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Epigenetically regulated 
Fibronectin leucine rich 
transmembrane protein 2 (FLRT2) 
shows tumor suppressor activity in 
breast cancer cells
Hansol Bae1, Byungtak Kim1, Hyunkyung Lee1, Seungyeon Lee1, Han-Sung Kang2 & Sun Jung 
Kim1

To identify dysregulated genes by abnormal methylation and expression in breast cancer, we genome-
wide analyzed methylation and expression microarray data from the Gene Expression Omnibus and the 
Cancer Genome Atlas database. One of the genes screened in silico, FLRT2, showed hypermethylation 
and downregulation in the cancer dataset and the association was verified both in cultured cell lines 
and cancer patients’ tissue. To investigate the role of FLRT2 in breast cancer, its expression was 
knocked down and upregulated in mammary cell lines, and the effect was examined through three 
levels of approach: pathway analysis; cell activities such as proliferation, colony formation, migration, 
and adhesion; target gene expression. The top pathway was “Cellular growth and proliferation”, or 
“Cancer”-related function, with the majority of the genes deregulated in a direction pointing to FLRT2 
as a potential tumor suppressor. Concordantly, downregulation of FLRT2 increased cell proliferation 
and cell migration, while overexpression of FLRT2 had the opposite effect. Notably, cell adhesion was 
significantly decreased by FLRT2 in the collagen I-coated plate. Taken together, our results provide 
insights into the role of FLRT2 as a novel tumor suppressor in the breast, which is inactivated by 
hypermethylation during tumor development.

Methylation of CpG sites in DNA is a key epigenetic mechanism in transcriptional regulation, including gene 
imprinting and silencing of coding genes as well as repetitive DNA elements1. One of the varied functions of 
methylation is to regulate gene expression and this has been widely studied in relation to cancer, especially with a 
view to elucidating the effect of methylation on carcinogenesis and prognosis2. The impact of methylation is even 
greater in relation to tumor suppressor genes3 or oncogenes4. Hypermethylation of tumor suppressor genes or 
hypomethylation of oncogenes can suppress or activate the corresponding genes, and these processes have been 
identified as cancer-causing events5, 6.

GSTP1 is a well-known tumor suppressor that carries hypermethylation on promoter CpGs in various cancer 
types7. Abnormally high methylation inactivates GSTP1 and is associated with reduced cell detoxification and 
anti-cancer enzyme activity8. Hypermethylation is pronounced in cancer, but not in benign processes9, and this 
makes the gene distinctive as an epigenetic cancer marker. To cite an example of an oncogene, MET has been 
identified as a methylation marker that is hypomethylated in several types of cancer, including pancreatic, liver, 
and breast cancer, and associated with poor prognosis for patients10, 11.

The mining of epigenetically regulated tumor suppressors and oncogenes is directly connected to establishing 
biomarkers that could eventually become useful parameters in predicting clinical outcomes or in prognostica-
tion12. For instance, the methylation levels of well-known tumor suppressors such as RASSF1A, ADAM33, and 
NEFL show a specific methylation range for specific cancer stages and gradually increase following the develop-
ment of cancer13–15.
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FLRT2 (Fibronectin leucine rich transmembrane protein 2) is a member of the FLRT family proteins, which 
contain 10 LRR (leucine-rich repeats) domains and a transmembrane domain16. FLRT proteins are known to 
interact with several other proteins, such as ROBO117, LPHN3 and UNC518, 19. Through these interactions, FLRTs 
function as ribonuclease inhibitors20, virulence factors21, or splicing mediators22. During development, all FLRTs 
are strongly expressed in a subset of sclerotome cells and interact with FGFR1 in the FGF (fibroblast growth 
factor) signaling pathway23. In addition to this function in development, FLRT2 acts as an adhesion molecule 
by interacting with fibronectin24 in either a repulsive or adhesive manner. This suggests a possible relationship 
between FLRT2 and cancer metastasis.

The aim of this study was to develop methylation markers through in silico meta-data analysis, and this 
revealed FLRT2 to be hypermethylated in breast cancer. The relationship between methylation and expression 
was addressed by examining the expression of the gene in breast cancer cell lines as well as tissues. To characterize 
the role of FLRT2 in tumorigenesis, downregulation and upregulation were induced in mammary cell lines, and 
the effects on cell proliferation, migration, and apoptosis were examined. The results suggest that FLRT2 may have 
tumor suppressor activity in breast cancer.

