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We have evaluated and provided evidence that the ryanodine
receptor 3 gene (RYR3), which encodes a large protein that forms a
calcium channel, is important for the growth,morphology, andmig-
ration of breast cancer cells. A putative binding site for microRNA-
367 (miR-367) exists in the 3′UTR of RYR3, and a genetic variant,
rs1044129 A→G, is present in this binding region. We confirmed
that miR-367 regulates the expression of a reporter gene driven by
the RYR3 3′UTR and that the regulation was affected by the RYR3
genotype. A thermodynamic model based on base pairing and the
secondary structure of the RYR3mRNA and miR-367 miRNA showed
that miR-367 had a higher binding affinity for the A genotype than
for the G genotype. The rs1044129 SNP was genotyped in 1,532
breast cancer cases and 1,600 healthy Chinese women. The results
showed that compared with the AA genotype, G was a risk geno-
type for breast cancer development and was also associated with
breast cancer calcification and poor survival. Thus, rs1044129 is a
unique SNP that resides in a miRNA-gene regulatory loop that
affects breast cancer risk, calcification, and survival.

Ryanodine receptor 3 (RYR3), the third isoform of the RYR
family, is a Ca2+-induced Ca2+ release (CICR) channel

protein located in the sarcoplasmic reticulum that plays a key
role in controlling cytosolic calcium levels (1, 2). RYRs are
commonly expressed in breast cancer, and there is a correlation
between RYR levels and tumor grade (3). The stratification of
patients with breast cancer into clinically relevant subtypes is an
essential step toward personalized medicine. Several biomarkers
contributing to breast cancer prognosis have been identified
in the form of oncogenic mutations (4, 5) or genetic poly-
morphisms, such as SNPs (6, 7). Tissue calcification commonly
occurs in the breast and is a risk and prognosis factor for breast
cancer (8, 9). Because of its central role in calcium homeostasis,
it is conceivable that RYR3 plays a role in breast calcification.
Calcium channels are important for calcium homeostasis, which
is associated with physiological and pathophysiological processes
of the mammary gland, and may represent potential drug targets
for the treatment of breast cancer (10–12).
MicroRNAs (miRNAs) are evolutionarily conserved, endoge-

nous, single-stranded, noncoding RNA molecules that are
reported to be involved in many biological processes, including
cell proliferation, apoptosis, and tumorigenesis, through their
regulation of gene expression (13). Most miRNAs bind to target
sequences located within the 3′-untranslated region (3′UTR)
of mRNAs by base pairing, resulting in the cleavage of target
mRNAs or repression of their translation (14). SNPs are the most
frequent variation in the human genome, and they occur once
every several hundred base pairs throughout the genome. An in-
creasing number of 3′UTR SNPs located in miRNA binding sites
have been reported to be associated with cancers (15–17) and drug
response (18), presumably because of the differential binding af-
finities of the SNPs for miRNA. Polymorphisms in these miRNA
binding sites in the 3′UTRs of target genes represent a group of
genetic variations that modulate the regulatory loop between

miRNAs and their target genes (18, 19). Sequence-based bio-
informatic predictions have identified a number of these types
of SNPs, which has provided candidates for experimental ver-
ifications and case-control studies to determine their importance
(20). Recently, the SNP rs1044129A→G in the 3′UTR of the
RYR3 gene was reported through a genome-wide analysis of EST
databases associated with cancer risk susceptibility (21). However,
it is unclear if this SNP is functional and whether it is associated
with breast cancer risk and prognosis.
In this study, we first provide evidence that the RYR3 gene is

an important regulator of breast cancer cell growth, morphology,
and migration. We then functionally validate SNP rs1044129,
which is located in the miR-367 binding site in the 3′UTR of
RYR3. Finally, we used a case-control study to demonstrate that
the SNP rs1044129 is an important genetic variant for breast
cancer risk and poor survival.

Results
Modulation of RYR3 Affects Cell Proliferation, Morphology,
Migration, and Intracellular Calcium Influx. The function of RYR3
has been difficult to study because of its large molecular mass
(550 kDa). To demonstrate that RYR3 functions in breast can-
cer cells, we took a loss-of-function approach by treating two
breast cancer cell lines (MCF-7 and MDA-MB-231) with RYR3
siRNA to decrease its expression. Real-time PCR assay and im-
munofluorescence staining analyses showed that RYR3 siRNA
down-regulated the endogenous RYR3 mRNA and protein
levels (Fig. 1 A and B). We next evaluated the growth, mor-
phology, and migration of the siRNA-treated cells, as well as the
calcium influx. Our results showed that knockdown of RYR3
significantly inhibited the growth and migration of both breast
cancer cell lines examined (Fig. 1 C and D) and increased the
intracellular calcium level (Fig. 1E). Consistent with calcium
being an important regulator of cell-cell adhesion, we observed
a noticeable change in the morphology of RYR3 siRNA-treated
cells, which was easily visualized after staining for F-actin with
phalloidin and an E-cadherin antibody (Fig. 1F).

