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Objective: Breast cancer has become a fatal disease for women world-wide. Its incidence in 
China has been increasing yearly, and the identification of early-stage biomarkers is urgently 
required.
Methods: ANOVA was carried out in the case of a primary tumor, adjacent normal tissue, 
and tumor metastasis of breast cancer, and on pan-cancer samples using the genome-wide 
methylation data of 31 solid tumor Illumina Methylation 450K chips downloaded from The 
Cancer Genome Atlas (TCGA) website in September 2018. Methylation sites showing 
a significant difference (P ≤ 0.05) were screened and compared with the whole-genome 
methylation data of 31 other solid tumor species in the TCGA database using t-tests in order 
to screen the methylation sites of breast cancer-specific expression. The expression of the 
screened methylation sites was confirmed through pyrosequencing in 45 cases of breast 
cancer, lung cancer, gastric cancer, and colorectal cancer.
Results: A total of 10 specific breast cancer methylation sites (cg13683194, cg07996594, 
cg21646032, cg07671949, cg21185686, cg03625109, cg16429070, cg23601468, cg24818566, 
and cg01240931) were analyzed; nine genes (C9orf125, RARB, ESR1, RUNX3, PCDHGB7, 
DBC1, PDGFRB, TIMP3, and APC) were involved. The overall effect was excellent; a total of 4 
methylation sites (2 in the DBC1 gene [cg03625109 and cg24818566], 1 in the C9orf125 gene 
[cg13683194], and 1 in the PDGFRB gene [cg16429070]) could effectively distinguish breast 
cancer from 31 other cancer species. The pyrosequencing results revealed that 7 screened 
methylation sites could significantly distinguish between breast cancer, lung cancer, gastric 
cancer, and colorectal cancer samples; these sites could also specifically distinguish between 
luminal A, luminal B, HER2, and Basal-like types of breast cancer.
Conclusion: The 10 breast cancer methylation sites screened in the present study can 
effectively distinguish breast cancer from 31 other solid tumors, and they are expected to 
be used as biomarkers for early screening of breast cancer.
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Introduction
The breast cancer mortality rate in women around the world is high.1 In recent 
years, breast cancer has become the most common cancer among Chinese women, 
accounting for 12.2% of global cases and 9.6% of deaths caused by cancer.2 Early 
detection of breast cancer is closely related to the disease prognosis. The continu-
ously high number of patients with breast cancer worldwide indicates an urgent 
need for early detection biomarkers. Epigenetic change, including DNA methyla-
tion, is one of the most common molecular changes in human tumor formation; 
breast cancer is no exception to this.3
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DNA methylation is a reversible process of changing 
gene expression patterns without altering the DNA 
sequence.4 Hypomethylation and hypermethylation are 
related to breast cancer;4 when compared with adjacent tis-
sue, hypomethylation in tumors and metastasis tissues is 
usually found to increase oncogene expression, activate tran-
scription, and then change genome stability.4 A CpG island is 
located in the promoter region of the tumor suppressor gene, 
which is usually unmethylated in normal cells.

Mammalian DNA methylation levels over the course 
of a mammal’s life vary significantly: in the first few 
divisions of a fertilized egg, demethylases remove almost 
all methylation markers inherited from the parent DNA 
molecule.5 When the embryo develops in the uterus, a new 
kind of methylation occurs within the genome, builds sex 
that DNA methylation enzyme to establish a new mode of 
methylation. Once new methylation patterns are built in 
the cell, they are passed to all cells in the DNA molecule 
by maintaining the methylation enzyme. This explains 
why imprinting is neither a mutation nor a permanent 
change.5

Imprinting is reversible; it only lasts for the lifetime of 
the individual. In the next generation of individual gamete 
formation, the old gene imprinting is eliminated, and new 
gene imprinting occurs.5 Thus, one of the molecular 
mechanisms of genetic imprinting may be DNA 
methylation.5 In the study of genetic imprinting and 
tumors, it has also been found that the tumor suppressor 
gene P16 is inactivated by methylation; meanwhile, 
demethylation can restore the original characteristics of 
the gene.6 Abnormal methylation may be an important 
cause of tumor formation,6 suggesting that DNA methyla-
tion modification has a wide range of functions.6

Methylated DNA can undergo demethylation. DNA 
demethylation is regulated by segments within genes and 
the factors that bind to them.7 There are two hypotheses 
explaining the molecular mechanisms of DNA 
demethylation.7

The first hypothesis is associated with semi-reserved 
DNA replication, which is called passive demethylation.7 

If the DNA is not methylated after semi-preserved replica-
tion, it is in the semi-methylated state.7 If the semi- 
preserved DNA replication occurs again and the DNA 
methylation activity is still inhibited, 50% of the cells are 
in the semi-methylated state.

