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Simple Summary: Heritable rare high- and moderate-risk mutations in breast cancer susceptibility
genes are known of, alongside 170 common genetic low risk variants with a minor increase in risk.
However, based on genetic studies, we know that over half of the breast cancer heritability is still
unexplained. By analyzing combinations of chromosomal nearby variants, so-called haplotypes,
and their association to breast cancer we could identify a novel genetic breast cancer risk locus on
chromosome 8 and confirm three well known low risk loci on Chr 10, 11 and 16.

Abstract: (1) Background: The heritability of breast cancer is partly explained but much of the
genetic contribution remains to be identified. Haplotypes are often used as markers of ethnicity as
they are preserved through generations. We have previously demonstrated that haplotype analysis,
in addition to standard SNP association studies, could give novel and more detailed information
on genetic cancer susceptibility. (2) Methods: In order to examine the association of a SNP or a
haplotype to breast cancer risk, we performed a genome wide haplotype association study, using
sliding window analysis of window sizes 1-25 and 50 SNPs, in 3200 Swedish breast cancer cases and
5021 controls. (3) Results: We identified a novel breast cancer susceptibility locus in 8p21.1 (OR 2.08;
p 3.92 x 1078), confirmed three known loci in 10q26.13, 11q13.3, 16q12.1-2 and further identified
novel subloci within these three loci. Altogether 76 risk SNPs, 3302 risk haplotypes of window size
2-25 and 113 risk haplotypes of window size 50 at p <5 x 1078 on chromosomes 8, 10, 11 and 16
were identified. In the known loci haplotype analysis reached an OR of 1.48 in overall breast cancer
and in familial cases OR 1.68. (4) Conclusions: Analyzing haplotypes, rather than single variants,
could detect novel susceptibility loci even in small study populations but the method requires a fairly
homogenous study population.
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1. Introduction

The inherited genetic background of breast cancer is only partly understood. Epidemi-
ological studies have shown breast cancer to be approximately twice as common in first
degree relatives of breast cancer patients compared to the general population [1]. There
are well known inherited genetic risk factors that contribute to breast cancer susceptibility.
High to moderate penetrant susceptibility genes—BRCA1, BRCA2, P53, PALB2, ATM
and CHEK2—explain approximately 30% of heritability in familial breast cancer cases
and to date more than 170 low risk loci, associated with a minor increase in risk, have
been identified accounting for another 18% [2-8]. Over half of the heritability is thus still
unexplained.

The majority of known low risk loci have been identified through large Genome Wide
Association Studies (GWAS), based on Single Nucleotide Polymorphism (SNP) association,
conducted within the Breast Cancer Association Consortium (BCAC) [8-10]. SNPs that
are located in close proximity to each other on a chromosome (Chr) tend to be inherited
together and constitute a haplotype. Haplotypes are often used as ethnicity markers as they
differ between populations. Therefore, homogenous populations are preferable to examine
haplotype effects on a trait. Sweden has a fairly homogenous population and founder
mutations in cancer genes are known [11]. Haplotype association has not been widely
applied in cancer susceptibility studies. However, we have previously used this approach
in identifying novel cancer susceptibility loci in the Swedish population [12-15]. In a
GWAS of 3555 twins affected with cancer and 15,581 unrelated twins without cancer, seven
susceptibility loci with increased general cancer risk were suggested [12]. We have also used
haplotype analysis in familial cancer studies, where BCAC genotype data were analyzed
to confirm and complete a candidate breast cancer region on chromosome 6q14.1 [13]. A
similar study used genotype data from a collaboration of colorectal cancer consortium,
CORECT, to perform haplotype analysis of a colorectal cancer risk locus on chromosome
9q22.32 [14]. Recently, haplotype analysis was also used in our search for a suggested
novel cancer syndrome with increased risk of colorectal, gastric and prostate cancer [15].
Hence, we hypothesized that the Swedish population would be sufficiently homogeneous
for haplotype analysis and that this approach could give additional information compared
to SNP analysis in identifying breast cancer risk loci.

The aim of this study was to identify breast cancer risk haplotypes in the Swedish
population. Therefore, we were prompted to reanalyze two Swedish breast cancer cohorts—
KARMA and KARBAC—consisting of 3200 invasive breast cancer cases and 5021 controls
previously analyzed within the BCAC consortium [8-10,16-19]. SNP and haplotype analy-
sis was performed in the search for founder haplotypes and compared with existing SNP
results from BCAC. As genetic risk is enriched in familial cases, subgroup analysis on
familial cases was performed.

2. Materials and Methods
2.1. Study Population

We included 3215 invasive breast cancer cases from two Swedish cohorts, KARMA
(n =2712) and KARBAC (n = 503), and controls without family history of breast cancer
from KARMA (n = 5032) in the analysis. The cohorts are thoroughly described elsewhere
and previously analyzed in several BCAC studies [8-10,16-22]. Briefly, the KARMA Cohort
consists of 70,877 women performing a screening or clinical mammogram at 4 hospitals in
Sweden during the period October 2010-March 2013 [20]. The KARBAC cohort includes
two sub-cohorts of breast cancer cases. KARBAC1 (1 = 394) is a hospital cohort of con-
secutive breast cancer cases recruited from October 1998 until May 2000 [21]. KARBAC2
(n =109) is a BRCA1- and BRCA2 negative breast cancer cohort recruited from a clinical



Cancers 2022, 14, 1206

30f13

genetic counselling department from February 2000 until January 2012 [22]. The studies
were approved by the local ethical board and all individuals gave written informed consent.

For the subgroup analysis on familial breast cancer, we identified 652 self-reported
familial cases in the merged KARMA and KARBAC cohort (516 familial KARMA breast
cancer cases and 136 familial KARBAC breast cancer cases). Familial breast cancer cases
were defined as individuals affected by breast cancer with a first degree relative diagnosed
with breast cancer. The same KARMA controls, as in the overall breast cancer study,
were used.

