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ABSTRACT 

Inherited factors account for a large share of breast cancer susceptibility, yet the biological consequences of most risk variants 
are still poorly understood. To address this gap, we studied 175 breast cancer risk variants confirmed by genome-wide association 
studies and gathered the genes that lie near them. Two complementary gene sets were assembled. The first collected every gene 
immediately flanking each risk variant, regardless of distance. The second kept only the closest gene together with genes tagged 
by variants in strong linkage disequilibrium within a 100 kb interval. Across both sets, the clearest biological signal pointed to 
androgen receptor-mediated signaling. Pathway mapping additionally implicated the Wnt/ β-catenin and Hedgehog cascades, 
and this pattern was most evident in the flanking-gene set. With HaploReg, we annotated correlated variants at each locus and 
recovered features that mark active regulation. Enrichment testing returned a 4.8-fold excess of DNase I hypersensitivity in a breast 
cancer cell line and a 15.7-fold excess of enhancer motifs in a stem cell line. Together, these results indicate that breast cancer risk 
markers and their correlated variants influence the activity of neighboring genes and converge on a small number of signaling 
pathways central to mammary biology. 

1

G  

v  

e  

b  

g  

 

 

 

 

 

T
o
©

C
h

 Introduction 

enome-wide association studies have tied hundreds of common
ariants to cancer predisposition [ 1 ]. For breast cancer, however,
ach individual risk allele shifts the odds only modestly, rarely
eyond an odds ratio of about 1.5. As sequencing throughput
rows and study cohorts enlarge, the catalogue of susceptibility
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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variants is expected to widen further. The harder task that follows
is mechanistic, namely, pinpointing the causal variant at each
locus and resolving how it acts. 

Several large reference efforts make this task tractable. Projects,
such as HapMap and 1000 Genomes, describe the structure of
human variation, ENCODE catalogues the regulatory elements
se, which permits use, distribution and reproduction in any medium, provided the 
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hat govern transcription, and The Cancer Genome Atlas profiles
umors at molecular resolution. Read together, these resources
llow a single association signal to be placed in its regulatory and
umor-genomic context. 

reast cancer remains the leading cause of cancer death among
omen, and roughly one in seven women will receive the
iagnosis during her lifetime. Its progression draws on many
athways, and the well-documented influence of family history
oints to a strong heritable component [ 2, 3 ]. 

ost of the 175 risk variants identified to date sit in noncod-
ng intronic or intergenic DNA rather than in protein-coding
equence. This location suggests that their effect is regulatory.
nnotating the elements around each variant, including neigh-
oring genes, the networks those genes form, and the correlated
ariants in strong linkage disequilibrium, therefore, offers a route
nto the biology that shapes breast cancer risk. That annotation is
he purpose of the present study. 

 Methods 

.1 Breast Cancer Risk Alleles 

e assembled a panel of 175 breast cancer risk variants. These
ere drawn from the NHGRI GWAS catalogue as it stood in April
013 and from the iCOGS effort of the International Collaborative
ncological Gene-Environment Study, keeping only variants that
et the genome-wide significance threshold of p < 5 × 10− 8 [ 1, 4 ].
he complete panel is given in Table S1 . 

.2 Gene List Construction 

uilding on the annotation strategy described by Loo and col-
eagues [ 5 ], we mapped each risk variant to nearby genes under
wo complementary rules. The first rule retained every gene
mmediately upstream and downstream of a variant, whatever
ts distance from the index marker. The second rule kept the
losest gene together with any gene tagged by a correlated
ariant in strong linkage disequilibrium with the index marker,
estricting the search to a 100 kb window on either side of
he single nucleotide polymorphism. We chose the 100 kb limit
ecause most enhancers lie within this distance of the genes they
egulate. 

