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ABSTRACT

Analysis of cancer methylomes has dramatically changed our concept of the potential of diagnostic and
prognostic methylation biomarkers in disease stratification. Through whole-genome methylation capture
sequencing of triple-negative breast cancers (TNBCs) we recently identified differentially methylated
regions with diagnostic and prognostic value that promise to stratify TNBCs for more personalized

management.

Cancer arises through a multitude of disruptions of normal cel-
lular control, with both genetic and epigenetic aberrations play-
ing major roles in the acquisition of the cancer phenotype.
DNA methylation is the most-studied epigenetic modification
in mammalian cells and is characterized by the addition of a
methyl group at the carbon-5 position of cytosine residues
within CpG dinucleotides through the action of DNA methyl-
transferase enzymes,' forming 5-methylcytosine (Fig. 1A). Dur-
ing the initiation and progression of cancer, genome-wide
changes in DNA methylation patterns are typically observed,
characterized by DNA hypermethylation of gene regulatory
regions associated with CpG islands and gene inactivation,” in
parallel with hypomethylation of the adjacent genic region and
CpG-poor intergenic regions (Fig. 1B). The advancement of
genome-wide DNA methylation sequencing technologies is
allowing more comprehensive mapping of cancer DNA meth-
ylomes,” providing greater insight into the underlying mecha-
nisms and location of cancer-specific methylation changes.
Breast cancer is a disease with diverse tumor subtypes and out-
comes. In particular, triple-negative breast cancers (TNBCs) are a
heterogeneous group of cancers with varying prognoses that pres-
ent a challenge for effective clinical management. The TNBC sub-
type is clinically defined by the absence of estrogen receptor (ER)
and progesterone receptor (PR) expression, and neither overex-
pression nor amplification of human epidermal growth factor
receptor 2 (HER2).* TNBC represents approximately 15-20% of
newly diagnosed cases and is generally associated with a higher
degree of disease recurrence and shorter overall survival compared
to non-TNBC. The prognostic stratification of TNBC patients
remains a significant challenge in breast cancer research. Current
efforts to stratify early breast cancer prognosis primarily focus on
multi-gene expression signatures.” Such signatures are most
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effective at assigning recurrence risk to early-stage hormone recep-
tor-positive breast cancer, in which the rate of proliferation is
closely associated with overall prognosis. However, the majority of
TNBCs are highly proliferative, and therefore cannot be stratified
using these multi-gene classifiers. The potential use of DNA meth-
ylation signatures as biomarkers of disease is now being assessed,
with a number of studies documenting aberrant methylation events
in breast carcinogenesis, as well as identifying specific DNA meth-
ylation biomarkers that have significant diagnostic and prognostic
potential.® To date, several studies have described DNA methyla-
tion signatures that can distinguish between ER-positive and ER-
negative tumors, and some of these are also predictive of outcome,
but no study to date has focused on TNBC methylation.

