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ABSTRACT

Breast cancer (BC) encompasses heterogeneous pathologies with different subtypes exhibiting distinct
molecular changes, including those related to DNA methylation. However, the role of these changes in
mediating BC heterogeneity is poorly understood. Lowly methylated regions (LMRs), non-CpG island loci
that usually contain transcription factor (TF) binding sites, have been suggested to act as regulatory
elements that define cellular identity. In this study, we aimed to identify the key subtype-specific TFs that
may lead to LMR generation and shape the BC methylome and transcription program. We initially used
whole-genome bisulfite sequencing (WGBS) data available at The Cancer Genome Atlas (TCGA) portal to
identify subtype-specific LMRs. Differentially methylated regions (DMRs) within the BC PAM50 subtype-
specific LMRs were selected by comparing tumors and normal tissues in a larger TCGA cohort assessed by
HumanMethylation450 BeadChip (450K) arrays and TF enrichment analyses were performed. To assess the
impact of LMRs on gene expression, TCGA RNA sequencing data were downloaded and Pearson
correlations between methylation levels of loci presenting subtype-specific TF motifs and expression of
the nearest genes were calculated. WGBS methylome data revealed a large number of LMRs for each of
the BC subtypes. Analysis of these LMRs in the 450K datasets available for a larger sample set identified
7,765, 5,657, and 19 differentially methylated positions (DMPs) between normal adjacent tissues and
tumor tissues from basal, luminal, and HER2-enriched subtypes, respectively. Unsupervised clustering
showed that the discriminatory power of the top DMPs was remarkably strong for basal BC. Interestingly,
in this particular subtype, we found 4,409 differentially hypomethylated positions grouped into 1,185
DMRs with a strong enrichment for the early B-cell factor 1 (EBF1) motifs. The methylation levels of the
DMRs containing EBF1 motifs showed a strong negative correlation with the expression of 719 nearby
genes, including BTS2 and CD74, two oncogenes known to be specific for basal BC subtype and for poor
outcome. This study identifies LMRs specific to the three main BC subtypes and reveals EBF1 as a
potentially important regulator of BC subtype-specific methylation and gene expression program.

Abbreviations: BC, breast cancer; CGl, CpG island; DMP, differentially methylated position; DMR, differentially meth-

ARTICLE HISTORY
Received 9 June 2017
Revised 21 August 2017
Accepted 28 August 2017

KEYWORDS

breast cancer subtypes; DNA
methylome; EBF1; lowly
methylated regions;
transcription factor binding
sites

ylated region; EBF1, early B cell factor 1; ER, estrogen receptor; LMR, lowly methylated region; TCGA, The Cancer
Genome Atlas; TF, transcription factor; TFBS, transcription factor binding site; TSS, transcription start site; WGBS,

whole-genome bisulfite sequencing

Background

Despite an important progress in prevention and surveillance,
breast cancer (BC) remains the most common invasive cancer
and cause of cancer-related mortality of women worldwide."*
Therefore, improving our understanding of the mechanisms
underlying BC onset and progression, as well as tumor pheno-
types, is fundamental to improving our abilities to treat and
prevent the disease. Clinically, breast cancer encompasses het-
erogeneous pathologies, and the traditional categorization of
human breast cancer on the basis of histological criteria is con-
founded by different factors, including intra-tumor heterogene-
ity, lack of understanding of the target cells, and absence of
common genetic events.”

Previous molecular studies of breast cancer have primarily
focused on mRNA expression profiling and genetic changes,
including mutation and DNA copy number analysis.*’
Beside genetic changes, epigenetic mechanisms are essential
for development and cell differentiation and seem to be criti-
cal for the integration of endogenous and environmental sig-
nals during the life of a cell or an organism.*” By analogy,
deregulation of epigenetic mechanisms has been associated
with a variety of human malignancies, including BC.*'°
Technological advances in epigenomics have created the
opportunity to comprehensively characterize the epigenetic
landscape of this disease,'' and recent DNA methylome pro-
filing of a large series of breast tumors suggested the
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existence of previously unrecognized BC types beyond the
currently known expression subtypes.'>"?