.3 HaploReg Analysis 

orrelated variants and their regulatory features were retrieved
ith HaploReg v2 ( http://compbio.mit.edu/HaploReg ) [ 6 ]. Link-
ge disequilibrium was defined in the European samples of
he 1000 Genomes Project at a threshold of r2 ≥ 0.8. For
ach variant and its proxies, we extracted chromatin-state calls,
Nase I hypersensitivity, evolutionary conservation from Site-
pecif ic Phylogenetic (SiPhy) analysis, and predicted effects on
ranscription-factor motifs, the last of these drawn from the
RANSFAC, JASPAR, and PBM collections [ 7, 8 ]. These per-
ariant annotations were then summarized across each gene
et. 
of 11

e

2.4 Protein Motif Prediction 

Coding variants were evaluated for their likely effect on protein
function with PolyPhen and PROVEAN [ 9, 10 ]. For each amino-
acid substitution we recorded the predicted category, treating
scores toward the damaging end of the scale as evidence that the
change could disturb protein function. 

2.5 Functional Network and Pathway Prediction 

To find the networks and pathways linking our genes, we
submitted each gene list to Ingenuity Pathway Analysis (IPA).
A core analysis queried the IPA Knowledge Base to connect
input genes through molecular interactions reported in the pub-
lished literature, and the Upstream-Regulator module identified
transcription factors, drugs, and other molecules whose known
targets were over-represented in our lists. A regulator was judged
significant when it passed a Fisher’s exact test at p < 1 × 10− 4 . 

2.6 TCGA Analysis of Breast Tumor Tissue 

Tumor-level alterations were examined through the cBioPortal
interface to The Cancer Genome Atlas (TCGA) breast cancer
cohort ( n = 236) [ 11, 12 ]. For each gene we tabulated changes in
expression, copy number, and mutation status, and we flagged a
gene as altered when such changes were present in at least 5% of
tumors. 

2.7 Statistical Analysis 

Index variants were admitted at the genome-wide threshold of
p < 5 × 10− 8 and correlated variants at r2 ≥ 0.8 in the European
1000 Genomes panel. Enrichment of regulatory features was
judged by comparing observed counts against those expected for
matched reference variants, with significance from a binomial
test and effect size expressed as the observed-to-expected fold
change. Network and upstream-regulator overlaps were tested by
Fisher’s exact test, and the IPA network score equals the negative
base-10 logarithm of that p value. Because the analysis works from
a fixed list of known variants rather than a fresh sample, its weight
rests on enrichment magnitude and significance rather than on a
conventional power calculation. 

3 Results 

3.1 Functional Profiles of Genes Flanking Risk 

Variants 

Mapping each of the 175 risk variants to its immediate neighbors
produced a nonredundant set of 342 genes (Table S2 ). When
this set was profiled in IPA, 61 genes carried a functional link
to cancer, and 12 were specific to breast cancer, among them
ARHGAP27, ARHGEF12, FGF10, BRCA2, HNF1B, KLK2, KLK3,
LMTK2, NKX3-1, and SLC22A3. The analysis also resolved gene–
gene interaction networks, which implies that subsets of these
genes operate together. The leading network, organized around
30 focus genes, was tied to organismal, embryonic, and organ
development (Figure 1 ). 
Computational and Systems Oncology, 2026
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FIGURE 1 Functional network formed by genes flanking breast cancer risk alleles. The 342 genes mapped around the 175 risk loci were analyzed 
in Ingenuity Pathway Analysis. The strongest network connects genes active in organismal, embryonic, and organ development. Nodes are colored by 
cancer association, with breast cancer genes in red, other cancer genes in amber, and the remaining genes in blue, whereas the central nodes mark the 
shared developmental roles. The protein-structure icons used in the original layout have been removed so that the gene labels read clearly. 
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re
eyond this developmental network, the 342 genes populated fur-
her networks associated with connective tissue disorders, cancer,
ell death and survival, cell-to-cell signaling, and organismal
njury (Table 1 ). The breadth of these networks suggests that
he genes surrounding breast cancer risk alleles are functionally
nterlinked and feed into processes that span cancer, signaling,
evelopment, and cell survival. 