Results
FLRT2 is hypermethylated and downregulated in breast cancer. To identify novel genes that play a 
key role in breast cancer development, such as being deregulated due to aberrant promoter methylation, genome-
wide methylation data deposited in GEO were analyzed. Methylation assay data were obtained by means of an 
Illumina Infinium HumanMethylation27 BeadChip covering 27,578 CpG sites in the promoter regions of 14,495 
genes. The array results included data extracted from GSE32393 data set that contained 23 normal and 114 cancer 
tissue array data. Two or three cancer arrays were removed due to lack of grade or ER status. Ten more normal tis-
sue data were added from the GSE33065 and GSE20713 set to complement the less number of normal tissue array 
(Supplementary Table S1). Genes that did not exhibit statistically significant (p > 0.05) methylation differences 
were excluded in order to identify genes that are aberrantly methylated in cancer. Thirty genes that displayed 
differential methylation (Δβ), with at least a two-fold difference between normal and cancer tissue, were finally 
identified.

Next, a pool of deregulated genes was assembled by comparing expression array data from normal cell line 
MCF-10A and breast cancer cell lines MDA-MB-231, T-47D, and MCF-7 (Supplementary Table S2). This yielded 
13 genes that satisfied the screening criteria (p ≤ 0.05, Δβ ≥ 2.0, and |Δexpression| ≥ 1.5) (Table 1). Of the 13 
genes, BNC1 and FBN2 were already known to be deregulated as a consequence of aberrant promoter methyla-
tion in breast cancer and a number of other cancers25, 26. This pilot study repeatedly displayed hypermethylation 
and downregulation patterns of FLRT2 in breast cancer cells in silico.

According to the GEO data, promoter methylation of FLRT2 appeared to be higher in cancer of grade I~III 
than in the normal breast tissue (Fig. 1A). In cancer, ER+ showed higher methylation than ER− (Fig. 1B). The 
in silico analysis was extended to the data from the TCGA database that offered 129 normal and 748 cancer tis-
sues of which grade or ER status was not informed. As like in GEO, the methylation level was higher in cancer 

Gene cg ID Brief function
Δβ-
valuea

Expression fold 
changeb

SFRP1 cg22418909 Stress-associated endoplasmic reticulum 
protein 0.25 −2.2

BNC1 cg18952647 Zinc finger transcription factor 0.33 −3.0

CCND2 cg12385902 Regulators of cyclin-dependent kinases 0.23 −1.6

GPM6B cg21229055 Involved in cellular housekeeping 
functions 0.22 −1.7

FLRT2 cg17410236 Function in cell adhesion and/or receptor 
signalling 0.32 −1.5

FBN2 cg27223047 Play a role in early elastogenesis 0.27 −1.9

BCAN cg21475402 Formation of the brain extracellular 
matrix 0.26 −1.5

GIPC2 cg24496666 PDZ domains organize and maintain 
complex scaffolding formations 0.25 −1.6

PLSCR4 cg24315815
Mediate accelerated ATP-independent 
bidirectional transbilayer migration of 
phospholipids

0.23 −1.7

LCAT cg26924825 Remove cholesterol from the blood and 
tissues 0.23 −1.5

APCDD1 cg19264571 Inhibits Wnt signaling in a cell-
autonomous manner 0.22 −1.5

FBN1 cg18671950 Fibrillin-1 attach to each other and to 
other proteins to form microfibrils 0.22 −1.5

PLD5 cg12613383 Inactive Phosphatidylcholine-
Hydrolyzing Phospholipase D5 0.21 −2.3

Table 1. Selected genes that show hypermethylation and downregulation in breast cancer cells. aThe values are 
obtained by subtracting the methylation level in normal cells from that in cancer cells. bThe values are obtained 
by dividing the expression level in cancer cells by that in normal cells.
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patients (Fig. 1C). To validate the in silico pattern, the expression level of FLRT2 was measured in breast-derived 
cell lines and tissues. FLRT2 was found to be downregulated in all examined breast cancer cell lines, MCF-7, 
T47D, MDA-MB-231, HCC38, and HCC1395, compared to normal cell line MCF-10A (Fig. 1D). All the 12 other 
genes that have been identified with FLRT2 in silico to be hypermethylated in cancer also showed downregulation 
in MDA-MB-231 compared to in MCF-10A except for PLSCR4 (Fig. 2). Next, FLRT2 expression was exam-
ined in 20 pairs of breast cancer tissue and nearby normal tissue. This indicated that the gene was significantly 

