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DNA methylation has a substantial impact on gene expression, affecting the prognosis of breast cancer (BC) patients depend-

ent on molecular subtypes. In this study, we investigated the prognostic relevance of the expression of genes reported as

aberrantly methylated, and the link between gene expression and DNA methylation in BC subtypes. The prognostic value of

the expression of 144 aberrantly methylated genes was evaluated in ER1/HER22, HER21, and ER2/HER22 molecular BC

subtypes, in a meta-analysis of two large transcriptomic cohorts of BC patients (n 5 1,938 and n 5 1,640). The correlation

between gene expression and DNA methylation in distinct gene regions was also investigated in an independent dataset of

104 BCs. Survival and Pearson correlation analyses were computed for each gene separately. The expression of 48 genes was

significantly associated with BC prognosis (p < 0.05), and 32 of these prognostic genes exhibited a direct expression–methyla-

tion correlation. The expression of several immune-related genes, including CD3D and HLA-A, was associated with both

relapse-free survival (HR 5 0.42, p 5 3.5E-06; HR 5 0.35, p 5 1.7E-08) and overall survival (HR 5 0.50, p 5 5.5E-04; HR 5 0.68,

p 5 4.5E-02) in ER-/HER2- BCs. On the overall, the distribution of both positive and negative expression–methylation correla-

tion in distinct gene regions have different effects on gene expression and prognosis in BC subtypes. This large-scale meta-

analysis allowed the identification of several genes consistently associated with prognosis, whose DNA methylation could rep-

resent a promising biomarker for prognostication and clinical stratification of patients with distinct BC subtypes.

Breast cancer (BC) represents a heterogeneous disease, which
includes several subtypes with different molecular and clinical
features.1 Distinct gene pathways, genomic aberrations, and
gene expression profiles have been associated with pathologi-
cal processes and prognosis in different BC subtypes.1–4 Epi-
genetic alterations have recently emerged as a common
hallmark of human cancer, including BC.5,6 In particular,

DNA methylation, which most frequently occurs at CpG
dinucleotides, has been associated with clinicopathological
features of BC patients, such as tumor stage, histological
grade, and TP53 status.7–10 Furthermore, DNA hypomethyla-
tion and hypermethylation can influence BC progression and
prognosis, contributing to the overexpression of oncogenes
and downregulation of tumor suppressor genes, respectively.5
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Even though DNA hypermethylation is conventionally
negatively associated with gene expression, a more complex
scenario is emerging. Indeed, methylation has been demon-
strated to positively correlate with gene expression, and the
epigenetic modification of functionally different gene regions
may consequently lead to distinct biological and clinical
implications.9–11 Noteworthy, specific methylation patterns
have been associated with different BC subtypes.12–15 Particularly,
ER1/luminal BCs are characterized by a remarkably higher
frequency of DNA methylation compared to ER2/basal-like
tumors, and a substantial number of genes are differentially
methylated in molecular BC subtypes.3,12–15 Taken together,
these data suggest that DNA methylation profiles may play an
important role in the development and progression of distinct
BC subtypes.

Several single genes whose global methylation status corre-
lated with gene expression level and BC outcome have already
been identified.5 However, the prognostic value of these aber-
rantly methylated biomarkers in BC subtypes and the complex
role of DNA methylation in distinct gene regions are still
controversial topics, requiring further validation in larger inde-
pendent cohorts of BC patients.

In this study, we performed a comprehensive literature
review of genes whose aberrant DNA methylation status has
been previously associated with prognosis in BC. Then we
searched for the prognostic potential of the expression of
these genes in a large-scale meta-analysis employing two
independent transcriptomic cohorts of patients (n5 1,938
and n5 1,640) in distinct molecular BC subtypes. Finally, we
assessed the correlation between the DNA methylation status
in different gene regions and expression level of the identified
genes in an independent cohort of 104 BC patients.

Materials and Methods
Study selection

A systematic search was conducted based on the Preferred
Reporting Items for Systematics Reviews and Meta-Analyses
(PRISMA) criteria.16 The workflow of the study is summarized
in Figure 1. PubMed, Web of Science, and Embase databases
were screened for studies relating BC, prognosis, and aberrant
DNA methylation until June 2014. Additional studies were
identified through the references listed in review publications.
Two independent reviewers (G.B. and G.M.) screened poten-
tially relevant papers. To be eligible for inclusion, studies had

to meet the following criteria: (i) gene methylation status deter-
mined by PCR-, sequencing-, or array-based techniques;
(ii) DNA methylation detected from tissue or circulating tumor
DNA methylation from the whole blood, plasma, or serum of
BC patients; (iii) studies published as full papers. Exclusion
criteria included (i) data from animal or cell line studies and
(ii) studies published in any language other than English. Each
gene was included only once in the final list and named accord-
ing to the HUGO Gene Nomenclature Committee (Supporting
Information, Table 1).