2.2. Genotyping and Quality Control

DNA was extracted from peripheral blood samples using standard procedures. DNA
from 8247 individuals were genotyped with an Illumina Infinum OncoArray-500K B
BeadChip [8,23,24]. A total of 474,706 SNPs were shared between the cohorts. The datasets
were merged using PLINK v.1.9 [25,26]. TOP strand format was accounted for. Quality
Control (QC) was performed and variants were excluded if call rates <98% (2332 variants
removed), minor allele frequency <0.01 (138,834 markers removed) or deviation from
Hardy-Weinberg equilibrium p < 0.001 (634 markers removed). No individual was removed
due to missing genotype data. In the last step of QC a Multi-Dimensional Scaling (MDS)
analysis was conducted to identify ethnic outliers [27]. The MDS coordinates were also used in
the logistic regression model (see Section 2.3) to adjust for population stratification. Individuals
above level +0.04 and below —0.04 in the MDS analysis for the four dimensions—Coordinatel
(C1), C2, C3 or C4 are defined as ethnic outliers (13 sporadic, 2 familial breast cancer
cases and 11 controls) and were excluded from the dataset. The remaining individuals
were plotted in a MDS plot (Figure S1). A total of 332,906 variants, 3200 breast cancer
cases (2550 sporadic; 650 familial) and 5021 controls passed QC and remained for further
downstream analyses. Reference panel GRCH37 was applied for SNPs and chromosomal
positions.

2.3. Statistics

We performed a sliding window haplotype GWAS using PLINK 1.07 from a window
size of (wdw) 1 to 25 SNPs using a logistic regression model to examine the effect of a SNP
or a haplotype of various length on the risk of breast cancer [26,28]. In the first analysis.
overall breast cancer was set as outcome and in the second analysis familial breast cancer
was used. The dataset from the first analysis was reanalyzed for haplotypes with a window
size of 50 SNPs on Chr 10, 11 and 16. Adjustment for population stratification with principal
coordinates C1, C2, C3 and C4 from MDS analysis (see QC procedure) as covariates in the
logistic regression model was performed. For SNP analysis, genomic inflation factor was
calculated (A = 1.04). Population stratification was not considered a confounding factor. The
effect of exposure on outcome was estimated by odds ratio (OR). Only OR >1 is reported in
this study as the aim was to identify risk loci. The p value criteria for genome-wide statistical
significance was applied, i.e., p <5 x 10~ was considered statistically significant [29]. No
correction for multiple testing was performed as we assumed that all haplotypes of various
length in each sublocus reflected the same genetic risk locus. A quantile-quantile (QQ)
plot was created for single SNP association (Figure S2). A Manhattan plot was created to
display observed p-values along the chromosomes (Figure S3). The QQ and Manhattan
plots were generated in R using the qgman package. The haplotype positions were mapped
and transposed using a custom script (https:/ /github.com/patrickbryantl/CMM/blob/
master/hap_vis.py) (accessed on 24 February 2022) after which the haplotypes were sorted
on OR and illustrated in Figures 1-3. Clusters of haplotypes with a certain variant in focus
in Figures 1-3 are called “subloci” in this study and considered to represent the same
chromosomal risk locus.
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Figure 1. Chromosome 10, haplotypes and SNPs sorted on OR. (a) SNP position on the y-axis. Gene
position for FGFR? is indicated along the y-axis. Corresponding OR on the x-axis. The red line
indicates the position of the SNP with the lowest p-value. The three yellow lines indicate the position
of three previous published BCAC SNPs within the area. The dashed lines indicate the position of
the proximal and distal SNP of the haplotype of window 50 with the lowest p-value (non-significant);
(b) axis, red and yellow lines illustrated as in (a).
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Figure 2. Chromosome 11, haplotypes and SNPs sorted on OR. (a) SNP position on the y-axis.
Corresponding OR on the x-axis. No gene in the area. The red line indicates the position of the SNP
with the lowest p-value. The two yellow lines indicate the position of two previous published BCAC
SNPs within the area. The dashed lines indicate the position of the proximal and distal SNP of the
significant haplotype of window 50 with the lowest p-value; (b) axis, red and yellow lines illustrated
as in (a).
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(b) Subgroup analysis familial cases—1394 statistically significant haplotypes and 16 SNPs

Figure 3. Chromosome 16, haplotypes and SNPs sorted on OR. (a) SNP position on the y-axis. Gene
position for FGFR? is indicated along the y-axis. Corresponding OR on the x-axis. The red line
indicates the position of the SNP with the lowest p-value. The yellow line indicates the position of
one published BCAC SNP within the area. The dashed lines indicate the position of the proximal
and distal SNP of the significant haplotype of window 50 with the lowest p-value; (b) axis, red and
yellow lines illustrated as in (a).

3. Results

We identified four susceptibility loci on Chr 8, 10, 11 and 16 with a support of, in
total, 76 risk SNPs (illustrated in a Manhattan plot, Figure S2), 3302 risk haplotypes of
window size 2-25 and 113 risk haplotypes of window size 50 in a Swedish GWAS dataset
of 3200 breast cancer cases and 5021 controls. Table 1 presents SNPs and haplotypes with
the lowest p-value for each locus on Chr 8, 10, 11 and 16. All significant breast cancer
risk SNPs and haplotypes of various lengths on Chr 10, 11 and 16 were sorted based on
OR and are illustrated in Figures 1a, 2a and 3a. In each locus the SNP with the lowest
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p-value is indicated with a star, which chromosomal position is outlined in red, and the
haplotype with the lowest p-value is indicated with a black rectangle. The position of
previous published SNPs from the BCAC collaboration, in this study called “BCAC SNPs”,
are outlined in yellow. In the plots, the x-axes are compressed for the loci including many
haplotypes to be able to illustrate them all. All overlapping significant SNPs and haplotypes
have identic alleles on a given position. The subloci (see Section 2) within the loci on Chr
10, 11 and 16 are described in more detail for each locus below.

Table 1. SNPs and haplotypes (window size 2-25 and 50) with lowest p value in four risk loci on
Chromosome 8, 10, 11 and 16.