Figure 1. FLRT2 is hypermethylated and downregulated in breast cancer. (A) The CpG methylation level of 
FLRT2 was extracted from the methylation chip data of the GEO (http://www.ncbi.nlm.nih.gov/geo/) (A,B) 
and the TCGA database (C). The methylation level was stratified at dot plots according to the cancer grade 
(A) and ER status (B) or for the whole cancer samples (C). The median value is indicated by a red bar. The 
expression level of FLRT2 was examined in breast cell lines (D) and tissues (E) by real-time RT-PCR. MCF-10A 
is a normal cell line while the others are cancer cell lines. (F) Demethylation of CpGs was induced by 5-Aza-
2′-deoxycytidine (AZA) in cancer cell lines and FLRT2 expression was analyzed by real-time RT-PCR. All RT-
PCR experiments were carried out in triplicate and the data are represented as mean ± SD. (G) Association of 
methylation and expression in breast cancer tissue was plotted for 713 samples from the TCGA database (http://
cancergenome.nih.gov/) (P < 0.001).

http://www.ncbi.nlm.nih.gov/geo/
http://cancergenome.nih.gov/
http://cancergenome.nih.gov/


www.nature.com/scientificreports/

4Scientific RepoRts | 7: 272  | DOI:10.1038/s41598-017-00424-0

downregulated in cancer tissues compared to normal tissues (p < 0.05) (Fig. 1E and Supplementary Fig. S1). To 
confirm whether reduced expression of FLRT2 is caused by a high level of methylation, 5-Aza-2′-deoxycytidine 
was applied and the expression of FLRT2 was measured to gauge whether expression recovers in the absence of 
hypermethylation. FLRT2 expression increased in all the examined cancer cell lines except for HCC38 following 
treatment of 5-Aza-2′-deoxycytidine (Fig. 1F).

The association between methylation and expression of FLRT2 was further analyzed using 713 cancer 
data from the TCGA breast database, which observed a close association (R = −0.128, P < 0.001) (Fig. 1G). 
Interrogating the GOBO database revealed that patients with higher expression of FLRT2 were more likely to 
experience increased distant metastasis-free survival (DMSF), especially in the ER+, luminal A, and lymph node 
negative tissue (p < 0.05) (Supplementary Fig. S2). The combined results of in silico and molecular experiments 
suggest that FLRT2 is potentially an epigenetically modulated tumor suppressor in breast cancer.

FLRT2 is involved in anti-cancer pathway. To verify that FLRT2 is a potential tumor suppressor, genome 
wide expression was examined by microarray analysis after induction of downregulation and upregulation of 
FLRT2 by means of an siRNA- and an FLRT2-expressing plasmid vector system, respectively, in cultured mam-
mary cells. Deregulation of FLRT2 was confirmed by qRT-PCR (Supplementary Fig. S3). In siRNA-transfected 
MCF-10A cells, a total of 296 genes, comprising 155 upregulated and 141 downregulated genes, fitted our cri-
terion of a higher than two-fold expression change and were submitted to IPA. The resulting top network was 
‘Cancer, cellular movement, and tumor morphology’ (Fig. 3A). EGFR and focal adhesion kinase (FAK) were at 

Figure 2. RT-PCR analysis of in silico filtered genes. RT-PCR was carried out for 12 genes in normal breast 
cell line MCF-10A and five breast cancer cell lines, which were filtered from databases by showing a significant 
methylation and expression change between normal and cancer cells. All reactions were performed three times, 
and the results are shown as the mean ± SD.