SNP rs1044129 A→G Within the miR-367 Binding Site in the RYR3
3′UTR Is a Functional Regulatory Site. Using both TargetScan
(version 5.1; http://www.targetscan.org) and the miRNA Web
server miRBase (http://www.mirbase.org) (22), we determined
that the RYR3 3′UTR harbors a putative miR-367 miRNA
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binding site (Fig. 2A). A nucleotide at position rs1044129 located
13 bp upstream of the miRNA seed binding site is conserved in
mice and humans (UCSC Genome Browser; http://genome.ucsc.
edu/). In addition, a SNP at the rs1044129A site (rs1044129
A→G) was reported with a minor allele frequency of about 0.45
in the cancer population (21). In this paper, we refer to the A
genotype as WT and the G genotype as mutant unless other-
wise specified.
Because this SNP (rs1044129) is located near the miRNA-367

binding site, we hypothesized that the SNP would lead to dif-

ferential regulation of RYR3 by miR-367 owing to the differential
binding affinity of miR-367 for the two RYR3 3′UTR genotypes.
First, we used a thermodynamic model (Fig. 2B) to calculate the
different energy terms, and we then constructed the corre-
sponding binding energy diagrams for each genotype (Fig. 2 C
and D). The higher energy of the dissociated target, Etarget, and
smaller activation energy, ΔE(a), of the A genotype indicated
that this genotype was more accessible for miR-367 than the
G genotype (ΔE(a)′) variant. Furthermore, the binding energy,
ΔE(b) (equivalent to the interaction score ΔΔG) (23), of the A

Fig. 1. Role of RYR3 in breast cancer cell growth, migration, and morphology as well as intracellular calcium level. (A) After transfection of small interfering
(si)-RYR3 for 16 h, RYR3 mRNA expression was measured by real-time quantitative PCR and shown to be down-regulated (*P = 0.0002). (B) After transfection
of si-RYR3 for 48 h, RYR3 protein expression was examined by immunofluorescence and found to be down-regulated (**P = 0.023). (C) MTT assay showing cell
growth viability. The RYR3 knockdown groups (yellow) significantly inhibit cell growth in comparison to si-control cell groups (blue). (D) Area of wound
coverage was calculated by Cellprofiler software (www.cellprofiler.org) and normalized to the area of the zero time point. (E) Determination of the in-
tracellular calcium levels using Fluo-4 AM staining and flow cytometry. Comparison of Fluo-4 AM loading in breast cancer cells transfected with si-control and
si-RYR3. The percentages displayed represent the number of cells with calcium, measured by fluorescence in FL1 (green fluorescence signal received by the
photomultiplier tube). The percentage of cells in the upper right quadrant (cells single-stained with Fluo-4 AM) represents the relative calcium concentration.
FL1; UR, upper right. (F) Cells were fixed and stained with phalloidin to detect F-actin (green) and an E-cadherin antibody (red). DAPI was used to stain the
nuclei (blue). The images were taken by confocal microscopy. There was an apparent near loss of cell membrane-bound E-cadherin in the si-RYR3–treated
cells. (Scale bar, 20 μm.)
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genotype [ΔE(b) = −2.10 kcal/mol] was almost 3.5-fold smaller
than that of the G genotype [ΔE(b)′ = −0.6 kcal/mol], suggesting
that miR-367 has a higher binding affinity for the A genotype
(Fig. S1 A–C).
We next performed a reporter gene assay to validate the

computational prediction and to test the hypothesis that miR-
367 more robustly regulates the A allele. We cloned the RYR3
3′UTR fragments with either the G or A allele into a luciferase
reporter vector (Fig. 2E). Reporter gene vectors containing ei-
ther the G or A allele and the miR-367 mimic (or control) were
transiently transfected into MCF-7 and MDA-MB-231 cell lines,
and the relative Firefly luciferase to Renilla luciferase activity was
measured. Consistent with our computational modeling pre-
diction, we found that the miR-367 mimic reduced the luciferase
reporter gene activity more significantly when it was regulated by
the A allele variant of the RYR3 3′UTR in both the MCF-7 (P =
0.025) and MDA-MB-231 (P = 0.044; Fig. 2F) cell lines.
To validate whether miR-367 regulates the expression of the

endogenous RYR3, miR-367 mimic or inhibitor was transfected
into MDA-MB-231 breast cancer cells. Real-time PCR assay and
immunofluorescence staining analyses showed that miR-367
mimic down-regulated the endogenous RYR3 mRNA and pro-
tein levels (Fig. 3 A–C). Consistent with siRNA knockdown
results, transfection of miR-367 mimic led to inhibition of growth
and migration as well as change of cell morphology to a more
rounded shape with weakened cell-cell contacts (Fig. S2).