Locus Genes no. SNPs SNP1-SNP2 F OR (95%CI) p-Value
1 rs2034039 0.718 1.08 (1.00-1.15) 0.0299
8p21.2 BNIP3L 13 rs6995651-rs328097 0.0182 2.08 (1.60-2.70) 3.92 x 10°8
50 - - - -
1 rs2912780 0.412 1.36 (1.27-1.45) 1.67 x 10=20
10q26.13 FGFR2 3 rs423753-rs10736303 0.421 1.36 (1.27-1.45) 8.76 x 10721
50 rs1047100-rs7899765 0.038 1.46 (1.24-1.71) 458 x 107°
1 rs614367 0.161 1.31 (1.20-1.42) 5.45 x 10710
11q13.3 - 10 1rs680618-rs614367 0.108 1.44 (1.30-1.59) 6.37 x 10713
50 rs7117818-rs673958 0.0812 1.45 (1.29-1.62) 1.81 x 10710
1 rs12918816 0.259 1.37 (1.27-1.47) 3.26 x 10718
16q12.1-
4 roxs rs12918816-r512929984 0.259 1.37 (1.27-1.46) 1.71 x 10718
16q12.2 CASC16 -17
50 rs11642645-rs1109951 0.214 1.38 (1.27-1.48) 5.20 x 10

Each genetic locus is presented with gene in the area (if any), number of SNPs included in haplotypes (no. SNPs),
first (SNP1) and last SNP (SNP2) and corresponding frequency (F), Odds ratio (OR), and p-value for the significant
SNP with the lowest p-value, the significant haplotype of window size 2-25 with the lowest p-value and the
haplotype of window size 50 with the lowest p-value, respectively. Reference panel GRCH37 for SNPs.

3.1. Locus 8p21.2

We identified one significant haplotype but no significant SNP (Table 1) in a novel
breast cancer risk locus, 8p21.2 (Table S1). In the subgroup analysis of familial cases the OR
increased from 2.08 to 2.33 but did not reach significant level, p = 6. 97 x 10~> (Table S2).
The significant haplotype is located within the BNIP3L gene.

3.2. Locus 10426.13

We identified 26 significant risk SNPs and 361 significant risk haplotypes in 10q26
(Tables S3 and S4). Their positional relation is visualized in Figure 1a. According to the
haplotype clusters illustrated in Figure 1a, four separate risk subloci were suggested in
locus 10q26.13: Sublocus 10q(a) is above the red line, around the significant haplotype with
the lowest p-value (Table 1); sublocus 10q(b) is on the red line and the significant SNP with
the lowest p-value, rs2912780 (Table 1); Sublocus 10q(c) is on the upper yellow line and the
two nearby published BCAC SNPs, 152981578 and rs35054928 (Table 2); sublocus 10q(d) is
on the bottom yellow line and the published BCAC SNP rs45631563 (Table 2). The three
SNPs included in the haplotype with the lowest p-value on Chr 10, all individually showed
significance in single SNP analysis. However, when combined in the above haplotype, OR
increased from 1.22 to 1.31 in single SNP analysis to 1.36 in haplotype analysis. In addition,
the haplotype of window size 50 with the lowest p-value (Table 1), of which the first and
last SNP are indicated by dashed lines in Figure 1a, included all four subloci and with a
higher OR, 1.46 (non-significant). The subgroup analysis of familial cases showed similar
pattern but with increased OR 1.54 compared to the analyses of all cases 1.36 (Figure 1b,
Table S5). All SNPs and haplotypes at this locus are located within the FGFR2 gene.
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Table 2. Published SNPs within the three loci on Chromosome 10, 11 and 16 in comparison with
our data.

Locus Genes SNP Allele MAF OR (95%CI) p-Value Ref.
SWE  BCAC SWE BCAC SWE BCAC

10q2613 FGFR2 rs2981578 T/C 047 047 (uéf’lz_ 10) (1.211'_25’. 25 29x10°7 10x 1074 [30]
10q26.13 FGFR2 rs35054928 G/GC - 0.4 - 12503 - 3.5 x 107154 [30]
10q26.13 FGFR2  rsd5631563 A/T - 0.05 - 0.78-0.85) - 9.1x 10720 [30]
1133 CONDI 1554219 C/G 014 013 o0 g%, 650x107  58x 1077 [31]
119133 CCNDI 75915166 C/A 00733 006 ,nrss)  oitasy 136x107  41x1072  [31]
16q12.1 (TOX3) rs4784227 C/T 023 024 137 123 70%x10°8  19x10°%  [32]

(1.27-1.47) (1.2-1.25)

Abbreviations: SNP = Single Nucleotide Polymorphism; MAF = minor allele frequency; OR = Odds Ratio;
Ref. = Reference; SWE = result from present Swedish GWAS; BCAC = Previous published Oncoarray results from
BCAC Collaboration. Reference panel GRCH37 for SNP positions.

3.3. Locus 11q13.3

We identified one significant SNP and 500 risk haplotypes (481 wdw 2-25, 19 wdw 50)
in 11q13.3 (Tables S6 and S7). Similarly, as for Chr 10, their positional relation are illustrated
in Figure 2a. According to the haplotype clusters two separate risk subloci were suggested
in locus 11q13.3: sublocus 11q(a) on the red line with the only significant risk SNP rs614367
(Table 1) and sublocus 11q(b) on the bottom yellow line and the published BCAC SNP
rs75915166 (Table 2). The haplotype with the lowest p-value (Table 1) within this locus
includes the significant SNP but none of the two published BCAC SNPs. The vast majority
of significant haplotypes showed a higher OR than the significant SNP. The significant
haplotype of window size 50 with the lowest p-value (Table 1), is indicated by dashed
lines in Figure 2a and involve only the upper sublocus. The analysis of familial samples
resulted in a few statistically significant haplotypes, all around rs614367 and no haplotypes
including any of the published BCAC SNPs (Figure 2b) were identified. Again, the OR
was increased in the familial subgroup analysis, (Table S8), compared to the analysis of
all breast cancer cases, with OR 1.68 and 1.48, respectively. The locus on Chr 11 is located
upstream of the CCND1 gene.

3.4. Locus 16912.1-16q12.2

We identified 49 significant risk SNPs and 2553 significant risk haplotypes (2459 wdw
2-25, 94 wdw 50) in 16q12.1-16q12.2 (Tables S9 and S10). Similarly, as for Chr 10 and
11, SNPs and haplotypes of various lengths and their positional relation are visualized
in Figure 3a. According to the haplotype clusters illustrated in Figure 3a five separate
risk subloci are suggested in locus 16q12.1-16q12.2: sublocus 16q(a) is above the red line;
sublocus 16q(b) is on the red line with the significant SNP rs12918816 with the lowest
p-value (Table 1); sublocus 16q(c) is between the red and yellow line; sublocus 16q(d) is
on the yellow line with the published BCAC SNP rs4784227, (Table 2) and sublocus 16q(e)
is below the yellow line in Figure 3a. The risk haplotype with the lowest p-value is a
haplotype consisting of two SNPs including the significant SNP with the lowest p-value
but not the BCAC SNP. The haplotype with the highest OR does not include the BCAC
SNP. However, the haplotype of window size 50 with the lowest p-value (Table 1) includes
both the significant Swedish SNP with the lowest p-value and the published BCAC SNP. In
the familial subgroup analysis, the result showed a similar pattern (Figure 3b). Again, the
OR was increased in the familial subgroup analysis, OR 1.49 (Table S11), compared to the
analysis of all breast cancer cases, OR 1.39. Subloci 16q(a—c) are located within the TOX3
gene while Subloci 16(d,e) within the CASC16 gene.
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3.5. Validation of Material and Methods Used

In order to increase power only invasive cases and controls without a family history
of breast cancer were used in our study. To test the hypothesis that removing cancer in situ
and familial controls would increase power the full data set, including cancer in situ and
familial controls, was reanalyzed for Chr 8, 10, 11 and 16 with similar results for Chr 10, 11
and 16, whereas the locus on Chr 8 was not identified.