Construction of transcriptomic databases for meta-analysis

Gene expression data generated with Affymetrix U133A and
U133 Plus2 gene chips were identified from transcriptomic stud-
ies comprising at least 30 BC patients. Quality control for all gene
chips and removal of duplicate samples were performed as previ-
ously described.17 Data were MAS5 normalized in the R statisti-
cal environment (http://www.r-project.org) using the Affy
Bioconductor library. For genes targeted by multiple microarray
probes, only the probe set with the highest JetSet score was
selected.18 ER and HER2 status were determined for each patient
using the probe sets 205225_at and 216836_s_at, respectively.19

Molecular subgroups were defined according to ER and HER2
status, and were evaluated separately. An additional independent
analysis was performed in the Metabric cohort.20 Due to batch
effects between the Metabric training and validation sets, raw
data were summarized using the beadarray package in the R envi-
ronment.21 For annotation, the Illumina Humanv3 database of
Bioconductor was used (http://www.bioconductor.org). We then
removed 319 unmapped probes and performed quantile normal-
ization using the preprocess Core package. Finally, for genes with
multiple probes, only the probe set with the highest dynamic
range was retained. The clinical endpoints for the Affymetrix and
Metabric transcriptomic cohorts were relapse-free survival (RFS)
and overall survival (OS), respectively. Systemically untreated
patients were not included in the analysis. Overall, we used
expression data from 28 independent datasets of primary BC
patients, for 3,578 patients analyzed. In the Affymetrix cohort
(n5 1,938), 64.8% of the patients were ER1/HER22, 19.8%
were HER21, and 15.4% were ER2/HER22 (Supporting
Information, Table 2). The Metabric dataset (n5 1,640) was
composed by 71.1% ER1/HER22, 12.7% HER21, and 16.2%
ER2/HER22 tumors. The clinicopathological characteristics of

What’s new?

DNA methylation profiles may play an important role in the development and progression of breast cancer (BC) subtypes, but

the prognostic value of aberrantly methylated biomarkers in distinct subtypes and the role of DNA methylation in distinct

gene regions remain controversial. This study assesses the prognostic impact of the expression of aberrantly methylated

genes and expression–methylation correlations in BC subtypes. Key methylated prognostic genes were identified, including

immune-related genes, particularly in ER2/HER22 tumors. DNA methylation in specific gene regions differentially affects gene

expression, supporting the importance of epigenetic biomarkers for prognostication and clinical stratification of patients with

distinct BC subtypes.
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patients included in the datasets used in this study are presented
in the Supporting Information, Table 2.

Clinical sample collection

Fresh frozen tumor samples were obtained from 104 BC patients
at Ullevål University Hospital, The Norwegian Radium Hospital,
Bærum Hospital, Aker University Hospital, and Buskerud Hospi-
tal between 1995 and 1998. Patients were uniformly treated
according to the National Guidelines, as previously described.22

All samples were collected after obtaining informed consent and
approval of the local ethical committee. Patients’ characteristics
are presented in the Supporting Information, Table 2.

DNA methylation and mRNA expression analysis

DNA methylation and gene expression data were available for
104 breast tumor samples. The DNA methylation status of
[mt]450,000 CpG sites was interrogated using Illumina
Infinium HumanMethylation450 microarray, as previously
described.8 Briefly, the returned value of each CpG probe (b)
was calculated as the methylated signal divided by the sum of
the methylated and the unmethylated signals, representing the
fraction of methylated DNA molecules at a specific locus. Pre-
processing and normalization steps of probe filtering, color
bias correction, background subtraction, and subset quantile
normalization were performed as previously described.23 DNA
methylation values for genes were summarized according to
“gene regions” to focus the analysis on functionally relevant
regions. A CpG located in a gene is mapped to one of the fol-
lowing six regions: (i) CpGs that are between 1500 and 200 bp
upstream of the transcription start site (TSS1500); (ii) CpGs
that are between 200 bp upstream of the TSS and the TSS itself
(TSS200); (iii) CpGs in the 50UTR (50UTR); (iv) CpGs in the
first exon (First exon); (v) CpGs in other exons or in introns
(Body); and (vi) CpGs in the 30UTR (30UTR). Methylation lev-
els for each region were summarized using the median. The
DNA methylation data is available in the Gene Expression
Omnibus (GEO) with the accession number GSE60185. Gene
expression for the same patients was assessed using Agilent

whole genome 4x44K oligo array as previously described.24

The mRNA expression data is available in the GEO with acces-
sion number GSE19783.