nterrogating the same 342 genes in the The Cancer Genome
tlas (TCGA) breast cancer series ( n = 236) showed that 166 were
ltered in at least 8% of tumors, and eight were altered in more
han 10% (Table S3 ). 

o trace the signals that might tie these genes together, we
pplied the IPA Upstream-Regulator tool, which ranks candidate
egulators by the overrepresentation of their targets in the input
ist. Of the 23 regulators returned, Hedgehog, cadmium chloride,
nd the Wnt effector β-catenin (CTNNB1) ranked highest, with
edgehog showing the strongest enrichment (Fisher’s exact test,
 = 1.3 × 10− 7 ; Table S4 ). These regulators point to receptor,
edgehog, and Wnt/ β-catenin signaling as recurring themes in
reast cancer biology. Seventeen of the 342 genes lie downstream
f these regulators, and because several of them answer to
ore than one regulator, the pathways themselves may intersect
Figure 2 ). 

oncentrating on the 32 genes tied to the leading regulators, we
sked whether they were altered in the 236 The Cancer Genome
tlas (TCGA) tumors. Most were, with 19 of 32 changed in at
east 5% of cases. BRCA2 was the most frequently disrupted,
omputational and Systems Oncology, 2026
carrying a mutation or deletion in 28 tumors. Other altered
members of this regulatory network, each affected in more than
8% of tumors, included the cancer-susceptibility genes CASC15,
CASC16, and CASC21, together with CASP8, Cyclin D1, CFLAR,
ITGA6, CLDN11, FGFR2, FGF10, GATA5, and GREB1 (Table S3 ).
These changes fit the idea that the risk variants modulate genes
central to the onset and progression of breast cancer and that
copy-number and expression shifts across this network contribute
to tumor development. Figure 3 presents the top IPA functional
networks overlapping the 279 genes flanking breast cancer risk
alleles, ranked by the number of overlapping focus genes. Cancer-
associated networks showed the strongest enrichment, with
the highest overlap observed for the cancer/haematological and
immunological disease network (30 genes), followed by can-
cer/hereditary disorder/organismal injury (28 genes). Additional
enrichment was observed in DNA replication and repair, cellular
assembly, lipid metabolism, and developmental pathways, indi-
cating that breast cancer susceptibility genes are concentrated in
multiple disease-related functional networks. 

3.2 Functional Profiles of Genes Near Variants in
High LD With Risk Alleles 

We next widened the analysis to correlated variants. In total, 3021
unique variants, including the 175 index markers among them,
were in strong linkage disequilibrium with the risk alleles. Within
100 kb of these variants lay 191 annotated genes and three miRNAs
(Table S5 ). Network analysis placed 32 of the 191 genes in the
leading network, which is linked to cancer, hereditary disorder,
3 of 11
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FIGURE 2 Upstream regulators of the flanking gene set. Candidate regulators identified with the IPA Upstream-Regulator tool appear on the left 
and their downstream targets on the right. Each edge marks a regulator-target relationship that passed a Fisher’s exact test at p < 1 × 10− 4 , and target 
genes are shaded by cancer association. IPA, Ingenuity Pathway Analysis. 

FIGURE 3 Genes shared with breast cancer-associated functional networks. Each bar gives the number of focus genes assigned to an IPA network 
built from the 342 flanking genes. Networks with a direct cancer link are drawn in red. IPA, Ingenuity Pathway Analysis. 
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 articles are governed by the applicabl
nd organismal injury (Figure 4 ). The remaining associations
panned hereditary disorders, organismal injury, DNA replication
nd repair, cell morphology, and cellular maintenance (Table 2 ).
f the 102 focal molecules carried forward to The Cancer Genome
tlas (TCGA), 69 were altered in at least 8% of tumors and five in
ore than 10% (Table S5 ). Upstream-regulator analysis of these
02 molecules returned 20 significant regulators (Fisher’s exact
est, p < 1 × 10− 4 ; Table S6 ), of which tamoxifen showed the
trongest enrichment ( p = 5.6 × 10− 8 ). The five leading regulators,
of 11
namely, tamoxifen, ARID1A, β-estradiol, TP53, and cisplatin,
shared many downstream targets (Figure 5 ). 