This and other studies of BC samples demonstrated that
DNA methylation changes are ubiquitous in primary BC cells
and that the phenotypic diversity may reflect intra-tumor (epi)
genetic heterogeneity. The list of DNA methylation changes in
this disease has further increased with the completion of major
international sequencing initiatives; however, the underlying
mechanisms and functional importance of DNA methylation
changes have not been systematically evaluated.>"*

DNA methylation is dynamically regulated at tissue-specific
promoters and cis-regulatory elements during cell differentia-
tion. A detailed analysis of these dynamic, differentially methyl-
ated regions (DMRs) indicated that DMRs are often short
regions of DNA enriched in transcription factor binding sites
(TFBS)."” This observation points to the role of TF binding
events in reshaping the DNA methylation profile in normal
and cancer cells.'® This notion is further supported by the iden-
tification of the lowly methylated regions (LMRs), the localized
CpG-poor distal regulatory regions exhibiting an average meth-
ylation of 30%, DNase I hypersensitivity, and presence of
enhancer chromatin marks, that tend to be occupied by cell
type-specific TFs."”

Several lines of evidence point to the role of TF occupancy in
heterogeneous methylation at LMRs. Feldmann et al.'® found
that binding strength of transcriptional repressor CTCF is
inversely correlated with DNA methylation within the CTCF
motifs, and that 5-hydroxymethylcytosine, an intermediate
modification during active demethylation, is enriched at LMRs.
These findings are consistent with a model in which TFs and
other DNA-binding factors can mediate DNA methylation lev-
els as a mechanism for maintaining and reprogramming gene
regulatory regions.'® In addition, many TFBSs identified in a
particular LMR cluster were found highly enriched in the most
highly expressed genes of specific cancer subtypes, demonstrat-
ing a key role for these TFs in determining subgroup identity."

In the present study, we aimed to investigate the presence of
LMRs in the main BC subtypes and identify the most relevant
TFs that could be involved in BC-related LMRs. We also aimed
to ascertain whether these specific regions have a functional
impact on the gene expression program and the molecular sub-
types of the disease.

Methods
TCGA data

The outline of our in silico analysis is summarized in Fig. 1. We
first downloaded whole-genome bisulfite sequencing (WGBS)
data of BC samples available at TCGA data portal (https://tcga-
data.nci.nih.gov/docs/publications/tcga/) for LMR identifica-
tion. This included 5 WGBS methylomes, two of which were
luminal, two HER2-enriched and one basal breast cancer sub-
type (Supplementary File 1). The characteristics of the cohort
for which Illumina HumanMethylation450 BeadChip (450K)
data were available are summarized in Supplementary File 2.
These include TCGA barcodes, PAM50 classification, and the
codes of the samples used for meta-analysis. Out of the total
614 samples, only those for which we had PAM50 classification
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Figure 1. Pipeline of the in silico approach. Information on the packages, thresh-
olds, and general criteria used for the analysis are provided.

data were used in the 450K subtype-specific analysis. This
includes 41 basal, 156 luminal, and 14 HER2-enriched tumors
as wells as 95 surrounding normal tissues.

LMR identification

LMR identification was carried out by using the MethylSeekR
package.”® This package allows for the identification of active
regulatory regions from high-resolution WGBS methylomes
and relies on the idea of transcription factor binding leading to
defined reduction in DNA methylation. In particular, all
WGBS datasets available at TCGA have a coverage per sample
greater than 15x, as was the case of the samples used in this
study. Methylation threshold was established at 0.5 (50% meth-
ylation), as suggested by developers, with a minimal number of
4 consecutive CpGs. Partially methylated and unmethylated
regions were excluded from further analyses. In the BC
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subtypes in which we had two samples, only overlapping LMRs
were taken into consideration to increase the chances of finding
differential methylation in a larger cohort.

Differential methylation analysis

The analysis of 450K for the assessment of differential methylation
between tumors and normal adjacent mucosa in the union LMRs
was performed in the whole sample collection for which data was
available (614 samples - 95 adjacent mucosa/519 tumor). Sub-
type-specific methylation analysis was carried out comparing each
subtype (41 basal-like, 14 HER2-enriched, 156 luminal) to the
same 95 normal sample collection in a non-matched way.

All analyses were performed with Limma [false discovery
rate (FDR) = 0.05] and Minfi (fwer<0.05) R packages' for
DMP and DMR assessment, respectively. Statistically signifi-
cant DMRs with at least two consecutive CpGs included in a
bookend of 1,000 nucleotides were retained for further analysis.

Transcription factor enrichment analysis of the
subtype-specific differentially methylated LMRs

TFBS enrichment analysis was performed using rGADEM R pack-
age (P value <0.05)** and JASPAR database (http://jaspar.genereg.
net/) with 200 bp flanking regions downstream and upstream of
each DMR, and confirmed with HOMER tool (http://homer.
salk.edu/homer/motif/) using standard thresholds.