Statistical analyses

Kaplan–Meier survival analysis was performed in R using
Bioconductor packages. We used the median of gene expres-
sion across all samples as a cut-off for survival analysis.
Multivariate analysis was adjusted for grade and lymph node
status. Age was excluded because was not significant in
univariate analysis. Tumor size and treatments were not
included due to the low numbers of data available. Multivari-
ate Cox regression analysis was performed using WinStat for
Excel 2014 (R. Fitch Software, Staufen, Germany). DNA
methylation of gene regions and gene expression level of
each gene was tested for non-zero correlation using Pearson
correlation (R function corr.test). Bonferroni or Benjamini–
Hochberg (BH) corrections were applied for multiple testing,
and statistical significance was set at p< 0.05.

Results
Identification of candidate epigenetic biomarkers

After retrieving search results from the PubMed, Web of Sci-
ence, and Embase databases, 46 publications were identified.
Additionally, 219 publications were found from the reference
list of review articles. Overall, we identified 69 relevant stud-
ies correlating aberrantly methylated genes and survival in
BC, and from these we selected 144 individual genes (Fig. 1;
Supporting Information Table 1).

Survival analysis in breast cancer subtypes

To clarify the prognostic role of the 144 candidate epigenetic
biomarkers in BC subtypes, we performed Kaplan–Meier sur-
vival analysis in both transcriptomic datasets, separately. The
expression of 48 genes was significantly associated with RFS
or OS in at least one BC subtype (Bonferroni-adjusted
p< 0.05, Table 1). Twenty-seven genes correlated with the
outcome of ER1/HER22 BC patients only, and FLRT2,

Figure 1. Workflow of the study and data processing.
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HSP90AA1, SFRP1, TOPBP1, and UBE2C were significantly
associated with prognosis in both the Affymetrix and the
Illumina datasets. Particularly, SFRP1, TOPBP1, and UBE2C
showed the most significant association both with RFS
(HR5 0.61, p5 3.8E-06; HR5 1.8, p =3.6E-07; HR5 1.8,
p5 4.3E-07) and OS (HR5 0.67, p5 3.3E-04; HR5 1.4,
p5 3.7E-03; HR5 2.0, p5 2.0E-09) in this BC subtype
(Fig. 2a and Table 1). Multivariate analysis for RFS and
OS showed that 13 genes, including SFRP1, TOPBP1,
and UBE2C, retained their prognostic significance in
ER1/HER22 BC (Table 1; Supporting Information, Table 3).
In the ER2/HER22 subtype, we identified 21 prognostic
genes (Table 1). Noteworthy, several genes related to immune
functions, including CD3D, CD6, CD79B, HCLS1, HLA-A,
and LAX1, correlated with both RFS and OS in the
ER2/HER22 subtype, and remained independent prognostic
factors in multivariate analysis (Fig. 2b and Table 1; Support-
ing Information, Table 3). Conversely, only few genes
(n5 5), mainly involved in immune responses, were prognos-
tic for RFS in univariate analysis in the HER21 subtype,
although no association was significant in the multivariate
model (Fig. 2c and Table 1). A higher number of aberrantly
methylated genes showed a prognostic value in the
ER1/HER22 subtype (n5 38) compared to ER2/HER22

and HER21 BCs (n5 21 and n5 5, respectively). Interest-
ingly, the majority of genes (n5 34 out of 48) correlated with
the outcome in only one specific BC subtype (Table 1). Collec-
tively, these results suggest that the prognostic potential of
genes affected by DNA methylation may be BC-subtype spe-
cific when measured through the effect on mRNA expression.