Tamoxifen, an antiestrogen, blocks the action of estrogen on
breast tissue and can restrain the growth of estrogen-dependent
tumors [ 13 ]. The shared target genes included CASP8, Cyclin D1,
and CFLAR, the cancer-susceptibility genes CASC15, CASC16,
and CASC21, and ITGA6, CLDN11, FGFR2, and FGF10, which
take part in cell adhesion and the control of apoptosis [ 14 ]. 
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e C
reative C

om
m

ons L
icense



FIGURE 4 Functional network formed by genes near variants in high linkage disequilibrium with breast cancer risk alleles. The leading network, 
with a score of 48 and 32 focus genes, ties to cancer, hereditary disorder, and genomic instability. Node colors match the scheme in Figure 1 , and labels 
are spaced to prevent overlap. IPA, Ingenuity Pathway Analysis. 
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 articles are governed by the applicable C
re
aken together, these observations imply that variants close to
he index markers, or in strong agreement with them, exert real
ontrol over genes in the breast cancer signaling program. Within
he same The Cancer Genome Atlas (TCGA) cohort, six of the
ine genes tied to the top five regulators were altered in at least
% of tumors. The most common change was deletion of CASC15
12.7%), whereas CASP8, CFLAR, ITGA6, FGFR2, and FGF10
ere each altered in more than 8% of cases (Table S5 ). 

.3 Functional Annotation of Risk Alleles and 

ariants in High LD 

e then asked where the variants sit relative to gene structure
nd whether they carry regulatory marks. Each gene at the target
oci was inspected to place its variants in exons, promoters, or
nhancers, and HaploReg supplied ENCODE-based annotations
hat flag noncoding variants of likely function [ 6 ]. 

mong the 175 index variants (Table S7 ), two were missense
hanges in exons, one fell in a 3 ′ UTR, 29 lay in introns, and
even occupied evolutionarily conserved positions identified by
iPhy analysis [ 8 ]. Publicly available ENCODE ChIP-seq data,
ead through HaploReg, recorded transcription-factor binding at
2 of the variants [ 7 ]. In addition, 47 variants fell in DNase-
ypersensitive regions, 33 carried enhancer histone marks,
nd five carried promoter marks. At some loci, these features
oincided. The variant rs11568818 on 11q22.2, located 182 bp
pstream of MMP7, combined sequence conservation, enhancer
arks, and DNase hypersensitivity across several cell types,
nd ENCODE ChIP-seq confirmed transcription-factor binding
here. Expression quantitative trait locus work has linked this
omputational and Systems Oncology, 2026
locus to MMP7 transcription in liver tissue [ 15 ]. No new ChIP-
seq was generated for this study, and the underlying datasets
can be obtained from the ENCODE data portal ( https://www.
encodeproject.org ). 

Extending the analysis to 551 variants, comprising the 175 index
markers and their strong proxies, HaploReg placed 14 in exons, 6
in 5 ′ UTRs, 31 in 3 ′ UTRs, 109 in putative promoters within 1.5 kb
of a transcription start site, 72 in introns, and 319 in intergenic
DNA (Table S8 ). 

Fifteen variants fell within candidate promoters, including
regions that control CCDC170 and the noncoding gene cancer
susceptibility candidate 8, and further variants appeared in the
5 ′ and 3 ′ UTRs of TP53, ANKLE1, ABHD8, MDM4, SSBP4,
and SLC4A7. Because untranslated regions help set translational
efficiency, mRNA stability, and expression level, variants there
may carry regulatory weight [ 16 ]. Testing the combined set for
regulatory enrichment, enhancer marks were overrepresented
15.7-fold relative to expectation ( p = 2.9 × 10− 4 ), with the strongest
signal in the H1 embryonic stem cell line. DNase I hypersensitivity
was likewise enriched in cells of breast origin, reaching 4.8-fold
( p = 1.8 × 10− 3 ) above expectation in a breast cancer cell line.
The convergence of enhancer and DNase marks in both stem
and breast cells is strong evidence that the risk variants and their
proxies act through regulatory DNA. 