G Genotype Increases Breast Cancer Risk and Calcification. To de-
termine the potential role of the RYR3 3′UTR SNP (rs1044129)
in breast cancer further, we used a population-based approach to
evaluate the effect of the SNP rs1044129 on breast cancer risk
and prognosis. We performed a case-control study that included
1,532 breast cancer cases and 1,600 healthy controls. Genotype
frequencies among the controls did not show significant depar-
tures from Hardy–Weinberg equilibrium (P = 0.535). As shown
in Table S1, the average age at diagnosis for the cases was 52.03 ±
10.75 y, which was similar to that for the controls at recruitment

(51.91 ± 10.62 y; P = 0.740). In the unconditional logistic re-
gression analysis of the genotypes, we found that compared with
the AA genotype carriers, patients with the G (GG + GA) allele
genotypes had a statistically significantly higher risk for cancer
[adjusted odds ratio (aOR) = 1.26, 95% confidence interval
(CI): 1.03–1.54; P = 0.028], especially postmenopausal women
(aOR = 1.31; 95% CI: 1.00–1.72; Table S2). Additional stratified
analyses of the associations between breast cancer and hormonal
risk factors by RYR3 genotype are presented in Fig. 4. There was
a stronger association between the RYR3 G allele genotypes and
cancer risk than for the AA genotype.
We next preformed a case-only analysis to examine the asso-

ciation between the rs1044129 genotypes and clinical and path-
ological features. Breast calcification, as seen onmammograms, is
an important diagnostic marker for breast cancer and is possibly
a result of dysregulation of calcium metabolism. To evaluate
whether the rs1044129 polymorphism in the 3′UTR of the cal-
cium receptor gene RYR3 is related to calcification, we reviewed
the available mammograms of 1,424 breast cancer cases and
stratified these cases into two groups: those positive or negative
for microcalcification. We found that compared with the AA
genotype, the GA + GG genotypes were associated with micro-
calcification-positive breast cancers [odds ratio (OR)= 1.52; 95%
CI: 1.21–1.90; P = 2.66 × 10−4; Table S3].
To evaluate whether the rs1044129 polymorphism was associ-

ated with RYR3 expression in breast cancer, we examined RYR3
protein expression in tumor tissues by immunohistochemistry in
60 patients with breast cancer. The results showed that tumors
have higher expression of RYR3 in GG and GA genotypes (Fig. 5
A–J). We also measured the miR-367 levels in the same tumor
tissues, and the results showed there were no significant differ-
ences between the three genotype groups (Fig. 5K).
We subsequently determined whether the rs1044129 geno-

types and the associated microcalcification phenotypes could be
used to predict patient survival. We selected 1,125 cases that had
been followed up for at least 24 mo (the median follow-up time
for this cohort was 32 mo). We then analyzed the correlation of

Fig. 2. Functional validation of the miR-367
binding site in the RYR3 3′UTR and the in-
fluence of the SNP rs1044129. (A) RYR3 gene
structure and A/G polymorphism in the RYR3
3′UTR at the miR-367 binding site. chr., chro-
mosome. (B) Illustration of miRNA-target
binding process in which the target is first
transitioned to the intermediate state by
unpairing the seed target nucleotides and
then forms the miRNA-bound mRNA complex
when binding with the miRNA. (C and D)
Secondary structure-based energies at differ-
ent stages of the binding process, where the
activation energy, ΔE(a), is the energy differ-
ence between the transition state and the
original target and the binding energy, ΔE(b),
is the energy difference between the complex
and target. A schematic of the binding energy
diagram for the A variant (C) and the G var-
iant (D) is shown. (E) RYR3 3′UTR was cloned
into the PGL3 control plasmid at the Xbal
enzyme site. (F) Twenty-four hours after
transfection of the reporter gene and miR-
367 mimic, the A allele construct had signifi-
cantly less relative luciferase activity than the
reporter bearing the G allele in both MCF-7
(*P = 0.025) and MDA-MB-231 (**P = 0.044)
cell lines.
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the rs1044124 genotypes or microcalcification with overall sur-
vival (OS) and progression-free survival (PFS). Kaplan–Meier
survival curves showed there was no association between differ-
ent genotypes or calcification features and OS (Fig. 6 A and C).
However, compared with the AA genotype, the G allele geno-
types and microcalcification were significantly associated with
poor PFS (Fig. 6 B and D). The univariate Cox regression
analysis of the correlation between PFS and genotype or calci-
fication is shown in Table S4.