Correlation between DNA methylation and gene expression

in breast cancer

To clarify the functional relevance of DNA methylation, we
evaluated the direct correlation between the expression of the
144 selected genes and the methylation level of gene regions
in an independent set of 104 BC patients, where both DNA
methylation and mRNA expression data was available (Sup-
porting Information, Table 2). Overall, we demonstrated that
the expression of 88 out of 144 single genes was significantly
associated with DNA methylation in at least one gene region
(BH p< 0.05; Supporting Information, Table 4). Furthermore,
correlative analysis revealed that the expression of a single
gene could be concomitantly associated with methylation
level in multiple gene regions. Specifically, the methylation
status of 127 gene regions was found to negatively correlate
with the expression of 67 single genes, and the methylation
level of 50 regions was positively associated with the expres-
sion of 38 single genes (Supporting Information, Table 4).
We showed that about 40% of all negative correlations were
detected in the TSSs (Fig. 3). Conversely, positive correlations
were enriched in the 30UTR and body regions, and only 20%
were located in TSSs (Fig. 3). Interestingly, positive correla-
tions were never found in the first exon, suggesting that the
methylation status of this subregion may have a specific
silencing role in gene expression (Fig. 3).

Further, we investigated the potential relevance of DNA
methylation on the expression of prognostic genes that
emerged from our transcriptome meta-analysis. Among the
48 prognostic genes identified, we found a significant correla-
tion between methylation status of at least one region and

Figure 2. Survival analysis for the most significant genes in breast cancer subtypes. (a) Kaplan–Meier plots for SFRP1, TOPBP1, and UBE2C

in ER1/HER22 BCs. (b) Kaplan–Meier plots for CD3D, CD6, CD79B, HCLS1, HLA-A, and LAX1 in ER2/HER22 subtype. Log-rank p values

and hazard ratios (HRs; 95% confidence interval in parentheses) are shown.
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expression level for 32 genes (Table 2). Twenty-three of these
genes, including SFRP1, were prognostic in ER1/HER22

subtype (Table 2). Moreover, a significant correlation was
found for several genes (CD3G, CD79B, ICOS, and LCK) spe-
cifically associated with survival in ER2/HER22 BC patients,
and for other immune-related genes, including CD3D,
HCLS1, HLA-A, CD6, and LAX1, which were also associated
with prognosis in other BC subtypes (Table 2). The percent-
age of all negative and positive correlations between prognos-
tic (74% and 26%, respectively) and non-prognostic genes
(70% and 30%, respectively) was comparable, resembling the
overall methylation pattern (72% and 28%, respectively).
However, the distribution of both positive and negative cor-
relations was different between prognostic and non-prognos-
tic genes (Fig. 4). Overall, correlations in the body and in the
30UTR were lower in prognostic genes, whereas a reduction
of the correlations distributed in the TSSs, 50UTR, and the
first exon was found in non-prognostic genes (Fig. 4a). Inter-
estingly, prognostic and non-prognostic genes showed an
inverse distribution of negative and positive correlations in
the 30UTR and in the TSS1500 regions (Fig. 4b). These
results suggest that positive and negative correlations in dis-
tinct gene regions may have different effects on gene expres-
sion, thus differentially affecting the prognosis of patients
with distinct BC molecular subtypes.

Discussion
Alterations in the DNA methylation profile have been associ-
ated with changes in gene expression and prognosis in
BC.3,5,7–10,12,25 This work represents the first study using a
systematic literature-based review to identify genes whose

methylation status was associated with the outcome of BC
patients. A large-scale meta-analysis of gene expression was
performed within different BC subtypes. Moreover, the
potential role of DNA methylation pattern on gene expres-
sion and BC prognosis was investigated.

Data derived from the meta-analysis performed on a large
transcriptome dataset, and stratified on the three main
molecular BC subtypes confirmed the prognostic role of only
48 genes. Twenty-seven genes were specifically associated
with the outcome of ER1/HER22 BC patients, and the
methylation status of 19 of these genes correlated with gene
expression level in the internal cohort of patients. Interest-
ingly, the expression of several of these genes, such as FLRT2
and SFRP1, was previously found to negatively correlate with
DNA methylation in a group of tumors that was enriched for
ER1/luminal B BCs, supporting the correctness of the
approach adopted in our study.3 Even though TOPBP1 and
UBE2C remained significantly associated with both RFS and
OS in multivariate analysis in the ER1/HER22 subtype,
only the expression of SFRP1 directly correlated with methyl-
ation status in the internal cohort. SFRP1 has been demon-
strated to antagonize the Wnt pathway, and to regulate the
transcriptional activity of T-cell factor/lymphocyte enhancer
factor, ultimately contributing to tumor initiation and pro-
gression.26,27 Aberrant methylation of SFRP1 has frequently
been found in BC, and has been directly associated with the
loss of SFRP1 expression and poor prognosis in BC.28 In
agreement with our data, the methylation level of SFRP1 was
reported to be higher in ER1 BCs,13,29 whereas its overex-
pression and hypomethylation was associated with the
ER2/HER22 basal-like subtype.30,31 Altogether, these previ-
ous findings support our results, confirming that DNA meth-
ylation negatively influences the expression of the putative
tumor suppressor SFRP1, and that the methylation-driven
reduction of SFRP1 expression can be predictive of poor
prognosis in ER1/HER22 BCs.