Of the 14 exonic variants in this set, 8 were missense and 6 synony-
mous. One missense change, rs6929137 at chr6:151615542, lies in
strong agreement with its index marker ( r2 = 0.99 in Europeans)
and swaps valine for isoleucine in CCDC170. PolyPhen scored this
substitution at 0.761, which points to a probable loss of CCDC170
7 of 11
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TABLE 2 Interaction networks among genes near variants in high linkage disequilibrium with breast cancer risk variants, together with their 
associated diseases and biological functions. 

ID Molecules in network Score 
Focus 

molecules 
Top diseases and 

functions 

1 ADP Ribosyl Cyclase, ADSS1, AQP4-AS1-211, beta-estradiol, 
C1QTNF4, CCDC170, DICER1-AS1, FIRRE, GRHL1, IFITM1 

32 13 Cell death and survival, 
organismal development 

2 Cbp/p300, Cop9 signalosome, Creb, CSDC2, Ctbp, ELL, ERK1/2, 
estrogen receptor, Gcn5I, GREB1 

21 12 Embryonic development, 
organismal development 

3 ADAM29, Ap1, Collagen Type I (complex), collagen, Cytokin, 
ERBB4, Fc gamma receptor, GIPR, Hif1, Ifn 

18 11 Cell-to-cell signaling and 
interaction, 
hematological 

4 ABHD8, ASB16, BTBD6, CHMP4C, EME2, FBXW8, H1-2, H2AX, 
KLHL5, KREMEN1 

16 10 Cancer, dermatological 
diseases, and conditions 

5 3 ′ overhanging ssDNA-DSBs:MRN:S1981, 
Ac-K3016-ATM:KAT5:BRCA-c complex:ExO1, DNA2:BLM, 

WRN:S990, Ac-K1249-BRIP1:RAD5 

48 32 Cancer hereditary 
disorder, organismal 

injury 
6 26s proteasome, ATXN1, CASP8, caspase, CBX8, CCNE1, Cdc2, 

CDKN2B-AS1, Ck2, CMSS1 
40 20 Connective tissue 

development and 
function 

7 ABCA8, actin, ADCY3, alpha catenin, ANKIB1, BTN2A1, CDKAL1, 
COL1A1, Collagen Alpha 1, Collagen Type I (family) 

37 19 Cellular development, 
embryonic development 

8 14-3-3, Activin (family), Akt, Alp, ARRDC3, BAIAP2L1, BMP, 
CCDC88c, COL8A1, collagen 

25 14 Cardiovascular disease, 
cardiovascular system 

development 
9 ADCY, ADRB, ARHGEF5, calmodulin, CFLAR, CG, Fcer1, FOXP1, 

FSH, glutathione peroxidase 
25 14 Development disorder, 

neurological disease 
10 16:0/20:4 phosphatidylcholine,1D-myo-inositol 

1,3,4,5,6-pentakisphosphate, 3830403N18Rik/Xlr, AKT1, ARL17B, 
ATAD5 

14 9 Cancer, cell death and 
survival, organismal 

injury 
11 AMPD2, AMPK, BCL2L11, BCR (complex), calcineurin proteins, 

calpain, CD3, ERK, FGFR2, focal adhesion kinase 
12 8 Organ morphology, 

organismal development 
12 ANKLE1, BANF1 2 1 Cell cycle, connective 

tissue disorders, DNA 

replication 
Note: The Score is the negative base ‑10 logarithm of the p value from a right ‑tailed Fisher’s exact test, so a higher score reflects a lower probability that the focus 
genes were assembled into the network by chance and therefore marks a more significant network. 
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unction. A second variant, rs16885577 at chr8:36930961, is itself
n index risk marker, and rs4149909 at chr1:241860596 ( r2 = 0.82
ith its index marker) produces a further amino-acid change. 

he functional consequences of these substitutions were weighed
ith PolyPhen and PROVEAN, which judged most of them
nlikely to disturb protein function. One case of note is rs11571833,
n index missense variant at chr13:32398489 in the tumor suppres-
or BRCA2. PolyPhen returned a low score of 0.02, placing it at the
enign end of the scale. 

