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Abstract. Breast cancer is the cancer type with the highest 
morbidity rates in women, and previous genome‑wide associa‑
tion studies (GWASs) have suggested that the single nucleotide 
polymorphism (SNP) rs1011970 is significantly associated 
with this disease. An analysis of data from the 1000 Genomes 
Project demonstrated that there is an SNP, rs77283072, in 
almost complete linkage disequilibrium with rs1011970, which 
should therefore present the same signal in a GWAS. However, 
the actual causal SNP and its associated underlying mecha‑
nism have yet to be elucidated. Therefore, the present study 
evaluated the role of rs77283072 in terms of its association 
with breast cancer. A dual‑luciferase assay was performed, 
which demonstrated that the two alleles of rs1011970 did not 
exhibit significantly different reporter gene activity. However, 
the A allele of rs77283072 exhibited a significant increase in 
relative luciferase activity compared with the G allele, which 
suggested that rs77283072 was the causal SNP for breast 
cancer. Chromosome conformation capture demonstrated 
that the enhancer containing rs77283072 interacted with the 
promoter of cyclin‑dependent kinase inhibitor 2A (CDKN2A). 
Furthermore, expression quantitative trait locus analysis 
demonstrated that the expression of CDKN2A was dependent 
on the genotype of rs77283072. Taken together, the findings of 
the present study provided novel insights into the mechanism 
underlying how the genetic variation in this locus was able to 
influence breast cancer susceptibility and further the treatment 
for this disease.

Introduction

Breast cancer is the most common cancer type reported in 
women, and certain individuals have been shown to have a 
genetic predisposition to its development (1). To elucidate the 
genetic contribution to this disease, numerous genome‑wide 
association studies (GWASs) have been performed, and based 
on these studies, certain susceptibility loci have been reported. 
Among these genetic markers, rs1011970 in chromosome 
9p21 has been reported to be associated with breast cancer in 
multiple GWASs (2‑4). That is, the carrier of the risk allele at 
rs1011970 presents with a markedly higher chance (10‑20%) 
to develop breast cancer than carriers of another allele (2‑4). 
However, it is important to note that this mutation may not be 
the actual causal single nucleotide polymorphism (SNP) for 
breast cancer. Indeed, usually only ~500,000 SNPs are utilized 
to represent the variation of the whole genome out of a total of 
~80 million SNPs (5). Therefore, it is possible that the actual 
causal SNP for breast cancer may be an SNP or SNPs that exist 
in strong linkage disequilibrium (LD) with rs1011970, which 
has been frequently reported in recent functional genomics 
studies based on GWAS results  (6‑8). Moreover, as this 
SNP is located within the intron of cyclin‑dependent kinase 
inhibitor 2B (CDKN2B) antisense RNA 1 (CDKN2B‑AS1) 
and the protein‑coding gene closest to this SNP is CDKN2B, 
it may be hypothesized that this SNP could be associated with 
breast cancer through the function of these two genes (2‑4). 
However, to the best of our knowledge, the study of this issue 
has not previously been reported. All these factors hinder our 
understanding of the association between this locus and breast 
cancer susceptibility.

Therefore, the present study used functional genomics 
approaches to identify the identity of the actual causal SNP 
at this locus and to elucidate the underlying mechanism 
associated with this SNP in breast cancer. Through popula‑
tion genetics analysis, rs77283072 was demonstrated to be in 
nearly complete LD with rs1011970. Therefore, its function 
and role in breast cancer were also evaluated.

Materials and methods

1000 Genomes Project (1KG) data analysis. The nucleotide 
sequence for the 200 kb surrounding the region of rs1011970 
was downloaded from the 1KG project (http://www.
internationalgenome.org/) for three representative populations, 
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namely, the Utah Residents with European Ancestry (CEU), 
Han Chinese in Beijing (CHB) and Yoruba in Ibadan (YRI) 
populations. The LD pattern was assessed using the Genome 
Variation Server 150 (http://gvs.gs.washington.edu/GVS150/).