The second hypothesis involves an active process unre-
lated to semi-reserved replication.7 DNA demethylation is 
catalyzed by DNA demethylase. DNA demethylation is 

a reaction in which methylated bases are removed under 
the action of DNA glycosidase; this is equivalent to the 
repair reaction of damaged DNA catalyzed by the cleavage 
and coupling of glycosidase and nuclease without a base.7 

5-methylcytosine glycosylase is an in vivo candidate 
demethylase. In addition, methylated CpG binding pro-
teins, such as MBD2, also exhibit demethylase activity.7

During cell development, various epigenetic phenom-
ena are not isolated, but are closely related.7 The DNA 
methylation and histone methylation co-regulation of gene 
expression was first demonstrated in Neurospora Crassa; 
further biochemical studies have shown that DNA methy-
lation is regulated by histone methylation. Mammal stu-
dies have found that DNA methylation is the basis for 
establishing and maintaining other epigenetic phenomena, 
such as the recruitment of inhibitory complexes (eg, his-
tone deacetylases at DNA methylation sites and the 
removal of histone acetylation markers near the sites). 
DNA methylation is also believed to be regulated by 
histone modification;7 it has been reported that histone 
modification of H3K9me can promote the process of 
DNA methylation.7

However, in cancer cells, abnormal hypermethylation 
of these promoter regions is involved in the transcriptional 
silencing of tumor suppressor genes;4 these epigenetic 
changes occur in the early stage of cancerization in normal 
tissue and eventually lead to the development of breast 
cancer.5 The reported specific methylation genes of breast 
cancer include ACADL, DAMTSL1, CAV1, NPY, PTGS2, 
UNX3, BRCA1, ATM, IGF2, CDH1, ESR1, SYK, 
TIMP3, RARB, APC, RASSF1A, GSTP1, SFN, CST6, 
DAPK, and AKT1.4,6–9 These gene-specific DNA methy-
lation changes are expected to be used as biomarkers for 
early breast cancer detection.

In the present study, the whole-genome methylation 
chip data of patients with breast cancer in the TCGA 
database, combined with methylation genes related to 
breast cancer reported in relevant literature, were used.10 

A total of 10 methylation sites in nine genes were analyzed 
and screened before they were used in early breast cancer 
screening.

Information and Methods
Acquisition and Analysis of TCGA Solid 
Tumor Methylation Data
In the present study, the data of 450k Illumina human 
whole-genome methylation chips and phenotypes from 
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15 solid tumors were comprehensively analyzed; the data 
were downloaded from the TCGA database in 
September 2018 (https://portal.gdc.cancer.gov/). The 
methylation level of all probes on the chip was expressed 
as the β value (range = 0–1), which represented unmethy-
lation and complete methylation, respectively. The 
R packages TCGA biolinks, dplyr, DT, and Summarized 
Experience were used for data download and analysis. 
ANOVA was used for the site annotation and differential 
analysis.

Tumor Samples
A total of 45 surgical tumor samples were clinically 
selected from our hospital. Among these samples, 15 
were of breast cancer (luminal A, luminal B, HER2, and 
Basal-like breast cancer), 10 were of lung cancer, 10 were 
of gastric cancer, and 10 were of colorectal cancer.

Candidate Breast Cancer-Specific 
Expression Methylation Sites
The breast cancer samples were divided into three cate-
gories according to their phenotype information: in situ 
tumor, metastatic tumor, and normal tissue. These were 
then analyzed using the one-way ANOVA procedure, and 
a stepwise polynomial regression analysis procedure was 
used for all the variables.

The assessment criteria of statistical significance were 
determined in accordance with the Benjamini–Hochberg 
(BH) False Discovery Rates (FDR), and probe identifiers 
(cg numbers) (probe cg ID) with a BH FDR P-value of 
≤0.05 were selected and used to annotate the candidate 
breast cancer methylation gene. The R aov function was 
used for analysis.

The probe cg ID on the corresponding gene was selected 
and ordered from small to large according to the P-value. 
The first 100 probe cg IDs were selected as the candidate 
methylation sites of breast cancer. Next, the methylation 
data of 100 probe cg IDs corresponding with 31 other 
solid tumor species were further evaluated using one-way 
ANOVA and BH FDR correction step in order to screen out 
specific methylation sites of breast cancer, thus distinguish-
ing breast cancer from other solid tumors.

A layer of screening was performed to select discrimi-
nating breast cancer biomarkers. First, the selected methy-
lation site was required to be capable of significantly 
differentiating breast tumors from at least 6 tumors with 
a P-value of ≤0.005. A total of 48 probe cg IDs were 

selected during this step, and indifferently expressed 
methylation sites existing in >3 tumors with a P-value of 
≥0.05 were filtered during the second step. Only 14 probe 
cg IDs were left after the filtering. Finally, only 10 methy-
lated probe sites were successfully designed, tested, and 
used for subsequent experiments. The Database for 
Annotation, Visualization and Integrated Discovery 6.8 
(https://david.ncifcrf.gov/) was used for gene ontology 
(GO) and the pathway analysis of genes involved in 
methylation sites.