4. Discussion

In the search for founder haplotypes, we reanalyzed genotype data from Swedish
samples included in the BCAC by performing both a haplotype and SNP GWAS of 3200
Swedish invasive breast cancer cases and 5021 controls. We identified a novel locus on
Chr 8 and confirmed and fine-mapped three of the known breast cancer risk loci on Chr
10, 11 and 16 with haplotype analysis. Within the three known loci, novel subloci were
identified. Top risk haplotypes presented higher ORs than top risk SNPs at the same locus.
The novel breast cancer susceptibility locus 8p21.2 has been discussed before in a cancer
perspective. Zeegers et al. presented strong evidence for 8p21.1-8p21.3 to harbor prostate
cancer susceptibility genes, which confirmed previous prostate cancer GWAS findings [33].
The gene BNIP3L is located in the region of the novel locus and encodes a proapoptotic
protein [34]. Loss of heterozygosity (LOH) is demonstrated in 20% of sporadic breast cancer,
and in 40% in familial breast cancer in 8p12-22 [35,36]. Lai et al. used gene expression
analysis and direct sequencing in 25 breast cancer cases and could not find support for
BNIP3L as a breast cancer gene, why nearby genes or transcripts are suggested to be the
target for LOH at 8p21 in breast cancer [37]. However, the BNIP3L gene is still of interest
and a recent publication suggested a BNIP3L dependent pathway to be a target for cancer
therapy in a subgroup of triple negative breast cancer [38]. The genes involved in the
known three loci—FGFR2, CCND1 and TOX3—have been thoroughly discussed in relation
to breast cancer [32,39-42]. Fine mapping of the loci on Chr 10, 11 and 16 based on BCAC
data by Fachal et al. suggest causal variants close to previously published BCAC SNPs in
the three regions [19]. Interestingly the BCAC SNP—1s4784227 is located outside TOX3, in
the area of the CASC16 gene, but considered to be causative through a TOX3 gene effect,
whereas three of our novel subloci on Chr 16 are located within the TOX3 gene itself [32].
In contrast to haplotype analysis, where the pathogenic variants are suggested to lie within
the borders of the risk haplotypes, SNP analysis is not able to indicate the distance between
the risk SNP and the pathogenic variant(-s). Different approaches are therefore being
addressed to improve the “nearest gene” approach in SNP analysis. A recent publication
studied associations between SNPs, levels of gene expression (eQTLs), disease-specific
survival and somatically mutated cancer genes to define putative target loci, including
10q26.13, 11q13.3 and 16q12.1-16q12.2 [43]. The results suggested the same genes as in our
study, FGFR2 on 10q26.13 and CCND1 on 11q13.3, while the relation to the gene TOX3
on 16q12.1-16q12.2 was less clear. This could possibly relate to our finding of two loci at
this target, TOX3 and CASC16. The genes FGFR2, CCND1 and TOX3 are still not studied
much in relation to the roles in breast cancer although genetic studies have suggested their
involvement in cancer risk. FGFR2 has been suggested to be implicated in breast cancer
as a target for therapeutic strategies [44], CCND1 is frequently mutated by copy number
variation and suggested as a prognostic biomarker [45]. The role of TOX3 in relation to
breast cancer is less clear. However, TOX3 has been shown to stimulate estrogen in ovarian
granulosa cells, suggesting a role in breast cancer pathogenesis [46]. Moreover, a recent
study published a variant in CASC16 to correlate to breast cancer susceptibility [47].

Haplotype analysis could identify a novel breast cancer susceptibility locus in 8p21.2,
whereas SNP analysis could not. The haplotype in 8p21.2 is rarer than the haplotypes
in the known loci and could be a founder haplotype that happens to have reached a
frequency that makes it detectable. When unfiltered cases and controls were used for
analysis, the region was not identified, which could be explained by the increased power
of the filtered analysis where only invasive cases and controls without a family history of
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breast cancer were used. Replication of this locus is required for confirmation, but previous
findings in other tumor types in the Swedish population support the use of haplotype
analysis, in addition to SNP analysis [12-15]. Furthermore, to find the actual risk causing
variant, sequencing of familial breast cancer patients with this particular haplotype would
be ideal. A haplotype is expected to better identify a founder risk allele than an SNP.
Generally, higher ORs were presented for haplotypes than for SNPs at a certain locus.
Haplotype analysis could therefore be preferable in small populations in identifying novel
susceptibility loci. Moreover, wider haplotypes generally showed higher OR rather than
smaller, supporting the idea of more than one risk variant being involved at one locus.
However, the OR for the significant haplotype of window 50 with the lowest p-value on
Chr 16 was similar to the OR of the significant single SNP with the lowest p-value. The
haplotype effect is suggested to depend on whether nearby SNPs act together in a risk
generating or protective mode. You could therefore hypothesize that protective subloci
could be involved as well at the locus on Chr 16. The risk SNPs were consistent with
previous BCAC results (Table S12). Enrichment of genetic risk alleles are expected in
familial cases. Familial analysis confirmed a genetic association by showing higher OR
in the three known loci. Single SNP analysis showed somewhat higher ORs compared to
BCAC, which is illustrated in Table 2 (for comparison all published BCAC SNPs see Table
513). This could be explained by including only invasive cases and controls with no family
history of breast cancer in our study:.