http://S1
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Figure 3. FLRT2 regulates genes as a way of inhibiting cell proliferation. Highest confidence IPA networks of 
genes displaying altered expression as a consequence of downregulating (A) and overexpressing (B) FLRT2. The 
top networks were “Infectious Disease, Auditory Disease, and Cancer” for downregulation (A) and “Infectious 
Disease, Cell Signaling, Cell-To-Cell Signaling, and Interaction” for overexpression (B). Upregulated genes are 
shaded in red, while downregulated genes are shaded in green, with the color intensity indicating the magnitude 
of the expression change. Solid and dashed lines respectively represent direct and indirect interactions. (C) 
Of the genes affected by FLRT2, genes related to “cellular growth and proliferation”, “adhesion of tumor cell 
lines”, and “cell movement” were clustered in heatmaps. The colored bar to the right of the gene symbol signifies 
the activity of the cellular biofunctions based on information from Qiagen (http://www.sabiosciences.com/
pathwaysonline/). Genes represented by red and blue bars exhibit expression changes in the direction of an 
increase and a decrease of the function, respectively. Genes in black bar are to affect the function, i.e., the genes 
are associated with biological function, but they have no direct effect on the activity.

http://www.sabiosciences.com/pathwaysonline/
http://www.sabiosciences.com/pathwaysonline/
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hubs of the network with being upregulated. Recently, EGFR-signaling was revealed to trigger the tyrosine phos-
phorylation of β4 integrin, which, in turn, recruits FAK27.

In case of the FLRT2-overexpressing MCF-7 cells, a total of 92 genes, comprising 31 upregulated and 61 
downregulated genes, exhibited a higher than two-fold expression change. The top IPA network from the FLRT2 
overexpressing genome was ‘Cellular growth and proliferation, tissue development, and cellular movement’ 
(Fig. 3B). Of note, NF-κB complex took part in a hub of the network with the majority of genes regulating the 
complex to be downregulated. Also, many cancer-related genes such as IL7, S100B and IER3 showed an altered 
expression pattern28–30. Based on the knowledge that FLRT2 is responsible for cellular growth and prolifera-
tion, cellular adhesion, and movement, the deregulated genes associated with those pathways were arranged in 
heat maps (Fig. 3C). To identify the coincidence between the gene’s function and direction of expression change 
by FLRT2 deregulation, an extra bar having the three-color code was added to the right of the heatmap. For 
example, TLR3 bears cell proliferation-stimulation activity and the expression was changed toward the way 
of confirming proliferation-suppressive activity of FLRT2. Notably, the expression of proliferation-enhancing 
genes such as TLR3 and IRS2 was increased when FLRT2 was down-regulated. In contrast, expression of cell 
proliferation-inhibiting genes such as PTEN and PPARG was decreased when FLRT2 was down-regulated.

To validate the involvement of FLTR2 in tumor-suppressive activity, colony formation and cell prolifer-
ation assays were performed after down- as well as upregulation of the gene in cultured cells. When FLRT2 
was downregulated in MCF-10A, a normal mammary cell line, the cells showed increased proliferation judged 
by colony formation and dye-based cell proliferation assay (Fig. 4A and B). Flow cytometry analysis for 
FLRT2-downregulated MCF-10A cells revealed a 19% decrease of apoptotic rate, supporting an anti-proliferation 
role for FLRT2 (Fig. 4C). In contrast, upregulation of FLRT2 in MCF-7, a cancer cell line that expresses FLRT2 at 
a lower than normal level, showed decreased proliferation, confirming anti-proliferation activity of FLRT2 (Fig. 
4D and E). These results are consistent with the results of the IPA pathway analysis in which many genes were 
deregulated by FLRT2 in the direction of suppressing cancerous characteristics.

FLRT2 affects cell migration. As shown in Fig. 3C, a set of genes related to movement and adhesion of 
tumor cell lines were differentially expressed after FLRT2 regulation. The expression of many genes that induce 
adhesion, such as CXCR4 and DCN, and cellular movement in cancer, such as DKK1 and ITGB4, evidently 
increased when FLRT2 was downregulated, and decreased when FLRT2 was upregulated. CXCR4 and DCN are 
known to stimulate cell adhesion in various cell types31, 32. DKK1 and ITGB4 are known to promote cell migration 
and invasion33, 34.

To examine the effects of FLRT2 on cell movement and adhesion, an in vitro cell migration assay was carried 
out after induction of dysregulation of the gene. As a result, cell migration of the FLRT2 siRNA-treated MCF-
10A cells increased remarkably, by approximately 3.5-fold (Fig. 5A). To observe the migration of cancer cells 
that overexpresses FLRT2, MDA-MB-231 cells were chosen instead of MCF-7 because the latter are known to 
be unsuitable for migration assays owing to their low migratory ability35. FLRT2-overexpressing cells showed 
a slight decrease in migration compared to control cells (Fig. 5B). These results suggest that FLRT2 inhibits cell 
migration.