Dual‑luciferase assay. DNA was purified from the MCF‑7 
cell line using a standard phenol‑chloroform approach. The 
region proximal to rs1011970 (~1.5 kb) was determined using 
PCR with Phusion® High‑Fidelity DNA Polymerase (Thermo 
Fisher Scientific, Inc.) and the primer pair 5'‑TAT​CTA​TTC​
AGC​AAA​GCC​CCA​CTC‑3' and 5'‑ATT​AAG​GGC​TGC​CAA​
GTC​ACA​A‑3' (restriction enzyme cutting sites not shown) 
with the following thermocycling conditions: 98˚C for 30 sec; 
followed by 40 cycles of 98˚C for 10 sec, 62˚C for 30 sec and 
72˚C for 45 sec, and finally 72˚C for 5 min. The PCR product 
was separated in 1.5% agarose gel and visualized using SYBR 
gold (Beijing Solarbio Science & Technology Co., Ltd.). 
After digestion with MluI and XhoI (New England BioLabs, 
Inc.), PCR products were ligated with a luciferase reporter, 
pGL3‑promoter vector (Promega Corporation). After Sanger 
sequencing with primers 5'‑AAA​CAA​AAC​GAA​ACA​AAA​
CAA​ACT‑3' and 5'‑GCG​GAG​TTA​GGG​GCG​GGA​TGG‑3' 
(Tsingke Biological Technology), the plasmid containing 
another allele (T and A for rs1011970 and rs77283072, respec‑
tively) was constructed using a Q5 Site‑directed Mutagenesis 
Kit (New England BioLabs, Inc.; primer sequences are 
presented in Table SI). Prior to transfection, all plasmids were 
re‑sequenced to verify their sequences and the haplotype 
orientation.

The human breast cancer cell line, MCF‑7, was purchased 
from Conservation Genetics CAS Kunming Cell Bank 
(http://www.kmcellbank.com/) and cultured in HyClone® 
Dulbecco's modified Eagle's medium, high glucose (Cytiva) 
with 10% fetal bovine serum (Biological Industries) in 5% 
CO2 at 37˚C. The constructed plasmids (475 ng) were trans‑
fected by incubation with Lipofectamine™ 2000 (Thermo 
Fisher Scientific, Inc.) for 5 min at 37˚C. Following transfec‑
tion, cells were cultured for an additional 36 h at 37˚C, washed 
with phosphate‑buffered saline (Beijing Solarbio Science & 
Technology Co., Ltd.) and lysed. The level of luciferase expres‑
sion was quantified using a Dual‑Luciferase Reporter Assay 
System (Promega Corporation) and normalized using the read 
of the pRL‑TK plasmid (25 ng; Promega Corporation). Six 
independent repeats were performed for each transfection. 

Chromosome conformation capture (3C). Spatial contacts 
between the enhancer and promoter of nearby genes were 
evaluated using 3C and quantitative PCR (qPCR). Briefly, 
MCF‑7 cells (~1x108) were cross‑linked using 1% formal‑
dehyde (Beijing Solarbio Science & Technology Co., Ltd.) 
and lysed using lysis buffer (Solarbio) on ice for 10 min, 
and their chromatin was digested using EcoRI at 37˚C over‑
night. After ligation, the DNA was purified using a standard 
phenol‑chloroform method (9). The bacterial artificial chro‑
mosome RP11‑478M20 containing the genome segment chr9: 
21947303‑22110179 (Genome Reference Consortium Human 
Build 37) was cultured overnight at 37˚C, isolated, digested, 
ligated as a control and quantified using qPCR. qPCR was 
performed using iQ™ SYBR® Green (Bio‑Rad Laboratories, 
Inc.) with following thermocycling conditions: 96˚C for 

10 min; followed by 40 cycles of 96˚C for 10 sec and 60˚C for 
30 sec. The enrichment for chromatin was evaluated using the 
2‑ΔΔCq approach (10). The primer sequences are presented in 
Table SII. Three repeat experiments were performed for each 
unidirectional anchor primer. 