Interestingly, the 21 genes found to be prognostic in
ER2/HER22 subtype were enriched for biological processes
related to immune function. The expression of specific genes,
such as CD3D, CD6, CD79B, HCLS1, HLA-A, and LAX1 was
consistently associated with both RFS and OS, and remained
a significant independent predictor of survival after adjust-
ment for clinicopathological variables in ER2/HER22 sub-
type. Furthermore, the methylation status of all these genes
correlated with gene expression in the internal cohort of BC
patients. The expression of CD3D, CD6, CD79B, HCLS1, and
LAX1 was previously found to negatively correlate with
methylation status, and to be associated with prognosis in
BC.32 Interestingly, CD3D was included in a gene set pre-
dominantly expressed in a group of BC patients with good
prognosis. The expression of this gene was also found to be
associated with response to neoadjuvant chemotherapy par-
ticularly in ER- BCs, thus potentially identifying a subset of
chemotherapy responder patients.33–35 Our data demon-
strated that the T-cell receptor component CD3D was the

Figure 3. Distribution of significant negative and positive correla-

tions between gene expression and DNA methylation status in dif-

ferent gene regions. A Benjamini–Hochberg corrected p<0.05 was

considered statistically significant. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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most significant gene associated with prognosis in
ER2/HER22 BC. Noteworthy, we showed that the high
expression of another immune-related gene, HLA-A, was
associated with prolonged survival in patients with
ER2/HER22 tumors. HLA-A belongs to the classical HLA
class I (HLA-I) family, which modulates the function of the
tumor-immune microenvironment, having a key role in can-
cer development orchestrated by tumor-associated macro-
phages and immune recognition of cancer cells by cytotoxic
T lymphocytes (CTLs).36,37 The downregulation of HLA-I

expression by epigenetic silencing has been involved in tumor
escape from immune surveillance, and has been reported in
several types of human cancer, including BC.38,39 Interest-
ingly, the finding that low expression of HLA-A correlated
with poor prognosis in ER2/HER22 BC in our meta-
analysis is consistent with recent literature data, showing that
immune evasion and tumor-infiltrating lymphocytes (TILs)
have important functional and clinical implications in this
BC subtype.39–43 Indeed, TILs assessed at baseline were found
to potentially stratify patients with ER2/HER22 BCs into

Table 2. Significant correlations between methylation of gene regions and expression level among prognostic genes in the internal cohort of
BC patients