To avoid picking a candidate enriched by default in the
array, we built up random DMR sets of the same size as those
found in each comparison (tumor vs. normal for each subtype)
and run the TFBS enrichment analysis with the parameters
described above. Resulting TFs were excluded from further
analyses. Additionally, we compared our candidate TF list to
the previously published surface ectoderm-specific TF set,”
to discard those TFs that could be enriched in our DMRs due
to cell type-of-origin and not to disease.

Assessment of the correlation between differential
methylation and RNA sequencing expression data

To examine whether differentially methylated CpGs were cor-
related with the expression of adjacent genes, we used the RNA
sequencing data of 594 samples out of the previously described
614 samples for which expression data was available (Supple-
mentary File 3). Methylation and expression level correlation
was assessed by Pearson correlation calculation followed by
Bonferroni correction (P value < 0.05). All the TCGA data
used in the present study was normalized, level 3 data. All path-
way analyses were performed at https://david.ncifcrf.gov/.

Results
Identification of differentially methylated BC-LMRs

We first downloaded WGBS data for different subtypes of BC
available at TCGA data portal, among which 2 were luminal, 2
were HER2-enriched and one basal BC subtype (Fig. 1 and
Supplementary File 1 and 2). Our analysis of WGBS methyl-
ome data by the MethylSeekR package identified the presence

of a large number of LMRs that are characterized by 30%
median methylation levels as well as low CpG density, unlike
fully unmethylated regions, usually present at CpG islands
(CGI) and high density regions (Fig. 2A).

In particular, identifying the intersection among the five
WGBS datasets provided a list of 25,923 union LMRs that over-
lapped 37,211 probes in the 450K methylation array. Interest-
ingly, 23,783 out of these 37,211 probes were differentially
methylated when their methylation levels were assessed in a
larger 450K cohort, as described in Methods. In summary, the
unsupervised clustering performed in the differentially methyl-
ated probes demonstrated that basal tumors clustered together,
while luminal A and B appeared to be mixed. The rest of the
subtypes where poorly represented (Supplementary Figure 1A).
Additionally, BC-related differentially methylated LMRs
seemed to be enriched in TFBSs as well as in intergenic and
promoter-distal regions when compared to a random differen-
tially methylated probe set of the array or to the whole 450K
probe collection (Supplementary Figure 1B and C).

Identification of differentially methylated basal BC-specific
LMRs

Given that the unsupervised clustering of the differentially
methylated union LMRs revealed a marked subtype specificity,
we decided to focus on LMRs specific for each of the BC sub-
types, which, however, presented a significant overlap among
them (Fig. 2B). Overlap between samples of the same subtype
was greater for the two luminal tumors (38,335 common LMRs
out of the 59,925 and the 67,044 called in individual samples)
when compared to HER2-enriched (25,101 common LMRs out
of the 41,830 and the 61,409 called in individual samples).

In this context, we performed a case vs. control differential
methylation analysis in those regions overlapping between the
subtype-specific LMR sets in WGBS data and those positions
present in the 450K array. Therefore, we compared cases and
controls only in those probes available at the array that were
previously identified to be located in at least a subtype-specific
LMR. To this end, we downloaded all the 450K methylation
datasets for which PAM50 BC classification data was available.
The analysis included 41 basal, 156 luminal, and 14 HER2-
enriched tumors as well as 95 normal tissues.

Our analysis revealed that 13,848, 10,436, and 7,770 regions
were common between WGBS-identified LMRs and 450K probes
for basal, luminal, and HER2-enriched subtypes, respectively.
Out of these, 7,765, 5,657, and 19 were differentially methylated
when comparing individual BC subtypes to normal tissue sam-
ples. We further performed an unsupervised clustering with the
top DMPs included for each of the groups and found that the
identified changes were capable to discriminate between cases
and controls. Again, the discriminating power of the top DMPs
was particularly strong for basal BC datasets (Fig. 2C) and, there-
fore, we decided to focus on this subtype for further analyses.