This study has a smaller sample size compared to previous published breast cancer
GWASs within the BCAC collaboration including our samples [8-10,16-19]. However,
the aim of this study was to demonstrate an alternative approach in finding risk loci—
haplotype GWAS in a fairly homogeneous population, in comparison to previous single
SNP GWAS with merged samples from several populations within the BCAC collaboration.
We identified one novel locus on Chr 8, and several novel subloci within three well-known
risk loci with immense support (3490 statistically significant risk SNPs and -haplotypes).
However, we could only confirm three loci, including 6 published SNPs (Table 2), out of
more than 170 susceptible SNPs previously identified (Suppl. T6). This low replication rate
could be explained by the relatively small sample size, underpowered to detect very low risk
loci, even if power has been suggested to be increased when using haplotype—rather than
SNP analysis [12]. In addition, clinical relevance of these very low risk loci can be discussed.
Even if there is clear support for founder variants within the known loci on Chr 10, 11 and
16, we present diversity between the Swedish and overall BCAC populations regarding
loci on Chr 10, 11 and 16, which is illustrated in Figures 1a, 2a and 3a. Global diversity of
cancer susceptibility loci is known [48]. We suggest, as the subloci are fairly separated, that
they probably represent diverse mutations, and further studies are warranted.

The level chosen for statistical significance could be discussed. Haplotype analysis
include multiple testing, but numerous overlapping haplotypes are generated. We assume
that all haplotypes in each sublocus reflect the same genetic risk locus, and therefore no
correction for multiple testing was performed.

5. Conclusions

In conclusion, this haplotype GWAS, using Swedish breast cancer cases and controls,
demonstrated that haplotype analysis could give novel and more detailed information on
risk variants in addition to single SNP analysis. However, haplotype analysis most often
requires a fairly homogenous population. Genetic risk is enriched in familial cases and thus
haplotype analysis in homogenous populations of familial cases could potentially identify
novel risk loci even in small study populations. We identified a novel breast cancer risk
locus in 8p21. Further replication of this locus is required. Most importantly, there is clear
support of founder variants at the three known loci on Chr 10, 11 and 16, but our study did
not support any other previously reported loci. Future studies in haplotype regions could
define causative variants to be used in genetic testing and risk prediction.



Cancers 2022, 14, 1206 11 of 13

Supplementary Materials: The following supporting information can be downloaded at: https://
zenodo.org/record/5810916#.YhhvB]YRWUK; Supplementary information (overview Supplementary
Materials); Figure S1: MDS plot; Figure S2: QQ plot; Figure S3: Manhattan plot; Table S1: Association
BC all window size 1-25 Chr 8; Table S2: Association familial BC Chr 8; Table S3: Association BC all
window size 1-25 Chr 10; Table S4: Association window size 50 Chr 10; Table S5: Association familial
BC Chr 10; Table S6: Association BC all window size 1-25 Chr 11; Table S7: Association window
size 50 Chr 11; Table S8: Association familial BC Chr 11; Table S9: Association BC all window size
1-25 Chr 16; Table S10: Association window size 50 Chr 16; Table S11: Association familial BC Chr
16; Table S12: Significant SNPs this study compare BCAC SNPs; Table S13: Published BCAC SNPs
compare SNPs this study.

Author Contributions: Conceptualization, E.B., W.L., S.M. and A.L.; methodology, E.B., W.L., S M.
and A.L.; software, W.L., ].T. and P.B.; provided DNA samples and phenotypic data, PH., S.M.,
K.C. and C.W.,; analysis and interpretation of results, E.B., W.L., H-T.H., SM. and A.L.; validation,
KM. and ].D.; writing—original draft preparation, E.B. and W.L.; writing—review and editing, E.B.,
WL, HTH, KM, PB,].T,].D., KC., PH., SM. and A.L.; visualization, E.B.; supervision, S.M. and
A.L,; project administration, E.B.; funding acquisition, A.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Swedish Cancer Society, grant number 18-0700; Swedish
Research Council, grant number 2019-01441; The Cancer Research Funds of Radiumhemmet, grant
number 191203; Stockholm County Council (ALF project), grant number 500395. The KARMA study
was funded by the Mirit and Hans Rausing’s Initiative against Breast Cancer.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki. KARMA: Approved by the Regional ethics Committee of the Karolinska Institute, Dnr
2010/958-31/1; KARBAC 1: Approved by the Ethical Committee of the Karolinska Institute, Dnr 98-
232; KARBAC 2: Approved by the Ethical Committee of the Karolinska Institute, Dnr 2012/1453-32,
2011/1686-32 and 2011/1156-31/1.

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: Access to the data is controlled. Variants that fulfilled our selection
criteria can be found in the Supplementary Tables. However, Swedish laws and regulations prohibit
the release of individual and personally identifying data. Therefore, the whole data cannot be
made publicly available. The data that support the findings of this study are available from the
corresponding authors upon a reasonable request.

Acknowledgments: The authors thank all individuals who took part in the KARMA and KARBAC
studies as well as all clinicians, technicians and administrative staff involved in the two studies.
BCAC is acknowledged for enabling this work to be carried out. Specifically, we thank Statistician
Mikael Andersson Franko (Department of Clinical Science and Education, Sodersjukhuset, Karolinska
Institutet) for valuable inputs regarding the logistic regression model.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pharoah, PD,; Day, N.E.; Duffy, S.; Easton, D.E; Ponder, B.A. Family history and the risk of breast cancer: A systematic review
and meta-analysis. Int. ]. Cancer 1997, 71, 800-809. [CrossRef]

2. Miki, Y.; Swensen, J.; Shattuck-Eidens, D.; Futreal, P.A.; Harshman, K.; Tavtigian, S.; Liu, Q.; Cochran, C.; Bennett, L.M.; Ding,
W.; et al. A strong candidate for the breast and ovarian cancer susceptibility gene BRCA1. Science 1994, 266, 66-71. [CrossRef]
[PubMed]

3. Wooster, R.; Bignell, G.; Lancaster, ].; Swift, S.; Seal, S.; Mangion, J.; Collins, N.; Gregory, S.; Gumbs, C.; Micklem, G. Identification
of the breast cancer susceptibility gene BRCA2. Nature 1995, 378, 789-792. [CrossRef] [PubMed]

4. Rahman, N,; Seal, S.; Thompson, D.; Kelly, P; Renwick, A.; Elliott, A.; Reid, S.; Spanova, K.; Barfoot, R.; Chagtai, T.; et al. PALB2,
which encodes a BRCA2-interacting protein, is a breast cancer susceptibility gene. Nat. Genet. 2007, 39, 165-167. [CrossRef]

5. Renwick, A.; Thompson, D.; Seal, S.; Kelly, P.; Chagtai, T.; Ahmed, M.; North, B.; Jayatilake, H.; Barfoot, R.; Spanova, K ; et al.