 Discussion 

his study set out to read 175 known breast cancer risk alleles
n functional terms, asking which genes they sit near and which
iological processes they touch. We approached the question with
wo gene-mapping rules. One listed annotated genes flanking
of 11
each index variant without regard to distance. The other followed
linkage disequilibrium, gathering genes near variants in strong
agreement ( r2 ≥ 0.8) within 100 kb of the index marker. Compar-
ing the two lists, 23 genes were unique to the LD route, 42 to the
flanking route, and 64 were shared. Most of these genes bear on
tumor development and breast cancer in particular. 

The flanking rule produced 342 genes, of which 61 were cancer-
related and 12 specific to breast cancer. The LD rule produced 191
genes, about half cancer-related and 19 specific to breast cancer.
The leading networks from the two routes carried different
emphases (Tables 1 and 2 ), yet both foregrounded receptor
signaling, in line with its established role in the disease. The
flanking list went further. Its leading regulators, headed by
Hedgehog and including cadmium chloride and the Wnt effector
β-catenin (CTNNB1), implicated the Hedgehog and Wnt/ β-
catenin cascades. The leading LD regulators, by contrast, namely,
tamoxifen, ARID1A, β-estradiol, TP53, and cisplatin, centered on
Computational and Systems Oncology, 2026

ative C
om

m
ons L

icense



FIGURE 5 Upstream regulators of the LD-based gene set. The five strongest regulators, namely, tamoxifen, ARID1A, β-estradiol, TP53, and 
cisplatin, are shown with representative targets. The number in parentheses after each regulator gives its full target count. IPA, Ingenuity Pathway 
Analysis. 
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strogen and receptor signaling and did not highlight Wnt or
edgehog. This pattern places index variants beside genes that
erve particular signaling networks, which hints at functional ties
orth pursuing [ 5 ]. 

ecent experiments show that blocking Hedgehog and receptor
ignaling together can suppress castration-resistant breast cancer,
hich argues that the two cooperate rather than act alone [ 17 ].
ecause risk alleles appear to govern their proximal genes, it is
orth considering that several variants jointly shape a higher
rder network controlling specific pathways. Direct biological
ests will be needed to confirm these roles and any synergy
etween them. 

sing HaploReg, we broadened the search to more than 2600
dditional variants in strong linkage disequilibrium with the
ndex markers, which gives a fuller view of the genetic landscape
ehind breast cancer risk [ 5 ]. This wider lens exposed regulatory
oles that a focus on the 175 index variants alone would miss,
nd it enlarged the set of genes tied to these signals. Most of
he added variants fell in intergenic DNA, with smaller fractions
n promoters, introns, and untranslated regions, and fourteen in
xons. 

mong the index variants, rs11571833 carried clear marks of
umor-suppressor involvement through its likely effect on BRCA2
n chromosome 13. BRCA2 guards genomic stability and repairs
amaged DNA, and its mutation raises the lifetime risk of breast
ancer to between 45% and 85%, often with earlier onset than
n the wider population. A second variant, rs515726080, disrupts
ALB2, the partner that brings BRCA1 and BRCA2 together in
omologous-recombination repair. Carriers of damaging PALB2
utations face an estimated 33%–58% risk of breast cancer
y the age of 70, along with raised risks of pancreatic and
omputational and Systems Oncology, 2026
ovarian disease, which makes allele-specific control of PALB2 a
worthwhile target for further study. A third variant, rs2046210, in
strong agreement with an index marker ( r2 = 0.99), sits within
ESR1. ESR1 encodes estrogen receptor alpha, the transcriptional
relay through which estrogen drives growth, proliferation, and
differentiation in the breast. About three-quarters of breast can-
cers are hormone-receptor-positive, and in these tumors estrogen
binding to the receptor sustains cancer-cell survival, which is why
the estrogen axis has proved such a productive treatment target. 