Differentially methylated LMRs are enriched in EBF1 motifs

We found that 4,409 out of the total 7,665 DMPs were hypome-
thylated in basal BC subtype (Supplementary File 4) and that
these hypomethylated sites were clustered into 1,185 DMRs
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Figure 2. (A) CpG density plot per median methylation percentage showing the LMRs (upper left high-density cluster) and the unmethylated loci (bottom right high-den-
sity cluster). The latter are excluded from further analyses. The red to blue color gradient represents higher to lower CpG density. (B) Venn-Diagram showing BC subtype-
specific LMRs. (C) Heatmap showing BC subtype-specific top differentially methylated loci in previously identified LMRs, with tumors (blue) and adjacent mucosa (yellow)
in columns. The red to blue color gradient represents higher to lower methylation. Specifically, the 100 DMPs showing the lowest FDR corrected P values are shown for
basal and luminal subtypes (all the DMPs including these are FDR<0.05). In the case of HER2-enriched subtype, we show all the FDR<0.05 DMPs identified (19 in total).

(Supplementary File 5). To further investigate the relationship
between LMRs and TF binding in specific BC subtypes, we next
performed a TFBS enrichment analysis on the hypomethylated
DMRs in basal BC. Our analysis identified a high enrichment in
EBF1 motifs (P value = 8.88¢-0.5) in the basal hypomethylated
DMRs. The binding sites specific for other TFs, including those
related to surface ectoderm-derived cells (EWSRI1-FLII,
TFAP2A, SP1, ESR1, and Myf), were also identified (Table 1).
These results were confirmed with two different methods,
rGADEM and HOMER, as described in the Methods section.
We then identified the hypomethylated loci containing EBF1

motifs in our dataset. In particular, we identified those 450K
probes contained in the hypomethylated regions where EBF1
was predicted to be able to bind in the previous TFBS enrichment
analysis. In total, we obtained 3,706 individual CpG positions for
which we identified the nearest gene (Supplementary File 6).

Differentially methylated LMRs containing EBF1 motifs
have an effect in nearby gene expression

To assess whether methylation levels at LMRs containing EBF1
motifs are associated with gene expression, we downloaded the
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Table 1. Results of the transcription factor enrichment analysis performed in the hypomethylated LMR-DMRs. *SE = surface ectoderm.

Trancription Factor Motif pvalue SE-specific* Luminal
EBF1 O - £ 8.88e-05 no no
ESR1 L. ARCCA ... ToC0, 8.04e-04 yes no
EWSR1-FLI1 AAGCAAGCAAGCAA 5.19e-08 yes no
FEV - 2.24e-02 no no
Hand1:Tcfe2a 2.24e-02 no no
IRF1 = A 1.62e-02 no yes
IRF2 ~GAAAGLGAAA... ~. . 3.40e-02 no no
Myf o CA=CxGex 9.84e-06 yes no
NHLH1 <=CAGCTG-=. 7.75e-04 no yes
NR2F1 TCARCTTITG. . 273003 no no
PLAG1 ., A A 1.03e-02 no no
PPARG::RXRA = A A o 5.62e-04 no no
sP1 CCle _ CCearere 3.30e-05 yes no
SPI1 8.80e-03 no yes
Stat3 1.30e-02 no no
Tall::Gatal 3.95e-03 no yes
TFAP2A 1.97e-03 yes no
TLX1::NFIC 1.23e-02 no no
Zfp423 9.31e-03 yes no

RNA sequencing data available at TCGA portal for up to 594
samples with 450K array information and calculated pairwise
Pearson correlations in the entire datasets (Supplementary File
7). Our analysis revealed that the methylation levels of 719
positions were inversely correlated with the expression level of
their nearest gene, while 315 were positively correlated. We
found an overrepresentation of transcription start sites (TSS)
and promoter regions in negatively correlated positions, while
gene body regions were enriched in those showing positive cor-
relations with gene expression, with a decrease in promoters
(Supplementary Figure 1).

To gain an insight into the identity of the genes and the
pathways that may be deregulated by methylation changes in
basal BC, we performed a pathway enrichment analysis of those
genes whose expression levels were correlated to differentially
methylated LMRs, as described in Methods. Our analysis
revealed that small GTPase-mediated signal transduction, pro-
grammed cell death, and cell proliferation were among the top
enriched pathways (Table 2). Among the top genes whose DNA
methylation was negatively correlated with expression we found
the BST2 gene (Fig. 3) and the CD74 gene (Supplementary

Figure 2), whereas among those positively correlated, we identi-
fied ZBTB20 (Fig. 4) and KLF6 (Supplementary Figure 3). Con-
sistent with our previous observations, the regions negatively
correlated with gene expression tended to be longer and con-
tained a higher number of differentially methylated CpG posi-
tions. We also found that these regions are frequently located in
promoters, in close proximity to TSSs (Supplementary Figure 1).
In contrast, the DMRs positively correlated with expression
contained fewer CpGs and were enriched in intergenic and
gene body regions. These results are coherent with previous
knowledge on methylation-related gene expression regulation.