To further understand the metastatic function of FLRT2 in correlation to cell adhesion, an adhesion assay 
for five extracellular matrix proteins was carried out with MCF-7 (Fig. 5C) and MCF-10A (Fig. 5D) cells after 
deregulation of FLRT2. This showed that cell adhesion significantly decreased when FLRT2 was upregulated in 
both cells by means of an ORF plasmid vector, but increased when FLRT2 was downregulated with an siRNA in a 
collagen I-coated plate. Collagen I is a factor that promotes migration in various cancer cells36. The observation of 
decreased migration in FLRT2-overexpressing MDA-MB-231 cells is thought to result from weakened adhesion 
of the cancer cells with collagen I.

Discussion
The aim of this study was to develop a breast cancer biomarker that is regulated through epigenetic mechanisms 
and therefore could be used to diagnose the cancer. To this end, a meta-data analysis of methylation chips was 
carried out, which produced 13 candidate genes, including FLRT2 (Table 1). So far, little is known about the 
epigenetic regulation as well as expression of FLRT2 in cancer. For the methylation of promoter CpGs, hyper-
methylation has recently been reported only in prostate cancer on the basis of a comprehensive high-throughput 
array-based relative methylation (CHARM) assay37. However, neither the methylation in other cancer tissues, 
including breast cancer, nor the dysregulation of FLRT2 in cancer has been studied. The finding of the hyper-
methylation for the gene in breast cancer in addition to previously reported prostate cancer prompted us to 
examine whether the phenomenon was a universal. Searching the public methylation databases obtained with 
methylation microarrays revealed hypermethylation of FLRT2 at the promoter in other major cancers, including 
prostate cancer, lung cancer, and breast cancer37, 38. The recovery of gene expression in all the breast cancer cells 
except for HCC38 after induction of demethylation by 5-Aza-2′-deoxycytidine indicates that the methylation 
change induces downregulation of the gene. HCC38 may have not undergone an appropriate demethylation, or 
a regulatory mechanism(s) other than methylation may exist. Determination of a specific CpG(s) responsible for 
the gene expression and its action mechanism should be revealed in further studies. Of note, the IPA network 
analysis in the normal and cancer cell line where FLRT2 was ectopically dysregulated identified cancer-related 
pathways in common, suggesting that FLRT2 is closely involved in carcinogenesis. In fact, many of the affected 
genes by FLRT2 were oncogenes such as TLR3 and IRS2, or tumor suppressors such as PTEN and PPARG.

Structural features of FLRT2 suggest that it functions either as an adhesive or a repulsive signal during organ 
development. During cortical and vascular development, FLRT2 acts as an adhesion molecule19. In contrast, the 
protein tended to assume a repulsive function during neuronal migration39. In this study, up- and downregula-
tion of FLRT2 decreased and increased cell adhesion to a specific matrix protein, collagen I, respectively, which 
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implies that FLRT2 inhibits adhesion to collagen I. This observation is consistent with the change of expression 
of a set of genes involved in “Adhesion of tumor cell” or “Cell movement”. For example, DSG2 (1.5-fold increase), 
PALLD (1.9-fold increase), and MAP4K4 (1.6-fold increase) were deregulated in the direction of inhibiting those 
cellular events when FLRT2 was upregulated. Contrastingly, CXCR4 (2.5-fold increase) and DKK1 (1.9-fold 
increase) were deregulated in the direction of stimulating the events when FLRT2 was downregulated. All five 
proteins are known to regulate cell adhesion and movement in various normal and cancer cells40–42. Whether 
FLRT2 itself interacts with collagen I should be established through further experiments.