RNA‑sequencing (RNA‑seq) analysis. The RNA‑seq data for 
lymphoblastoid cell lines (LCL) from a previous study (11) 
were obtained from the Sequence Read Archive database 
(https://www.ncbi.nlm.nih.gov/sra/) and aligned with the 
CDKN2A mRNA sequence using bowtie2 2.4.4 (12). CDKN2A 
expression was calculated using eXpress  (13) with default 
parameters and reported as fragments per kilo base of tran‑
script per million mapped fragments. The genotype for LCL 
was obtained from the 1KG database and linear regression was 
performed between genotype and CDKN2A expression using 
SPSS 20.0 (IBM Corp.). Moreover, the association between 
rs77283072 and other genes were searched in GTEx database 
(https://gtexportal.org).

Electrophoretic mobility‑shift assay (EMSA). Nuclear extracts 
were isolated from MCF‑7 cells using a Nuclear and Cytoplasmic 
Protein Extraction kit (Beyotime Institute of Biotechnology) 
and centrifuged at 14,000 x g for 10 min at 4˚C. The concen‑
tration of nuclear protein was determined using an Enhanced 
BCA Protein Assay Kit (Beyotime Institute of Biotechnology). 
The probes for both alleles of rs77283072, which were synthe‑
sized by Sangon Biotech Co., Ltd., and the sequences are 
presented in Table SIII. The probes were labeled with biotin 
using an EMSA Probe Biotin Labeling Kit (Beyotime Institute 
of Biotechnology). Biotin‑labeled probes (10 fmol) and nuclear 
extracts (5 µg) were incubated in EMSA binding buffer at 
room temperature for 20 min. The probe‑protein complexes 
were separated by electrophoresis using a 4.9% non‑denatured 
polyacrylamide gel and then transferred to nylon membranes 
(Beyotime Institute of Biotechnology). For each allele, 
probes labeled with biotin alone, and probe‑protein complex 
incubated with competitor oligonucleotides (non‑labeled 
probes) were also included as controls. The membranes were 
incubated with streptavidin‑horseradish peroxidase conjugate 
(Beyotime Institute of Biotechnology) at room temperature for 
5 min and then assessed using an ECL chemiluminescence kit 
(MilliporeSigma).

Chromatin immunoprecipitation (ChIP) assay. The histone 
modification surrounding rs77283072 was searched in the 
ENCODE Portal database (https://www.encodeproject.org/) 
using its location. The online programs Match (http://www.
gene‑regulation.com/cgi‑bin/pub/programs/match/bin/match.
cgi) and JASPAR (http://jaspar.genereg.net/) were used to 
predict potential transcription factors (TFs) by inputting the 
surrounding sequence of rs77283072. ChIP was performed 
using an EZ ChIP Kit (MilliporeSigma). Briefly, MCF‑7 
cells (~1x107 cells) were cross‑linked using formaldehyde at 
37˚C for 10 min. After washing, the cells were scraped, lysed 
using lysis buffer (MilliporeSigma) on ice for 10 min, soni‑
cated on ice for 20 cycles (10 sec each) into small fragments 
(400‑800 bp) and pre‑cleared with 60 µl protein A beads. The 
protein‑chromatin complex (1 ml) was immunoprecipitated 
using 2 µg mouse antibody for predicted TFs or normal mouse 
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IgG (Santa Cruz Biotechnology, Inc.) as a control at 4˚C 
overnight. The antibodies for the following TFs were utilized: 
REL proto‑oncogene (cat. no. sc‑373713X), ETS transcrip‑
tion factor ELK1 (cat. no. sc‑65986), POU class 2 homeobox 
1 (cat. no. sc‑8024) or paired box 6 (cat. no. sc‑53106; Santa 
Cruz Biotechnology Inc.). After washing with low salt, high 
salt, LiCl and TE buffer (MilliporeSigma), the captured 
protein‑chromatin complex was dissolved using elution buffer 
(MilliporeSigma) and the cross‑link was broken by adding 
20  µl 5M NaCl and heating at 65˚C for 4  h. Protein was 
removed by digestion using proteinase K (Roche Diagnostics) 
at 45˚C for 1 h and the DNA was purified using the column 
supplied with the EZ ChIP Kit. Finally, qPCR was performed 
to evaluate the enrichment of the DNA obtained using iQ™ 
SYBR® Green (Bio‑Rad Laboratories, Inc.) and the primers as 
follows: 5'‑TCA​TGT​GGC​AGT​GGC​AAG​AGT​AAA​A‑3' and 
5'‑AGG​GTG​AGG​TAA​CTG​AAT​CCC​GAG‑3'. This primer 
pair was designed based on the genome segment surrounding 
rs77283072. The thermocycling conditions were as follows: 
96˚C for 10 min; followed by 40 cycles of 96˚C for 10 sec and 
60˚C for 30 sec. Since a standard curve approach and multiple 
calibrations and controls were used in qPCR, a reference 
gene is not necessary for this experiment (14). For each ChIP 
assay, a positive control segment (one genome region that was 
known to bind TF) (15‑18) was included and ChIP‑qPCR was 
performed using the primers in Table SIV. 