Discussion
In this study, we determined that the G allele of rs1044129 was
associated with breast cancer risk, calcification, and PFS, sug-
gesting that this genetic variant is important for both cancer
initiation and cancer progression. Furthermore, we characterized
rs1044129 as a unique SNP that confers a genetic effect (se-
quence variation) on gene regulation by an epigenetic factor
(miR binding). Specifically, miR-367 binds more tightly to the

A allele of rs1044129 and represses RYR3 expression more
strongly than to the G allele.
Polymorphisms in the 3′UTRs of several genes have been re-

ported to be associatedwith diseases by affectingmiRNA-regulated
gene/protein expression (24). Different from previously reported
examples, where the SNPs are located in the seed binding regions
of the miR, rs1044129 is located outside the seed binding region.
Using computational modeling, we found that the G and A var-
iants assume different secondary structures and the thermody-
namics clearly favor the binding of miR-367 to the A form. We
performed a number of wet-laboratory experiments using re-
porter gene assays and validated that miR-367 indeed targets the
predicted region in the RYR3 3′UTR and that miR-367 represses
the A allele more than the G allele. Thus, this population-based
study, coupled with functional validation, revealed an important
genetic risk factor for breast cancer, which is mediated by dif-
ferential regulation of RYR3 by miR-367.
It has been established that decreased calcium and vitamin D

intake is associated with carcinogenesis of the mammary gland
(25, 26). In addition, breast calcification is an important risk
factor for breast cancer (8, 27). RYR3 is a CICR protein that
plays an important role in cellular Ca2+ homeostasis (28). Our
case-control study suggests that the RYR3 gene is critical to the
development of breast cancer, possibly by regulating calcium
metabolism in breast tissues. Our results showed that the RYR3G
allele genotypes (GG + GA) increased the risk for breast cancer
in Chinese women, especially postmenopausal women. It is likely
that the RYR3 A→G polymorphism may regulate the intracellular
Ca2+ concentration and increase susceptibility to breast cancer.
The increased risk associated with this genetic variant in post-
menopausal women is consistent with the knowledge that estro-
gens are regulators of calcium influx (29) and that postmenopausal
women absorb calcium less efficiently (30, 31). It has been postu-
lated that microcalcification is a result of abnormal calcium de-
position and mineralization of necrotic debris (32, 33). We found
that the RYR3 G allele (GG + GA) genotypes were significantly
associated with microcalcification in breast cancer tissues. Thus,
our study may have identified a key regulatory gene that is critical
in the physiological process of breast cancer microcalcification and
is a potential target for intervention.
In summary, rs1044129 modulates the epigenetic regulation

of a key calcium metabolism gene, RYR3, through miR-367. In
addition, this study has uncovered the rs1044129 polymorphism
as playing an important role in breast cancer susceptibility and
prognosis. Thus, further investigation of this regulatory network
is warranted.

Fig. 3. Endogenous RYR3 mRNA and protein expression in MDA-MB-231 cells after transfection of the miR-367 mimic. (A) After transfection of miR-367 mimic
(mimic-367) for 16 h, RYR3 mRNA expression was measured by real-time quantitative PCR and shown to be down-regulated, similar to the effect of small-
interfering (si)-RYR3 (P1 = 0.002). In contrast, the RYR3 mRNA level was increased in cells transfected with miR-367 inhibitor (inhi-367) (P2 = 0.004). (B) After
transfection of miR-367 mimic or si-RYR3 for 48 h, RYR3 protein expression was examined by immunofluorescence and found to be down-regulated (P3 = 1.89 ×
10−7). The level of RYR3 staining was not further elevated in cells transfected with miR-367 inhibitor. (C) Cells were fixed by 4% paraformaldehyde (0.4 g
paraformaldehyde/100ml PBS) and then stained with the anti-RYR3 antibody at a dilution of 1:500. Fluorescence-labeled secondary antibody was used to show
RYR3 (red), and DAPI staining was used to stain the nuclei (blue).