Discussion

TFs are key players of gene expression program, although the
determinants of their binding to DNA sequence motifs in a
given cell type remain poorly understood. DNA methylation in
the gene promoter region is generally associated with gene
silencing; however, it remains debated whether this is due to
inhibition of transcription factor binding.'> Intriguing recent
evidence suggested that some TFs may bind specific methylated

Table 2. Pathway analysis of the genes correlated to nearby CpG methylation levels within EBF1 motif-containing basal LMRs. Count and % refer to the number and

percentage of genes identified in our list for each corresponding term.

Category Term Count % P value Benjamini

GOTERM_BP_FAT G0:0051056~regulation of small GTPase mediated signal transduction 27 0.39370079 2.82E-06 0.00758966
GOTERM_BP_FAT G0:0010941~regulation of cell death 56 0.8165646 1.43E-05 0.00961764
GOTERM_BP_FAT G0:0043067~regulation of programmed cell death 56 0.8165646 1.28E-05 0.01145541
GOTERM_BP_FAT G0:0042981~regulation of apoptosis 56 0.8165646 9.68E-06 0.0129961

GOTERM_BP_FAT G0:0008283~cell proliferation 35 0.51035287 4.24E-05 0.02268137
GOTERM_BP_FAT G0:0007242~intracellular signaling cascade 75 1.0936133 5.10E-05 0.02271459
GOTERM_BP_FAT GO0:0006915~apoptosis 43 0.62700496 7.40E-05 0.02818764
GOTERM_BP_FAT G0:0012501~programmed cell death 43 0.62700496 1.04E-04 0.03440995
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Figure 3. Example of a gene whose expression is negatively correlated to the methylation level of an adjacent differentially methylated LMR. BST2 promoter showing
transcripts, layered H3K27Ac activating marks, and DNase | hypersensitivity clusters (grey gradient according to sensitivity level) in the region. LMRs previously identified
in BC subtype-specific WGBS data are shown in blue, while CpGs represented in the 450K array overlapping those regions are shown in red. Methylation differences per
CpG site are shown in individual graphs, with adjacent tissues in blue dots and tumors in orange. All the differences observed are significant (FDR<0.05). Correlation
between those methylation levels and the expression of the BST2 gene is shown in the bottom graphs, with grey dots. Pearson correlation coefficients (all P value <0.05)

are shown in each graph.

regions in the genome and trigger their demethylation.'”** Fur-
thermore, it has been suggested that binding and activity of
some TFs that are sensitive to DNA methylation relies on addi-
tional determinants to induce local hypomethylation.* Among
these additional factors there is a subset that possess the
remarkable ability to activate their target genes in closed chro-
matin, thus behaving as pioneer factors to initiate local demeth-
ylation in such chromatin configuration.”>* Since pioneer
transcription factors play a key role in the establishment and
maintenance of gene expression programs, their deregulation
could trigger aberrant cell reprogramming and emergence of
functional sub-populations, including those with metastatic
capabilities or stem cell-like features.

In the present work, we first identified the union LMRs that
overlapped the five WGBS sample sets taken individually, so
that the analysis was related to BC in general and completely
independent from disease subtype. As one could expect, LMRs
were located far away from promoters, in open sea regions and
enriched in TFBSs. Additionally, the top differentially methyl-
ated LMRs conducted a clustering where basal tumors clearly
separated from the rest of the tumors, while luminal A and B
samples appeared to be mixed. Therefore we decided to identify
the LMRs specific to the three main BC subtypes, consistent
with the idea that these regions may be important in mediating
TF-induced regulation of the methylome and emergence of
functional subpopulations of some types of tumors.

Again, methylation states at subtype-specific LMRs with the
dominance of hypomethylation showed the capacity to dis-
criminate tumors from normal, adjacent mucosa within differ-
ent BC subtypes, a feature that was particularly evident for
basal BC. This notion is supported by the finding that basal
and luminal subtypes showed a marked deregulation of specific
genomic regions (characterized by predominant DNA hypome-
thylation), whereas HER2-enriched subtype presents less
numerous, mostly hypermethylated, changes in LMRs. How-
ever, the limited number of HER2-enriched tumors in our data-
sets is an important factor to take into consideration and could
be responsible for the low number of significant hits found for
this subtype.