Pyrosequencing
Specific polymerase chain reaction (PCR) primers were 
designed to target the screened methylation sites, and the 
genomic DNA of tumor FFPE samples was extracted 
using the QIAGEN Qiaamp DNA FFPE Tissue Kit 
(QIAGEN, 56404). The DNA was then methylated using 
the QiagenEpitect Bisulfite Kit (Qiagen, 59104). The 
methylation site primers were designed using PyroMark 
Assay Design 2.0. The DNA was amplified using PCR and 
then detected via pyrosequencing.

Statistical Analysis
A self-programmed R script (R version 3.5.3) was used for 
the statistical analysis.

Results
Specific Breast Cancer Methylation Site
All genome methylation data on the primary tumor, adja-
cent normal tissue, and tumor metastasis of breast cancer 
were analyzed. The methylation sites with an ANOVA 
P-value of ≤0.05 were selected. The methylation probes 
on the corresponding gene were selected after site annota-
tion and ordered from small to large according to the 
P-value. The first 100 methylation probes were selected 
as the differential expression of breast cancer methylation 
sites. The 100 methylation probes involved 25 genes 
(Supplementary Table 1). The main GO types and signal-
ing pathways (P ≤ 0.05) of genes involved in the differ-
ential expression of breast cancer methylation sites are 
shown in Supplementary Table 2.

The expression values of 100 screened methylation sites 
were further retrieved from the genome-wide methylation 
data on solid tumors. A t-test was used to screen data with 
a P-value of ≤0.05 and in which ≤3 cancer species could not 
be significantly distinguished. The 10 eventually screened 
methylation sites of specific expression in breast cancer 
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(cg13683194, cg07996594, cg21646032, cg07671949, 
cg21185686, cg03625109, cg16429070, cg23601468, 
cg24818566, and cg01240931) are listed in Supplementary 
Table 1. Nine genes (C9orf125, RARB, ESR1, RUNX3, 
PCDHGB7, DBC1, PDGFRB, TIMP3, and APC) were 
involved. A total of 4 methylation sites (2 in the DBC1 
gene [cg03625109 and cg24818566], 1 in the C9orf125 
gene [cg13683194], and 1 in the PDGFRB gene 
[cg16429070]) could effectively distinguish breast cancer 
from the other cancer species. Furthermore, 6 methylation 
sites in the other six genes could be used to distinguish 
cancer species.

Among the other solid tumor species, cholangiocarci-
noma, colon cancer, diffuse large B cell lymphoma, kidney 
chromophobe cell carcinoma, low-grade gliomas, lung 
squamous cell carcinoma, ovarian serous cystadenocarci-
noma, pheochromocytoma and paraganglioma, and rectal 
adenocarcinoma could be distinguished from breast cancer 
by 9 methylation sites; skin melanoma and uterine sar-
coma could be distinguished from breast cancer by 8 
methylation sites; and the remaining 20 cancer species 
could be completely differentiated from breast cancer by 
10 methylation sites. The classification results were excel-
lent (Supplementary Tables 3 and 4).

The data of the table corresponding to Figure 1 are 
shown in Supplementary data 1. The expression of 10 
methylation markers was obtained through the use of the 
methylation chip data of 443 Colon cancer samples, 907 
Lung cancer samples, 888 breast cancer samples, and 398 
gastric cancer samples in the TCGA database. After analysis, 
10 screened markers capable of significantly distinguishing 
breast cancer from other tumors were found in each tumor.

Next, pyrosequencing was carried out for 10 methylation 
markers in 15 breast cancer tissues to detect methylation 
levels. The specific detection results are shown in Figure 2, 
and the detection values are shown in Supplementary data 2.

Cases that were not analyzed: 10 cases of lung cancer, 
10 cases of stomach cancer, and 10 cases of colorectal 
cancer. The analysis should have been planned before the 
study was conducted; however, it was not carried out later 
due to limited samples (only 15 tissue samples of breast 
cancer were collected).

Expressions of Specific Methylation Sites 
in Different Tumors
A total of 45 samples of breast cancer (luminal A, luminal 
B, HER2, and Basal-like breast cancer), lung cancer, 

gastric cancer, and colorectal cancer in our hospital were 
selected for the present study. Lung cancer, gastric cancer, 
and colorectal cancer all had 10 samples. A total of 10 
specific methylation sites were detected using pyrosequen-
cing. Among these, 3 methylation sites (DBC1 
[cg24818566], PCDHGB7 [cg21185686], and TIMP3 
[cg23601468]) could not significantly distinguish breast 
cancer from lung cancer or gastric cancer. Meanwhile, 
other sites could distinguish breast cancer from other can-
cer species, with significant differences (P < 0.05, 
Figure 1).