These results belong to the wider effort to turn statistical
association into mechanism. The bulk of breast cancer risk
variants fall outside coding sequence, and accumulating evidence
indicates that they act by tuning regulatory elements rather than
by altering proteins. Our finding, that the variants and their
proxies concentrate enhancer marks and DNase hypersensitivity
in mammary epithelial and embryonic stem cells, fits that picture,
and it carries the earlier annotation of 86 established risk variants
by Loo and colleagues onto a larger and more current catalogue
[ 5 ]. 

The recurrence of androgen and estrogen receptor signaling
merits emphasis. The androgen receptor is present in most
estrogen-receptor-positive tumors and in a fair share of triple-
negative disease, where it shapes proliferation and the response
to endocrine therapy. The clustering of KLK2, KLK3, NKX3-1, and
AR among the targets of our leading regulators suggests a hor-
monal axis that the index variants may help to set, consistent with
the long-standing link between cumulative hormone exposure
and breast cancer risk [ 2, 3 ]. 

Several limits frame these conclusions. The work is compu-
tational and depends on curated interaction databases. The
Cancer Genome Atlas (TCGA) series examined here holds 236
9 of 11

ative C
om

m
ons L

icense



t  

s  

e  

a  

o

A  

z  

l  

w  

a  

c  

C  

t  

c  

d  

[  

m  

t  

o  

h  

t  

t  

a  

H  

n  

v

5

I  

t  

c  

B  

t  

m  

n  

m  

t  

i

A

W  

T

F

T

C

A

C

T

D

T  

t

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1

 26899655, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cso2.70024 by M

d. H
ridoy A

hm
ed - IN

A
SP - B

A
N

G
L

A
D

E
SH

 - U
niversity of C

hittagong , W
iley O

nline L
ibrary on [12/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
re
umors, and the regulatory predictions still await testing in allele-
pecif ic reporter, chromatin, and expression-quantitative-trait
xperiments. Even so, the way independent risk loci converge on
 handful of developmental and hormonal pathways yields a set
f hypotheses that can be put to the test. 

 further consideration concerns the three ‑dimensional organi-
ation of the genome. Both mapping rules used here rest on
inear proximity, whether an immediate neighbor or a variant
ithin 100 kb, yet chromatin folds into loops and topologically
ssociating domains that can bring a regulatory variant into
ontact with a gene lying far away on the linear sequence.
hromosome ‑conformation methods such as Hi ‑C have shown
hat this architecture differs between normal mammary epithelial
ells and breast cancer cells, with reorganized compartments and
omain boundaries that accompany changes in gene expression
 18, 19 ]. Applied directly to risk loci, Capture Hi ‑C across mam-
ary and breast cancer cell lines has tied credible causal variants
o distal target genes at scores of independent risk signals, several
f which lie beyond the windows examined here [ 20 ]. Because
igher ‑order folding may route the influence of a risk variant
o genes outside its immediate neighborhood, some regulatory
argets will fall beyond the reach of the two proximity ‑based
pproaches used in this study. Integrating breast ‑cancer ‑specific
i ‑C maps with the annotations reported here is therefore a
atural next step, one that could sharpen the assignment of
ariants to the genes they actually control. 

 Conclusions 

n sum, this analysis shows that breast cancer risk markers and
he variants correlated with them lie within reach of genes that
arry regulatory marks and assemble into coherent networks.
oth gene-mapping strategies point to receptor signaling, and
he flanking-gene set adds Hedgehog and Wnt/ β-catenin involve-
ent. By drawing on analytical tools and the large catalogue of
oncoding regulatory regions, the study highlights how GWAS
arkers may steer the behavior of neighboring genes and how
hose genes may act together within the pathways that underpin
nherited breast cancer susceptibility [ 5 ]. 
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