Our finding of a notable enrichment of EBF1 motifs in our
basal-specific hypomethylated LMRs suggests that the TF EBF1
could play a role in the subtype-specific methylation profile.
EBF1 is a member of TF network that together with E2A and
Foxol orchestrates B cell fate,”” and it has been suggested that
the enrichment of EBF1 motifs around hypomethylated sites
may imply the role of its occupancy in regulating methylation
levels.” In addition, EBF1 has recently been implicated in shap-
ing the chromatin landscape in the context of B cell program-
ming and proposed to be a pioneer TF.>” Moreover, EBF1 has
been identified as a potential player in sequence-specific regula-
tion of methylation in other models and different cancer types.
Meta-analysis of acute myeloid leukemia, low-grade glioma
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<0.05) are shown in each graph.

and cholangiocarcinoma data showed that EBF1 is an interac-
tion partner for the methylcytosine dioxygenase enzyme TET2
and often binds the motifs surrounding the hypermethylated
regions specific to these cancer types.”® These results indicate
that EBF1 may play an important role in methylation regula-
tion of cell types other than B-cells and that its deregulation
may be involved in the development of different cancers.

A previous genetic study identified an association between
triple-negative BC and a SNP in the proximity of the EBF1
locus, suggesting a possible role of the EBFI gene in BC,
although no functional implication has been established.”* Our
identification of a highly significant enrichment of EBF1 motifs
in basal subtype-specific hypomethylated regions suggests a
potential functional role for EBF1 in subtype-specific methyla-
tion regulation in BC. The finding that expression levels of a
large number of the genes located in close proximity to the
DMRs containing EBF1 motifs are correlated with the methyla-
tion of the variable CpG positions is consistent with the func-
tional relevance of methylation states in transcriptional
regulation. Although functional characterization of LMRs spe-
cific to BC subtypes requires further studies, the significant
enrichment of genes involved in cell death and proliferation
among the candidates found to be under the control of differ-
entially methylated LMRs supports the notion of methylation
alterations being important in regulation of critical cellular pro-
cesses relevant to cancer development and progression.
Another limitation is that differences between tumor and

normal mucosa cell purity could somehow affect the TFBS
enrichment. Therefore, additional studies would require in
vitro analyses confirming the impact of EBF1 in BC subtypes.

Of note, identification of BST2 as the top hit whose DNA
methylation was correlated with expression exemplifies a
potential pathway through which deregulated expression or
activity of EBF1 may contribute to BC development. These
results corroborate previous findings that aberrant expression
of BST2 may both enhance cell proliferation and decrease apo-
ptosis rates in high grade BC ** as well as activate migration in
tamoxifen-resistant BC cells.”® Furthermore, identification of
the CD74 gene among the top candidates potentially regulated
by DNA methylation in BC also provides a plausible causal
pathway in basal BC. CD74 was proposed to be a potential tar-
get in triple-negative BC,>* as it enhances invasion and lymph
node metastasis.”> Therefore, our finding that these two genes
are lowly methylated and overexpressed in our dataset reinforce
the notion that DNA methylation changes may be an impor-
tant mechanism that contributes to development and pheno-
type of BC, particularly basal subtype.

Our identification of several genes whose expression levels
are positively correlated with methylation is more puzzling.
KLF6 is such an example and it is interesting to note that it
seems to be under the control of a short LMR located down-
stream of its promoter that is enriched in activating histone
marks. KLF6 has been shown to act as a tumor suppressor gene
in estrogen receptor (ER)-positive breast tumors®® and it is



therefore plausible that its expression is positively correlated
with methylation levels at LMRs found in basal, ER-negative
tumors. The putative regulatory region of ZBTB20, in contrast,
is located in the body of the gene. This is in line with the
enrichment analysis performed in the DMR set positively cor-
related with nearby gene expression that showed a loss of pro-
moter and TSS-proximal regions. These results suggest that
low methylation states at LMRs located in gene bodies and
downstream of gene promoters may promote transcriptional
repression, although future studies are needed to investigate
the precise underlying mechanism of gene regulation.

Conclusions

In summary, this study identifies the LMRs specific to the three
main BC subtypes and underscores the importance of TF-
mediated regulation of the methylome in tumor cells. It also
identifies EBF1 as an important TF potentially involved in the
epigenetic modulation of a specific subtype of BC. This notion
is further supported by the finding that many targets of EBFI,
including oncogenes related to aggressive types of BC, such as
BST2 and CD74, appear to be under the control of LMRs.
Although further studies are required to test the functional
impact of LMRs and EBF1 in BC, it is reasonable to propose
that EBF1 may be involved in the regulation of methylation
states at its targets and in driving biology of basal BC subtype.
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