Pearson correlation coefficients

Gene Symbol Subtype TSS1500 TS200 5’UTR First exon Body 3’UTR

BRCA1 ER1/HER22 20.365 20.399

CDO1 ER1/HER22 20.465 20.409 20.300

CHD9 ER1/HER22 20.280

CKM ER1/HER22 20.250

DAAM1 ER1/HER22 20.312 20.311

DIRAS3 ER1/HER22 0.305

ETS1 ER1/HER22 20.253 0.397 0.452 0.578

FAM110A ER1/HER22 20.339 20.261 20.420

FANCC ER1/HER22 20.254

FLRT2 ER1/HER22 20.260 0.330 0.247

FOXC1 ER1/HER22 20.300

GBE1 ER1/HER22 20.275 20.278

LAMA1 ER1/HER22 0.258

SFRP1 ER1/HER22 20.328 20.259 0.392

STMN1 ER1/HER22 20.297 20.383

SYDE1 ER1/HER22 20.317 20.248

TAC1 ER1/HER22 0.255 0.3

TUBB3 ER1/HER22 20.328 0.461

UBASH3A ER1/HER22 20.685 20.590 20.679 20.660

KLK10 ER1/HER22 and ER2/HER22 0.310

PTCH1 ER1/HER22 and ER2/HER22 20.286 0.259

CD3G ER2/HER22 20.430 20.462 0.547

CD79B ER2/HER22 20.566 20.531 20.273

ICOS ER2/HER22 20.568 0.287

LCK ER2/HER22 20.668 20.535 20.454

PPP2R2B ER2/HER22 0.300 0.247

CD3D ER2/HER22 and HER21 20.491 20.678 20.541

HCLS1 ER2/HER22 and HER21 20.586 0.265

HLA2A ER2/HER22 and HER21 20.249 20.548

SIT1 ER2/HER22 and HER21 20.636 20.637

CD6 ER1/HER22, ER2/HER22 and HER21 20.742 20.353

LAX1 ER1/HER22, ER2/HER22 and HER21 20.306 20.586

Statistical significance was set at p<0.05 after Benjamini–Hochberg correction.
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high- or low-risk populations.39 Furthermore, high levels of
TILs, especially of CD81 CTLs, have been associated with
favorable outcome in ER2/HER22 BC patients in large-scale
studies.39–42 Consistently, high expression, as well as low lev-
els of DNA methylation, of T lymphocyte-related genes,
including CD3D, CD6, and LAX1, correlated with high lym-
phocyte infiltration, and showed a positive prognostic value
in basal-like BCs.32 Overall, these data suggest that the
methylation-dependent downregulation of the expression of
immune-related genes, including CD3D and HLA-A, may be
involved in the regulation of anti-tumor immune responses
in a subset of ER2/HER22 BC patients. Furthermore, meth-
ylation of immune genes may reflect the presence of TILs in
a highly sensitive manner suggesting that DNA methylation
profiles might be used to predict immune cell proportions in
the tumor microenvironment.44 This approach may help to
assess the balance between immune cell sub-populations
within the tumor microenvironment, thus refining the prog-
nostic and predictive effect of TILs in BC.

In the analysis of the internal cohort of BC patients, we
demonstrated the expression of 88 genes significantly associ-
ated with the level of DNA methylation. Furthermore, the
integrated approach adopted in this study revealed the
expression of a high number of aberrantly methylated genes

associated with prognosis in ER1/HER22. These results are
in line with previous findings and may be explained by a dif-
ferent pattern of methylation in distinct BC molecular sub-
types.12,13 Moreover, beyond the classical view that promoter
methylation represses gene transcription, DNA methylation
in other gene regions may have distinct functions. Accord-
ingly, we found that the majority of identified genes showed
a significant negative correlation between methylation of at
least one region and gene expression. However, about 43% of
genes also showed a significant positive correlation between
the expression level and the DNA methylation status of at
least one gene region. Given the traditional interpretation, we
expected to find positive expression–methylation correlations
in regions other than TSSs.45 Conversely, positive correlations
were distributed in all gene regions, with the exception of the
first exon, suggesting that the biological role and the location
of concordant associations warrant additional evaluation.
Finally, we found several differences in the pattern of both
positive and negative correlations between the genes that
were associated with BC prognosis and the non-prognostic
genes. Particularly, prognostic and non-prognostic genes
showed a differential methylation profile of both negative
and positive correlations in the 30UTR and in the TSS1500
regions. Even though epigenetic regulation could impact BC

Figure 4. Significant correlations between methylation level of gene regions and expression of prognostic and non-prognostic genes in breast

cancer. (a) Distribution of overall correlations relative to gene regions between prognostic and non-prognostic genes. (b) Distribution of nega-
tive and positive correlations in gene regions between prognostic and non-prognostic genes. A Benjamini–Hochberg corrected p<0.05 was

considered statistically significant. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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prognosis by mechanisms other than the direct effect on the
expression of single genes (e.g. the alteration of oncogenic
pathways and genomic stability), further efforts are required
to understand the complex relation between the methylation
status in a specific genomic and cellular context, gene expres-
sion, and prognosis in BC molecular subtypes.45,46

In conclusion, our large-scale meta-analysis and data inte-
gration allowed the identification of several genes consistently
associated with prognosis, whose DNA methylation could

represent a promising biomarker for prognostication and
clinical stratification of patients with distinct subtypes of BC.
In particular, the methylation of several immune-related
genes may regulate anti-tumor immune responses and influ-
ence the outcome of ER2/HER22 BC patients. Since epige-
netic mechanisms affect multiple aspects of cancer biology,
the direct correlation with gene expression and the role of
methylation in distinct gene regions in BC subtypes deserve
further investigation.
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