Fig. 4. Forest plot of the association between the RYR3 rs1044129 geno-
types and breast cancer risk.
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Materials and Methods
Cell Growth and Migration, Intracellular Calcium Levels, and Changes in Cell
Morphology. The humanbreast cancer cell linesMCF-7 andMDA-MB-231were
obtained from the American Type Culture Collection. Cell proliferation was
determined by the 3-[4, 5-dimethylthiazol-2-yl]-2, 5-dephenyl tetrazolium
bromide (MTT) method (34). Cell migration was analyzed by a wound healing
assay (35). The intracellular free calcium level was measured by flow cytom-
etry by using Fluo-4 AM as described previously (36). CellQuest software (BD
Bioscience) was used for fluorescence analysis. The cell morphology images
were captured by confocal microscopy. More detailed information regarding
cell culture, MTT, and RNA isolation can be found in SI Text.

Real-Time Quantitative PCR Assay. RYR3 mRNA and miR-367 expression was
quantified using TaqMan miRNA assays (Applied Biosystems) with mod-
ifications as described in detail in SI Text.

Immunofluorescence Staining. The process of rabbit anti-RYR3 (Millipore) or
mouse anti–E-cadherin (BD Biosciences) immunofluorescence staining is de-
scribed in SI Text.

Thermodynamic Model for the miRNA-Target Interaction. Targetscan 5.1
(http://www.targetscan.org) and Miranda (http://www.microrna.org) were
used to identify miR-367 as being likely to bind to the rs1044129 region. To
investigate the binding affinity of miR-367 for the rs1044129 region with

Fig. 5. Correlation of RYR3 expression with genotype in breast tumor tissues. Examples of different degrees of staining in tissue sections: − (A), + (B), ++ (C),
and +++ (D). (E–H ) Higher magnification images of A–D, respectively. (Magnification: A–D, 100×; E–H, 400×). (I) Semiquantitative levels of immunohisto-
chemical staining in samples with AA, AG, or GG genotypes. AG and GG genotypes have a higher level of RYR3 than the AA genotype. *P = 0.047; **P = 0.048.
(J) Compared with the AA genotype, G (GG + GA) genotypes have a higher level of RYR3 in immunohistochemistry. ***P = 0.024. (K) Levels of miR-367 in
breast cancer tissues of three genotypes are similar.

Fig. 6. Association of the RYR3 3′UTR SNP or calcification with
survival. Kaplan–Meier breast cancer-specific survival curves
of OS (A) and PFS (B) of patients with the GG + GA pheno-
types vs. the AA genotype and OS (C) and PFS (D) of patients
with calcification-positive breast cancer vs. calcification-negative
breast cancer. P values are from the log-rank test.
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different genotypes (A and G in this case), we assessed the secondary
structure-based energies of molecules involved in the binding process using
a parameter-free thermodynamic model (37, 38). A 3′-supplementary bind-
ing site of miR-367 centering on miRNA nucleotides 13–15 exists and was
incorporated in this computation along with the seed binding site (Fig. S3A).
The other marginal 6-mer binding sites located at the coding region of RYR3
(Fig. S3A) have significantly reduced binding capacity comparedwith the 3′UTR
7-mer-A1 target site [seed binding region followed by an A nucleotide, which
has been shown to have a more favorable binding energy (39)], and therefore
were not included in this computation. The details are described in SI Text.

Luciferase Reporter Gene Assay. The details are described in SI Text.

Subjects. The case-control study included 1,538 patients with breast cancer
and 1,605 healthy female controls. We obtained 1,424 cases with mammo-
gram information, which were reviewed and categorized according to the
Breast Imaging Reporting and Data System by two radiologists (40, 41). The
study protocol was approved by the Institutional Review Board (IRB) at the
TCIH. All participants gave informed consent to use their samples for
research purposes. The details are described in SI Text.

Genotyping. Genomic DNA was extracted from peripheral blood samples as
previously described (42). We genotyped the A/G SNP in the 3′UTR of RYR3
(rs1044129) using the TaqMan allelic discrimination method (Applied Bio-
systems). The details are described in SI Text.

Immunohistochemical Methods. Immunohistochemistry was essentially done
as described (43). Formalin-fixed and paraffin-embedded blocks of the 60
breast cancer specimens were analyzed using a rabbit anti-RYR3 antibody
(AB9082; Millipore) at a dilution of 1:500. Stained tissue sections were
evaluated by two expert pathologists, and the details are described in
SI Text.

Statistical Analysis. The details are described in SI Text.
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