Figure 4. FLRT2 suppresses cell growth but stimulates apoptosis. FLRT2 was downregulated with an siRNA 
in MCF-10A, normal breast cells and the effect on cell proliferation and apoptosis was examined by colony 
formation analysis (A), CCK-8 assay (B), and flow cytometry (C). FLRT2 was upregulated with an FLRT2 
ORF-containing plasmid expression vector in MCF-7, breast cancer cells and the effect on cell proliferation 
was examined by colony formation analysis (D) and CCK-8 assay (E). All experiments were performed at least 
three times independently, and the results are shown as mean ± SD in the bar graphs. Representative images are 
shown for colony formation and flow cytometry.



www.nature.com/scientificreports/

8Scientific RepoRts | 7: 272  | DOI:10.1038/s41598-017-00424-0

Figure 5. FLRT2 suppresses migration and adhesion. FLRT2 was downregulated with an siRNA in MCF-10A, 
normal breast cells (A) or upregulated in MDA-MB-231, breast cancer cells (B) and the effect on cell migration 
was examined. The images are taken from at least three independent experiments, and the results are shown as 
means with standard errors in the bar graphs. For adhesion assay, FLRT2 was upregulated or downregulated 
in MCF-7 (C) and MCF-10A (D), and the effect on cell adhesion was examined. The results are from three 
independent experiments and shown as the mean ± SD.
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The interaction partners of FLRT family proteins are known to be either homophilic (FLRT-FLRT) or hetero-
philic (FLRT-Unc5)39. FLRT2-fibronection interaction has also been demonstrated in ATDC5 chondroprogenitor 
cells24. Notably, MDA-MB-231 cells did not display strong adhesion to fibronectin-coated beads in cell culture, 
a protein that shares a high structural similarity with FLRT2. One should also mention that, when FLRT2 was 
overexpressed in MDA-MB-231 cells, the growth rate as well as the migration rate was only slightly depressed, in 
contrast to a larger change when the gene was downregulated. This may indicate that a threshold FLRT2 expres-
sion level is not only sufficient but also pivotal in the maintenance of the appropriate cell adhesion and migration.

Taken together, it has been shown in this study that FLRT2 expression is suppressed in breast cancer as a result 
of hypermethylation at promoter CpG sites, which is related to an unfavorable prognosis in cancer patients. In 
addition, FLRT2 has been shown to suppress the viability and invasive capacity of breast cancer cells. Finally, a 
proposal has been made that collagen I interacts with FLRT2. These observations suggest FLRT2 to be a potential 
tumor suppressor that could be used as an epigenetically regulated marker for the diagnosis of breast cancer. 
Further studies in developing a proper treatment option to control the FLRT2 expression is expected to improve 
prognosis.

Materials and Methods
Study subjects. All patients provided written informed consent to donate removed tissue to the National 
Cancer Center (NCC) in Korea and samples were obtained according to protocols approved by the Research 
Ethics Board of NCC. Twenty breast cancer tissues were obtained from patients who had undergone surgery 
between 2013 and 2014 at NCC.

Cell culture and transfection. Normal breast cell line MCF-10A and breast cancer cell lines MCF7, 
T47D, MDA-MB-231, HCC38, and HCC1395 were purchased from ATCC (Manassas, VA, USA) and cultured 
under the optimal conditions required according to instructions by ATCC. To over-express FLRT2 in cultured 
cells, a recombinant expression vector containing the open reading frame was designed and constructed as 
an OmicsLink ORF Expression Clone (Genecopoeia, Rockville, MD, USA). Pre-designed siRNAs for FLRT2 
silencing were purchased from Bioneer (Daejeon, South Korea). The most effective siRNA concentration was 
determined by transfecting cells with 10, 40, and 80 nM siRNA. All transfection processes were performed with 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) by following the supplier’s protocol.

Real-time reverse transcription (RT)-PCR. Chromosomal DNA and total RNA were extracted with the 
AllPrep DNA/RNA Mini kit (Qiagen, Valencia, CA, USA), with elution in 100 µl and 30 µl respectively. cDNA 
was synthesized from 1 µg of total RNA by means of ReverTra Ace qPCR RT Master Mix with gDNA Remover 
(Toyobo, Osaka, Japan). Gene expression was assessed by real-time RT-PCR. For quantification, one microliter 
of DNA was used on an ABI 7300 Thermal Cycler (Applied Biosystems, Foster City, CA, USA) with gene-specific 
primers (Supplementary Table S3). Values were normalized relative to the GAPDH level with the 2−ΔΔCt method. 
For methylation-specific PCR (MSP), sodium bisulfite modification of genomic DNA was carried out on 0.1 mg 
of purified DNA using an EpiTect Bisulfite Kit (Qiagen) in accordance with the manufacturer’s instructions. 
Primers for methylation detection were designed with MethPrimer (http://www.urogene.org/methprimer) 
(Supplementary Table S3). MSP products were detected with a Power SYBR Green Kit (Applied Biosystems, 
Foster City, CA, USA).