ATM mutations that cause ataxia-telangiectasia are breast cancer susceptibility alleles. Nat. Genet. 2006, 38, 873-875. [CrossRef]


https://zenodo.org/record/5810916#.YhhvBJYRWUk
https://zenodo.org/record/5810916#.YhhvBJYRWUk
http://doi.org/10.1002/(SICI)1097-0215(19970529)71:5&lt;800::AID-IJC18&gt;3.0.CO;2-B
http://doi.org/10.1126/science.7545954
http://www.ncbi.nlm.nih.gov/pubmed/7545954
http://doi.org/10.1038/378789a0
http://www.ncbi.nlm.nih.gov/pubmed/8524414
http://doi.org/10.1038/ng1959
http://doi.org/10.1038/ng1837

Cancers 2022, 14, 1206 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

Meijers-Heijboer, H.; van den Ouweland, A.; Klijn, J.; Wasielewski, M.; de Snoo, A.; Oldenburg, R.; Hollestelle, A.; Houben,
M.; Crepin, E.; van Veghel-Plandsoen, M.; et al. Low-penetrance susceptibility to breast cancer due to CHEK2(*)1100delC in
noncarriers of BRCA1 or BRCA2 mutations. Nat. Genet. 2002, 31, 55-59. [CrossRef]

Breast Cancer Association, C.; Dorling, L.; Carvalho, S.; Allen, J.; Gonzalez-Neira, A.; Luccarini, C.; Wahlstrom, C.; Pooley, K.A;
Parsons, M.T.; Fortuno, C.; et al. Breast Cancer Risk Genes—Association Analysis in More than 113,000 Women. N. Engl. J. Med.
2021, 384, 428-439. [CrossRef]

Michailidou, K.; Lindstrom, S.; Dennis, J.; Beesley, J.; Hui, S.; Kar, S.; Lemacon, A.; Soucy, P.; Glubb, D.; Rostamianfar, A.; et al.
Association analysis identifies 65 new breast cancer risk loci. Nature 2017, 551, 92-94. [CrossRef]

Michailidou, K.; Hall, P.; Gonzalez-Neira, A.; Ghoussaini, M.; Dennis, J.; Milne, R.L.; Schmidt, M.K.; Chang-Claude, J.; Bojesen,
S.E.; Bolla, M.K.; et al. Large-scale genotyping identifies 41 new loci associated with breast cancer risk. Nat. Genet. 2013, 45,
353-361. [CrossRef]

Michailidou, K.; Beesley, J.; Lindstrom, S.; Canisius, S.; Dennis, J.; Lush, M.].; Maranian, M.].; Bolla, M.K.; Wang, Q.; Shah, M.;
et al. Genome-wide association analysis of more than 120,000 individuals identifies 15 new susceptibility loci for breast cancer.
Nat. Genet. 2015, 47, 373-380. [CrossRef]

Bergman, A.; Einbeigi, Z.; Olofsson, U.; Taib, Z.; Wallgren, A.; Karlsson, P.; Wahlstrom, ]J.; Martinsson, T.; Nordling, M. The
western Swedish BRCA1 founder mutation 3171ins5; a 3.7 ctM conserved haplotype of today is a reminiscence of a 1500-year-old
mutation. Eur. |. Hum. Genet. 2001, 9, 787-793. [CrossRef] [PubMed]

Liu, W,; Jiao, X.; Thutkawkorapin, J.; Mahdessian, H.; Lindblom, A. Cancer risk susceptibility loci in a Swedish population.
Oncotarget 2017, 8, 110300-110310. [CrossRef] [PubMed]

Jiao, X.; Aravidis, C.; Marikkannu, R.; Rantala, J.; Picelli, S.; Adamovic, T.; Liu, T.; Maguire, P.; Kremeyer, B.; Luo, L.; et al.
PHIP—A novel candidate breast cancer susceptibility locus on 6q14.1. Oncotarget 2017, 8, 102769-102782. [CrossRef]
Thutkawkorapin, J.; Mahdessian, H.; Barber, T.; Picelli, S.; von Holst, S.; Lundin, J.; Valle, L.; Kontham, V.; Liu, T.; Nilsson, D.; et al.
Two novel colorectal cancer risk loci in the region on chromosome 9q22.32. Oncotarget 2018, 9, 11170-11179. [CrossRef] [PubMed]
Wallander, K.; Liu, W.; von Holst, S.; Thutkawkorapin, J.; Kontham, V.; Forsberg, A.; Lindblom, A.; Lagerstedt-Robinson, K.
Genetic analyses supporting colorectal, gastric, and prostate cancer syndromes. Genes Chromosomes Cancer 2019, 58, 775-782.
[CrossRef]

Mavaddat, N.; Michailidou, K.; Dennis, J.; Lush, M.; Fachal, L.; Lee, A.; Tyrer, ].P.; Chen, T.H.; Wang, Q.; Bolla, M.K; et al.
Polygenic Risk Scores for Prediction of Breast Cancer and Breast Cancer Subtypes. Am. J. Hum. Genet. 2019, 104, 21-34. [CrossRef]
Milne, R.L.; Kuchenbaecker, K.B.; Michailidou, K.; Beesley, ].; Kar, S.; Lindstrom, S.; Hui, S.; Lemacon, A.; Soucy, P.; Dennis, J.;
et al. Identification of ten variants associated with risk of estrogen-receptor-negative breast cancer. Nat. Genet. 2017, 49, 1767-1778.
[CrossRef]

Escala-Garcia, M.; Guo, Q.; Dork, T.; Canisius, S.; Keeman, R.; Dennis, J.; Beesley, J.; Lecarpentier, J.; Bolla, M.K.; Wang, Q.;
et al. Genome-wide association study of germline variants and breast cancer-specific mortality. Br. J. Cancer 2019, 120, 647-657.
[CrossRef]

Fachal, L.; Aschard, H.; Beesley, J.; Barnes, D.R.; Allen, J.; Kar, S.; Pooley, K.A.; Dennis, J.; Michailidou, K.; Turman, C.; et al.
Fine-mapping of 150 breast cancer risk regions identifies 191 likely target genes. Nat. Genet. 2020, 52, 56-73. [CrossRef]
Gabrielson, M.; Eriksson, M.; Hammarstrom, M.; Borgquist, S.; Leifland, K.; Czene, K.; Hall, P. Cohort Profile: The Karolinska
Mammography Project for Risk Prediction of Breast Cancer (KARMA). Int. ]. Epidemiol. 2017, 46, 1740-1741g. [CrossRef]
Margolin, S.; Werelius, B.; Fornander, T.; Lindblom, A. BRCA1 mutations in a population-based study of breast cancer in
Stockholm County. Genet. Test. 2004, 8, 127-132. [CrossRef] [PubMed]

Wendt, C.; Lindblom, A.; Arver, B.; von Wachenfeldt, A.; Margolin, S. Tumour spectrum in non-BRCA hereditary breast cancer
families in Sweden. Hered Cancer Clin. Pract 2015, 13, 15. [CrossRef] [PubMed]

Available online: http:/ /www.illumina.com/products/by-type/microarray-kits/infinium-oncoarray-500k.html (accessed on 24
February 2022).