ChIP‑seq data were obtained from the Sequence Read 
Archive database and aligned with human genome sequence 
using bowtie2 2.4.4  (12). The enrichment for TFs was 
evaluated by software MACS 1.4.4 (Model‑based analysis of 
ChIP‑seq) (19). 

Statistical analysis. Independent Student's t‑tests were used 
to compare the luciferase activities and ChIP results. Analysis 
of variance (ANOVA) and Bonferroni's post hoc test were 
used to evaluate the 3C enrichment. Linear regression with 
additive genetic model was used to evaluate the association 
between genotype and gene expression. All statistical analyses 
were performed using SPSS 20.0 (IBM Corp.). P<0.05 was 
considered to indicate a statistically significant difference.

Results

LD pattern surrounding rs1011970. Within the 200‑kb region 
surrounding rs1011970, genetic variations were identified in 
the CEU (n=792), CHB (n=793) and YRI (n=1,324) popula‑
tions. Among these, only one non‑coding SNP located 1.3 kb 
upstream, rs77283072, was in almost complete LD with 
rs1011970 (r2=1.000, 0.951 and 1.000 for CEU, CHB and YRI, 
respectively; Fig. S1) and was therefore expected to present a 
similar signal to that of rs1011970 in GWAS. All other SNPs 
exhibited relatively low LD with rs1011970 (all r2<0.64). 
Therefore, it was possible to hypothesize that these two SNPs 
were likely to be the causal SNPs in breast cancer. 

Function of rs1011970 and rs77283072. To elucidate the 
function of these two SNPs, plasmids with different alleles 
of rs1011970 and rs77283072 were generated (Fig S2), and 
transfection and luciferase assessment were performed. As 
presented in Fig. 1, the rs1011970 alleles did not demonstrate 

any significant difference in relative luciferase activity levels 
(P=0.988). However, the luciferase activity levels of the A 
allele of rs77283072 was ~93.4% higher compared with that 
of the G allele (P=0.000068), which indicated that rs77283072 
was the causal SNP in breast cancer.