Genome-wide expression analysis. Total RNA was extracted from cultured cells and forwarded for array 
analysis on duplicate chips (Macrogen, Seoul, Korea). In brief, an IlluminaHT-12 v4.0 Expression BeadChip 
(Illumina Inc., San Diego, CA, USA) with 47,000 probes was detected using biotinylated cRNA in accordance with 
the manufacturer’s instruction. The array was scanned with an Illumina BeadArray Reader confocal scanner and 
results were extracted with Illumina GenomeStudio v2011.1. For pathway analysis, genes with a less than 1.5-fold 
expression change were filtered out, and the remaining genes were analyzed with Ingenuity Pathway Analysis 
(IPA) software (Qiagen). All array data have been uploaded to the Gene Expression Omnibus (GEO) database, 
and can be accessed via their website (http://www.ncbi.nlm.nih.gov/geo/; accession number, GSE85247).

Cell proliferation and colony formation assay. As a cell proliferation assay, cells were transfected and, 
24 h later, seeded on a 96-well plate at a concentration of 3,000 cells per well. On the day of examination, 10 µl of 
CCK-8 solution (Dojindo, Tokyo, Japan) were added to each well and absorbance was measured by following the 
supplier’s protocol. As a colony formation assay, 5,000–10,000 cells were seeded in a 60 mm culture dish, depend-
ing on cell type, and incubated for 10–20 days until distinguishable colony sizes appeared. Colonies were fixed 
with 70% methanol solution and stained with a 0.01–0.1% crystal violet solution.

Migration assay. For the migration assay, cells were starved for 24 hrs and then seeded on a 6.5 mm migra-
tion chamber with 8.0 µm pores (Corning, Corning, NY, USA) in serum-free medium. Cells that had migrated 
were fixed with 70% methanol 4–24 hrs after incubation and then stained with crystal violet solution. Cells were 
examined with a light microscope to count the stained cells in random areas within each chamber. At least four 
areas in each chamber were captured and numerically analyzed with Image J.

Analysis of apoptosis by flow cytometry. Cultured cells, including attached and floating cells, were 
harvested 24 h after transfection. The cells were then suspended with binding buffer to achieve a concentration 
of 1 × 106 cells/mL and treated with 10 µl of two staining solutions containing FITC Annexin V and Propidium 
Iodide per 1 × 105 cells in accordance with the protocol of the FITC Annexin V Apoptosis Detection Kit (BD 
Biosciences, Franklin Lakes, NJ, USA). Samples were analyzed using a FACS Canto II flow cytometer (BD 
Technologies) and read with a 488-nm laser.

http://S3
http://www.urogene.org/methprimer
http://S3
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Adhesion assay. Adhesion assay was performed by means of a colorimetrically formatted CytoSelect 48-Well 
Cell Adhesion Assay Kit (Cell Biolabs, San Diego, CA, USA) following the supplier’s protocol. Briefly, cultured 
cells were suspended in serum-free medium at a concentration of 1 × 106 cell/ml. 150 µl of the cell suspension 
were added into each well and incubated for 60 min in a cell culture environment for adhesion. Non-adherent 
cells were then washed out 4 times with PBS, and 200 µl of Cell Stain Solution were added to stain adherent cells. 
After staining at room temperature, the wells were dried in air and 200 µl of Extraction Solution were added to 
each well. The extracted sample was transferred to a 96-well microtiter plate in order to measure optical density 
with a plate reader at 560 nm.

Statistical analysis. The samples that contained the expression and CpG methylation data of breast cancer 
patients were downloaded from the Cancer Genome Atlas (TCGA, http://cancergenome.nih.gov/). Methylation 
profiling from breast cancer patients that contained the cancer grade information were obtained from the Gene 
Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/). A multiple comparison was applied in the microarray 
analysis using Benjamini-Hochberg method, as previously described43 to avoid false discoveries. Log transfor-
mation was applied to the expression array data and quantile normalized. The rate of Distant Metastasis Free 
Survival (DMSF) was obtained from the GOBO database (http://co.bmc.lu.se/gobo). The samples were further 
stratified according to the estrogen receptor status, ER− and ER+, and tissue types. Statistical significance of all 
experimental differences was determined by unpaired Student’s t-test. A P-value of less than 0.05 was deemed 
statistically significant.
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