Amos, C.I; Dennis, J.; Wang, Z.; Byun, J.; Schumacher, FR.; Gayther, S.A.; Casey, G.; Hunter, D.J.; Sellers, T.A.; Gruber, S.B.; et al.
The OncoArray Consortium: A Network for Understanding the Genetic Architecture of Common Cancers. Cancer Epidemiol
Biomarkers Prev 2017, 26, 126-135. [CrossRef]

PLINK 1.9. 2018. Available online: https:/ /www.cog-genomics.org/plink/1.9/ (accessed on 24 February 2022).

Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, PI.; Daly, M.].; et al.
PLINK: A tool set for whole-genome association and population-based linkage analyses. Am. . Hum. Genet. 2007, 81, 559-575.
[CrossRef] [PubMed]

Li, Q.; Yu, K. Improved correction for population stratification in genome-wide association studies by identifying hidden
population structures. Genet. Epidemiol. 2008, 32, 215-226. [CrossRef] [PubMed]

PLINK 1.07. Available online: http://zzz.bwh.harvard.edu/plink/dist/plink-doc-1.07.pdf (accessed on 24 February 2022).
Dudbridge, F; Gusnanto, A. Estimation of significance thresholds for genomewide association scans. Genet. Epidemiol. 2008, 32,
227-234. [CrossRef] [PubMed]

Meyer, K.B.; O’Reilly, M.; Michailidou, K.; Carlebur, S.; Edwards, S.L.; French, J.D.; Prathalingham, R.; Dennis, J.; Bolla, M.K;
Wang, Q.; et al. Fine-scale mapping of the FGFR2 breast cancer risk locus: Putative functional variants differentially bind FOXA1
and E2F1. Am. J. Hum. Genet. 2013, 93, 1046-1060. [CrossRef]


http://doi.org/10.1038/ng879
http://doi.org/10.1056/NEJMoa1913948
http://doi.org/10.1038/nature24284
http://doi.org/10.1038/ng.2563
http://doi.org/10.1038/ng.3242
http://doi.org/10.1038/sj.ejhg.5200704
http://www.ncbi.nlm.nih.gov/pubmed/11781691
http://doi.org/10.18632/oncotarget.22687
http://www.ncbi.nlm.nih.gov/pubmed/29299148
http://doi.org/10.18632/oncotarget.21800
http://doi.org/10.18632/oncotarget.24340
http://www.ncbi.nlm.nih.gov/pubmed/29541405
http://doi.org/10.1002/gcc.22786
http://doi.org/10.1016/j.ajhg.2018.11.002
http://doi.org/10.1038/ng.3785
http://doi.org/10.1038/s41416-019-0393-x
http://doi.org/10.1038/s41588-019-0537-1
http://doi.org/10.1093/ije/dyw357
http://doi.org/10.1089/gte.2004.8.127
http://www.ncbi.nlm.nih.gov/pubmed/15345109
http://doi.org/10.1186/s13053-015-0036-z
http://www.ncbi.nlm.nih.gov/pubmed/26082817
http://www.illumina.com/products/by-type/microarray-kits/infinium-oncoarray-500k.html
http://doi.org/10.1158/1055-9965.EPI-16-0106
https://www.cog-genomics.org/plink/1.9/
http://doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
http://doi.org/10.1002/gepi.20296
http://www.ncbi.nlm.nih.gov/pubmed/18161052
http://zzz.bwh.harvard.edu/plink/dist/plink-doc-1.07.pdf
http://doi.org/10.1002/gepi.20297
http://www.ncbi.nlm.nih.gov/pubmed/18300295
http://doi.org/10.1016/j.ajhg.2013.10.026

Cancers 2022, 14, 1206 13 of 13

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

French, J.D.; Ghoussaini, M.; Edwards, S.L.; Meyer, K.B.; Michailidou, K.; Ahmed, S.; Khan, S.; Maranian, M.J.; O’Reilly, M.;
Hillman, K.M.; et al. Functional variants at the 11q13 risk locus for breast cancer regulate cyclin D1 expression through long-range
enhancers. Am. J. Hum. Genet. 2013, 92, 489-503. [CrossRef]

Udler, M.S.; Ahmed, S.; Healey, C.S.; Meyer, K.; Struewing, J.; Maranian, M.; Kwon, E.M.; Zhang, ].; Tyrer, J.; Karlins, E.; et al. Fine
scale mapping of the breast cancer 16q12 locus. Hum. Mol. Genet. 2010, 19, 2507-2515. [CrossRef]

Zeegers, M.P,; Nekeman, D.; Khan, H.S.; van Dijk, B.A.; Goldbohm, R.A.; Schalken, J.; Shajahan, S.; Pearlman, A.; Oddoux, C.;
van den Brandt, P.A ; et al. Prostate cancer susceptibility genes on 8p21-23 in a Dutch population. Prostate Cancer Prostatic Dis.
2013, 16, 248-253. [CrossRef]

Zhang, ].; Ney, P.A. Role of BNIP3 and NIX in cell death, autophagy, and mitophagy. Cell Death Differ. 2009, 16, 939-946. [CrossRef]
[PubMed]

Kerangueven, F.; Adelaide, J.; Dib, A.; Longy, M.; Lidereau, R.; Pebusque, M.; Jacquemier, J.; Birnbaum, D. Allelic loss at
chromosome 8p in human breast-cancer. Oncol Rep. 1994, 1, 393-395. [CrossRef] [PubMed]

Lindblom, A.; Skoog, L.; Rotstein, S.; Werelius, B.; Larsson, C.; Nordenskjold, M. Loss of heterozygosity in familial breast
carcinomas. Cancer Res. 1993, 53, 4356-4361.