The expressions of methylation sites in different breast 
cancer types were further analyzed by the Pearson correla-
tion and Student’s t-test. The results revealed that accord-
ing to the Pearson correlation analysis, the expressions of 
methylation sites in luminal A and luminal B breast cancer 
samples were highly similar (r = 0.9, P = 0.00041). A high 
degree of correlation was also found between Basal-like 
and luminal A samples (r = 0.71, P = 0.021), luminal 
A and HER2 samples (r = 0.8, P = 0.0058), and luminal 
B and HER2 samples (r = 0.69, P = 0.026); however, this 
was not the case in HER2 and Basal-like type samples (r = 
0.63, P = 0.053). A total of 2 methylation sites 
(cg21646032 and cg23601468) could significantly distin-
guish Basal-like types from other types of breast cancer 
(P < 0.05) (Figures 2 and 3).

Specific Breast Cancer Methylation Genes
According to the relevant literature on breast cancer 
methylation reported in PubMed, dozens of genes related 
to differential breast cancer methylation have been sum-
marized (Supplementary Table 5). A relation between 
these genes and differential breast cancer methylation has 
been reported; furthermore, the use of certain genes as 
biomarkers for breast cancer screening, prognosis, and 
subtype classification has been reported. The discovery 
of NPY, RUNX3, CST6, GSTP1, SOX17, BRCA1, 
ESR1, TIMP3, RARB, APC, RASSF1A, CST6, DAPK, 
and P16 in this study is consistent with the results of other 
research. Hence, the differential expression methylation 
sites in breast cancer found in this study are common 
markers.

Discussion
In the present study, specific breast cancer methylation 
genes were examined through TCGA methylation data 
mining and based on literature. A total of 10 breast 
cancer methylation sites were screened. The 
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differentiation was considered based on as many cancer 
species as possible. A P-value of 0.05 indicated 
a statistically significant difference among methylation 
sites (Supplementary Table 1). The differentiation effect 
was also good. Therefore, the 10 screened breast cancer 
methylation sites are feasible and effective in the early 
screening of breast cancer.

Of the 4 methylation sites that could completely dis-
tinguish breast cancer from the other 31 solid tumors 
species, 2 were in the DBC1 gene, 1 was in the 
C9orf125 gene, and 1 was in the PDGFRB gene. 
Previous literature has reported that these two gene 
panels, which include 15 genes, could distinguish ER- 
positive and AR-positive subtypes in breast cancer cases 

in China.11 It has been reported that the C9orf125 gene is 
hypermethylated in triple-negative breast cancer; this is 
significantly correlated with poor prognoses.12 The 
methylation of the RUNX3 gene plays an important 
role in breast cancer tumor formation; its hypermethyla-
tion is significantly associated with the risk of ductal 
carcinoma in situ and infiltrative ductal carcinoma. 
Thus, it can be used as a biomarker for early screening 
of breast cancer.6,13 A study reported that, as part of 
a 6-gene methylated panel, the PCDHGB7 gene could 
effectively distinguish among breast cancer, breast dis-
ease, and health control.14 The ESR1, TIMP3, RARB, 
and APC genes have been found in several review arti-
cles on breast cancer methylation markers;4,8 the 

Figure 1 Difference analysis of 10 specific methylation sites in breast cancer, lung cancer, gastric cancer and colorectal cancer. 
Notes: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. 
Abbreviations: BRCA, breast cancer; CRC, colon cancer; LUNG, lung cancer; STAD, gastric cancer; NS, the difference was not statistically significant.
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credibility and significance of the articles indicate that 
these genes can be used as biomarkers for early screening 
of breast cancer.

The data from the 10 sites screened in the present study 
were obtained from the TCGA database; these data mainly 
included information regarding people in Europe and the 
USA. A larger sample group is required before the data 
can be used as biomarkers for early screening of breast 
cancer in the Chinese population.

Conclusion
The 10 methylation sites of breast cancer screened in the 
present study can effectively distinguish breast cancer 
from solid tumors, and they are expected to be used as 
biomarkers for early screening of breast cancer. In the 
future, screened methylation markers will be verified on 
an expanded sample. The authors of this study hope to 
provide a more scientific basis for the sites’ accuracy and 
applicability as early breast cancer screening markers.

Figure 2 The expression of Luminal A, Luminal B, HER2 and Basal-like in different breast cancer subtypes.

Figure 3 The expressions of specific methylation sites in different breast cancer types.
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