Regulatory target gene of the enhancer containing rs77283072. 
As presented in Fig. S3, a search using the ENCODE Portal 
demonstrated that there were H3K4m1 and H3K27ac histone 
modifications close to rs77283072. As these two types of 
histone modification were previously reported to be the 
markers for active enhancers (20), it was possible to hypoth‑
esize that this SNP might have the ability to alter enhancer 
activity. Meanwhile, there were also other kinds of histone 
modifications with unknown function, such as H3K36m3 and 
H4K20m1 (Fig. S3). Although rs77283072 is located within 
the intron region of CDKN2B‑AS1, the actual regulatory 
target of this enhancer remains unknown. To identify the 
potential target, 3C‑qPCR was used to assess the interaction 
between this enhancer and proximal gene promoters. The 
anchor promoter was intended to bind the enhancer region, 
whereas the target primers were designed to bind with the 
promoter of CDKN2A divergent transcript (CDKN2A‑DT), 
CDKN2A, CDKN2B‑AS1 and CDKN2B, and four random 
genome regions. The amounts of 3C products were used to 
represent the interaction frequency between the enhancer and 
target gene promoter, and were compared using ANOVA. As 
presented in Fig. 2, no increases in interaction were demon‑
strated in the promoters of CDKN2A‑DT, CDKN2B‑AS1 and 
CDKN2B. However, if we compared the ligation frequency 
between CDKN2A promoter and other 7 segments involved 
in the assay, a significant increase could be observed at the 
CDKN2A promoter (~86.0 kb between the CDKN2A promoter 
and the enhancer; P=0.0038), which indicated that CDKN2A 
was the regulatory target of this enhancer. 

Expression quantitative trait locus (eQTL) analysis. If 
rs77283072 was indeed capable of regulating CDKN2A expres‑
sion, this SNP would be an eQTL for this gene. To evaluate 
this hypothesis, RNA‑seq data for a widely used model, LCL, 
was downloaded and CDKN2A mRNA expression levels were 

Figure 1. Relative enhancer activity for rs1011970 and rs77283072 alleles in 
MCF‑7 cells. Each line represents one plasmid. The top plasmid is the empty 
vector (pGL3‑promoter). The second plasmid was made using molecular 
cloning, whereas the lowest two plasmids were constructed using muta‑
genesis. All data were normalized against that of an empty vector and are 
presented as the mean ± standard deviation. *P<0.05.
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assessed. Linear regression was performed to evaluate the asso‑
ciation between genotype and gene expression. As presented in 
Fig. 3, CDKN2A mRNA expression levels were demonstrated 
to be significantly associated with the rs77283072 genotype 
(r=0.188; P=0.021). The A allele of rs77283072 was associated 
with a higher mRNA expression level of CDKN2A, a finding 
that was consistent with the results of the luciferase assay. 

Differences in the TF binding affinity between the rs77283072 
alleles. Considering the function and location of rs77283072, 
it was hypothesized that this SNP could have the ability to 
alter the binding affinity of TFs. To evaluate this, EMSA was 
performed. As presented in Fig. 4, a marked difference was 
demonstrated in the binding affinity between the rs77283072 
alleles. The interaction of probe and nuclear proteins was abol‑
ished by competitor oligonucleotides, which indicated that the 
binding was specific. Furthermore, the more highly expressed 
allele of rs77283072, the A allele, demonstrated a markedly 
lower affinity with nuclear proteins, which suggested that the 
protein interacting with the enhancer containing rs77283072 
exerted a negative regulatory effect on gene expression. 

These results indicated that rs77283072 may have been 
located within the binding sites of the REL proto‑oncogene, 
ETS transcription factor ELK1, POU class 2 homeobox 
1 or paired box 6 TFs. To identify the actual TF, ChIP was 
performed. For each antibody, a positive control segment was 
included and significant enrichment was shown, as presented 
in Fig. S4, which demonstrated that the ChIP assay could 
be utilized to identify the TFs surrounding rs77283072. 
As presented in Fig.  S5, none of the antibodies demon‑
strated significant enrichment of the chromatin surrounding 
rs77283072, which indicated that none of the proposed TFs 
could, in fact, bind this region. Multiple ChIP‑seq data was 
also analyzed for TFs. However, no significant enrichment 
was identified for the rs77283072 surrounding region (all 

P>0.05; data not shown). Therefore, the identity of the TF that 
interacted with this enhancer remained unclear. 

Figure 2. Distribution of relative ligation efficiency between the enhancer 
containing rs77283072 and multiple genome segments in chromosome 9. 
Each point on the x‑axis represents one restriction fragment in chromo‑
some 9. The functional element within the restrictive fragment is stated in 
parentheses. The y‑axis represents the relative ligation efficiency. CDKN2A, 
cyclin‑dependent kinase inhibitor 2A. *P<0.05 when comparing this segment 
with other ones in the assay. 