Lai, J.; Flanagan, J.; Phillips, W.A.; Chenevix-Trench, G.; Arnold, J. Analysis of the candidate 8p21 tumour suppressor, BNIP3L, in
breast and ovarian cancer. Br. J. Cancer 2003, 88, 270-276. [CrossRef] [PubMed]

Sung, ].S.; Kang, CW.; Kang, S.; Jang, Y.; Chae, Y.C.; Kim, B.G.; Cho, N.H. ITGB4-mediated metabolic reprogramming of
cancer-associated fibroblasts. Oncogene 2020, 39, 664—-676. [CrossRef] [PubMed]

Hunter, D.J.; Kraft, P; Jacobs, K.B.; Cox, D.G.; Yeager, M.; Hankinson, S.E.; Wacholder, S.; Wang, Z.; Welch, R.; Hutchinson, A.;
et al. A genome-wide association study identifies alleles in FGFR2 associated with risk of sporadic postmenopausal breast cancer.
Nat. Genet. 2007, 39, 870-874. [CrossRef] [PubMed]

Garcia-Closas, M.; Couch, EJ.; Lindstrom, S.; Michailidou, K.; Schmidt, M.K.; Brook, M.N.; Orr, N.; Rhie, S.K.; Riboli, E.; Feigelson,
H.S.; et al. Genome-wide association studies identify four ER negative-specific breast cancer risk loci. Nat. Genet. 2013, 45,
392-398. [CrossRef] [PubMed]

Antoniou, A.C.; Spurdle, A.B.; Sinilnikova, O.M.; Healey, S.; Pooley, K.A.; Schmutzler, R.K.; Versmold, B.; Engel, C.; Meind],
A.; Arnold, N.; et al. Common breast cancer-predisposition alleles are associated with breast cancer risk in BRCA1 and BRCA2
mutation carriers. Am. J. Hum. Genet. 2008, 82, 937-948. [CrossRef]

Petridis, C.; Brook, M.N.; Shah, V.; Kohut, K.; Gorman, P.; Caneppele, M.; Levi, D.; Papouli, E.; Orr, N.; Cox, A; et al. Genetic
predisposition to ductal carcinoma in situ of the breast. Breast Cancer Res. 2016, 18, 22. [CrossRef]

Baxter, ].S.; Leavy, O.C.; Dryden, N.H.; Maguire, S.; Johnson, N.; Fedele, V.; Simigdala, N.; Martin, L.A.; Andrews, S.; Wingett,
S.W.; et al. Capture Hi-C identifies putative target genes at 33 breast cancer risk loci. Nat. Commun. 2018, 9, 1028. [CrossRef]
Wang, S.; Ding, Z. Fibroblast growth factor receptors in breast cancer. Tumour Biol 2017, 39, 1010428317698370. [CrossRef]
[PubMed]

Lee, S.; Park, K.; Kim, G.M.; Jung, K.H.; Kang, S.Y.; Park, L.LH.; Kim, ].H.; Ahn, HK.; Park, W.Y.; Im, S.A; et al. Exploratory
analysis of biomarkers associated with clinical outcomes from the study of palbociclib plus endocrine therapy in premenopausal
women with hormone receptor-positive, HER2-negative metastatic breast cancer. Breast 2022, 62, 52—-60. [CrossRef] [PubMed]
Man, Y.; Zhao, R.; Gao, X; Liu, Y.; Zhao, S.; Lu, G.; Chan, W.Y; Leung, P.C.K; Bian, Y. TOX3 Promotes Ovarian Estrogen Synthesis:
An RNA-Sequencing and Network Study. Front. Endocrinol. 2020, 11, 615846. [CrossRef] [PubMed]

Liang, X.S.; Mo, J.L.; Hu, LM.; Gong, C.M.; Liu, T.; Hong, W.X,; Yin, ].Y.; Liu, Z.Q.; Zhou, H.H. Association between CASC16
rs4784227 polymorphism and breast cancer susceptibility: A meta-analysis. Medicine 2021, 100, e26215. [CrossRef] [PubMed]
Martin, A.R.; Gignoux, C.R.; Walters, R.K.; Wojcik, G.L.; Neale, B.M.; Gravel, S.; Daly, M.].; Bustamante, C.D.; Kenny, E.E. Human
Demographic History Impacts Genetic Risk Prediction across Diverse Populations. Am. J. Hum. Genet. 2020, 107, 788-789.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.ajhg.2013.01.002
http://doi.org/10.1093/hmg/ddq122
http://doi.org/10.1038/pcan.2013.9
http://doi.org/10.1038/cdd.2009.16
http://www.ncbi.nlm.nih.gov/pubmed/19229244
http://doi.org/10.3892/or.1.2.393
http://www.ncbi.nlm.nih.gov/pubmed/21607372
http://doi.org/10.1038/sj.bjc.6600674
http://www.ncbi.nlm.nih.gov/pubmed/12610513
http://doi.org/10.1038/s41388-019-1014-0
http://www.ncbi.nlm.nih.gov/pubmed/31534187
http://doi.org/10.1038/ng2075
http://www.ncbi.nlm.nih.gov/pubmed/17529973
http://doi.org/10.1038/ng.2561
http://www.ncbi.nlm.nih.gov/pubmed/23535733
http://doi.org/10.1016/j.ajhg.2008.02.008
http://doi.org/10.1186/s13058-016-0675-7
http://doi.org/10.1038/s41467-018-03411-9
http://doi.org/10.1177/1010428317698370
http://www.ncbi.nlm.nih.gov/pubmed/28459213
http://doi.org/10.1016/j.breast.2022.01.014
http://www.ncbi.nlm.nih.gov/pubmed/35124320
http://doi.org/10.3389/fendo.2020.615846
http://www.ncbi.nlm.nih.gov/pubmed/33716953
http://doi.org/10.1097/MD.0000000000026215
http://www.ncbi.nlm.nih.gov/pubmed/34260521
http://doi.org/10.1016/j.ajhg.2020.08.020
http://www.ncbi.nlm.nih.gov/pubmed/33007199

	Introduction 
	Materials and Methods 
	Study Population 
	Genotyping and Quality Control 
	Statistics 

	Results 
	Locus 8p21.2 
	Locus 10q26.13 
	Locus 11q13.3 
	Locus 16q12.1-16q12.2 
	Validation of Material and Methods Used 

	Discussion 
	Conclusions 
	References

