTGTAAGTTACAGAGCCATGATCATTGGTGG
GCCACATCCCTAGATGCCATGGTCC




Supplementary Table 7. Oligonucleotides used in cloning luciferase constructs.

Primer Sequence (5’ to 3’)

FGF10 promoter FOR GATCGCCATAAAGTGCGTTTGC

FGF10 promoter REV CTGGAAGGGTAAGACCCGATGC
FGF10-AS1 promoter FOR CCCAGGCATAATTTACGCTGAGG
FGF10-AS1 promoter REV GCATTCACTTCTGGCCAGATCC

MRPS30 promoter FOR ACTTTCCATGGCTCTGACTCAGTCC
MRPS30 promoter REV CGGACCCAGAGGTCAACTTAAGC
BRCAT54 promoter FOR CCTATCGTGAACGGTTATTGTGAGC
BRCAT54 promoter REV AGTTCCTGGCAAAGGAGGTTGC

5p12 enhancer FOR GACTCTGTATCTTCACGCATTTCCAGG
5p12 enhancer REV TTAGAGACCAGAAATGTGGGCAAAGG
rs10941679 mut FOR GCTTTTTATTGACTGTGGAAAGAACACAGC
rs10941679 mut REV GCTGTGTTCTTTCCACAGTCAATAAAAAGC

Supplementary Table 8. Oligonucleotides used in EMSAs.

SNP allele® Sequence (5’ to 3’)°
rs10941679 com °PO°GCTTTTTATTGACTATGGAAAGAACACAGC
rs10941679 min  BOGCTTTTTATTGACTGTGGAAAGAACACAGC
Neg control AGAGATTGCCTGACGTCAGAGAGCTAG

@ com: common allele, min: minor allele
® BIO: 5 biotinylation (present on both the sense and antisense strands of the duplex)



Supplementary Table 9. EMSA competitor duplexes and their target DNA binding proteins.

Competition Target

Sequence (5’ to 3’)

AP1
AP2
CEBP
CTCF
FOXA1
FOXAZ2
GATA3
HNF6
HOXA10
MYC
NFkB
OCT1
SP1

CGCTTGATGACTCAGCCGGAA
GATCGAACTGACCGCCCGCGGCCCGT
TGCAGATTGCGCAATCTGCA
AAGAAACCGCTAGGGGGCCTACT
CTGGTCTTAAAGGTGTTTACCTTGTCTGAT
GTTGACTAAGTCAATAATCAGAATCAG
CACTTGATAACAGAAAGTGATAACTCT
GATTCCATATTGATTTCAAAA
GCATTCAGAAGGTTATAGCTTT
TCAGACCACGTGGTCGGG
AGTTGAGGGGACTTTCCCAGGC
TGTCGAATGCAAATCACTAGAA
ATTCGATCGGGGCGGGGCGAGC

Supplementary Table 10. Oligonucleotides used for ChIP-qPCR analyses.

Name

Sequence (5’ to 3’)

ChIP rs10941679 FOR
ChIP rs10941679 REV
ChIP negcontrol FOR
ChIP negcontrol REV

TTGAATCAGATGTGTAGTGCTTCC
AACCTGAATGCAGCAAAATAGC
CTAAGGACGAGATGCACATGG
TCAAGTTTCCAACTCCAACAGG
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