Figure 3. Association between rs77283072 genotype and CDKN2A mRNA 
expression levels in the Yoruba in Ibadan population from the 1000 Genomes 
Project dataset. The x‑axis indicates the different genotypes. CDKN2A, 
cyclin‑dependent kinase inhibitor 2A.

Figure 4. Different binding affinities between rs77283072 alleles and NE of 
MCF‑7 cells. The top line indicates the different alleles. The arrow indicates 
the position of the protein‑probe complex. NE, nuclear extract. 
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Discussion

In the present study, the LD pattern was utilized to search for 
potential causal SNPs for breast cancer. Through a functional 
genomics approach, both the actual causal SNP and the under‑
lying mechanism were identified. The results of the present 
study indicated that it was not rs1011970 but rs77283072 that 
could influence individual breast cancer risk by the regulation 
of CDKN2A expression levels. The present study demonstrated 
the connection between the genetic variation in this locus and 
breast cancer susceptibility. 

Owing to the relatively short distance between this locus 
and CDKN2B, it has previously been proposed that the SNPs in 
this locus are associated with breast cancer through regulation 
of CDKN2B expression (3). Moreover, in the GTEx database, 
rs77283072 was demonstrated to be significantly associated 
with CDKN2B expression levels in whole blood (P=1.1x10‑10). 
However, the G allele of rs77283072 was the high‑expression 
allele according to the GTEx data, which was in contrast to the 
results of the luciferase assay in the present study. Moreover, 
no interaction was demonstrated between the enhancer and 
CDKN2B promoter. Taken together, these findings indicated 
that CDKN2B was not likely to be involved in the association 
between this locus and breast cancer susceptibility. 

However, the 3C results from the present study clearly 
demonstrated that an interaction did occur between this enhancer 
and the CDKN2A promoter. CDKN2A is an important tumor 
suppressor gene, which mainly encodes two proteins through 
alternative splicing, p16INK4A and p14ARF, both of which have 
been reported to inhibit the cell cycle (21). p16INK4A is able to 
prevent the activity of cyclin‑dependent kinase 4/6 and retino‑
blastoma protein (22,23). However, p14ARF has been reported 
to stabilize the tumor suppressor protein p53 through interaction 
with murine double minute 2 (24,25). It has been proposed that 
the inactivation of CDKN2A either by mutation or through DNA 
methylation occurs in ~20% of patients with breast cancer (26). 
Therefore, the observation that rs77283072 was able to influence 
the risk of breast cancer by regulating CDKN2A mRNA expres‑
sion levels was not unexpected. Considering the widespread 
and universal functions of the proteins p16INK4A and p14ARF, 
rs77283072 might also contribute to the onset of carcinogenesis 
in other tissues. Moreover, rs77283072 has been reported to be 
significantly associated with prostate cancer, according to one 
GWAS (P=6.4x10‑7) (27). Furthermore, the association between 
rs1011970 and multiple cancer types (4) could also be attributed 
to the function of rs77283072.

It would have been ideal to identify the potential TFs 
which interacted with rs77283072 in the present study. ChIP 
assays were performed for all predictions using common 
bioinformatics approaches but failed to identify the TF 
binding rs77283072. Multiple ChIP‑sequencing datasets were 
also used and the reads were aligned with the human genome 
using bowtie2 (10), and the enrichment was analyzed using 
software MACS (19). However, no significant peaks for any 
TFs in the rs77283072 surrounding region were identified (data 
not shown). As there are hundreds of TFs within the human 
cell, it is difficult to directly perform ChIP assays without 
bioinformatics work and this requires further investigation.

In the luciferase experiment, the relative enhancer activity 
of the A/T combination for rs77283702/rs1011970 locus was 

not investigated, which constitutes a potential limit for the 
study. However, since SNPs usually executes their role on 
gene expression relatively independently, this might not alter 
the conclusion that rs1011970 does not have the ability to alter 
CDKN2A expression and further influence breast cancer risk. 
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