Our study

In our recently published study,® we were motivated to specifi-
cally investigate the DNA methylome of TNBC to identify epi-
genetic changes unique to TNBC and any association with
disease outcome. To this end, we performed whole-genome
methyl-CpG binding domain (MBD)-based capture sequencing
(MBDCap-seq) on formalin-fixed paraffin-embedded (FFPE)
triple-negative clinical tumors and matched normal DNA sam-
ples with known clinical outcome data. This high-resolution
technique combines affinity capture of methylated DNA by
MBD-based proteins with next-generation sequencing. Using
this approach, we identified 865 differentially methylated
regions (DMRs) in TNBC tumors compared to matched nor-
mal samples, and showed that these regions were enriched in
promoters associated with transcription factor binding sites
and DNA hypersensitive sites. Importantly, we found 36 DMRs
that were specific to TNBC, which we validated on a larger
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Figure 1. Aberrant methylation in cancer and its diagnostic and prognostic value
in triple-negative breast cancer (TNBC). (A) DNA methylation is characterized by
the addition of a methyl group to the cytosine base within CpG dinucleotides
through the action of DNA methyltransferase enzymes, forming 5-methylcytosine.
(B) A schematic representation of methylation changes that typically occur
between normal and cancer cells. White circle, unmethylated CpG; black circle,
methylated CpG. CpG islands are often associated with gene promoters and are
unmethylated in normal cells; gene expression is associated with methylation of
adjacent genic regions. In cancer cells, CpG islands are often hypermethylated,
resulting in aberrant gene silencing (e.g., tumor suppressor genes) and hypome-
thylation of adjacent genic and intergenic regions. (C) Box plots showing the distri-
bution of methylation levels for lllumina Human Methylation 450 BeadChip
(HM450K) probes across a differentially methylated region (DMR) on chr19-46114
(exon of PPFIA3) showing hypermethylation in TNBC tumors (n = 73) compared to
normal (n = 83) and non-TNBC samples (n = 354) from The Cancer Genome Atlas
(TCGA) breast cancer cohort. (D) ROC curve analysis based on methylation values
of the TNBC-specific probes (n = 282) classifies TCGA HM450K tumor samples into
TNBC and non-TNBC with high specificity and sensitivity (AUC of 0.9; sensitivity of
0.72 and specificity of 0.94). (E) Kaplan-Meier plots showing survival curves for
TNBC patients stratified based on median 8 methylation values of 2 HM450K
probes (chr1-47207; exon of LHX8); hazard ratios (HR) and p-values from Cox pro-
portional hazard model are shown for univariate analyses (with multivariate values
in parentheses).

cohort of clinical samples (n = 542) using Illumina Human
Methylation 450 BeadChip (HM450K) methylation data
extracted from The Cancer Genome Atlas (TCGA) breast can-
cer cohort.” The TNBC-specific methylated regions were

significantly hypermethylated in TNBCs compared to normal
and non-TNBC samples (Fig. 1C). Specifically, we were able to
classify tumor samples in the TCGA HM450K cohort into
TNBCs and non-TNBCs with sensitivity of 0.72, specificity of
0.94, and area under the curve (receiver operating characteris-
tic) of 0.90 (Fig. 1D), highlighting the excellent potential diag-
nostic value of these DMRs.

Strikingly, in this study we also showed that DMRs stratified
TNBC patients into 3 distinct methylation clusters. Survival
analysis revealed that the largely hypomethylated cluster was
associated with better prognosis, whereas the other 2 more
methylated clusters were associated with worse prognoses.
Additional survival analysis identified 17 DMRs in the TCGA
breast cancer data, each harbouring 3 or more HM450K probes
associated with survival in TNBC samples: 14 genomic regions
were associated with poor survival and 3 regions with longer
survival. Kaplan-Meier plots of individual CpG sites in each
region showed very good survival separation, highlighting their
potential value as prognostic biomarkers (Fig. 1E). Interest-
ingly, most of these regions overlap with DNase I hypersensi-
tive sites and contain many transcription factor binding sites,
suggesting that they may harbor important regulatory func-
tions. Our study has therefore provided the first evidence that
DNA methylation profiling can be used to classify breast cancer
subtypes and stratify TNBCs according to patient outcome.

Future perspectives

Advances in genome-wide DNA methylation sequencing tech-
nologies are leading to the identification of DNA methylation
cancer biomarkers that have significant diagnostic and prog-
nostic potential, in addition to revealing epigenetic signatures
that can distinguish tumor molecular subtypes and predict
therapeutic response. Already, the measurement of promoter
hypermethylation of individual genes has been successfully
implemented in the clinic for early cancer detection in tissue
samples and body fluids® and as a predictor of tumor response
to treatment.”'* These examples highlight the promise of trans-
lating epigenetic markers into the clinic for early detection of
cancer, especially given that deregulation of cellular epigenetic
patterns is one of the initial events in carcinogenesis. To distin-
guish ‘driver’ DNA methylation events from ‘passenger’ roles is
more challenging but important to further enable personalized
therapeutic programs, and future analyses will reveal specific
methylation signatures that are either associated with, or drive,
the survival capacity of cancer cells.

Cumulatively, our findings demonstrate the feasibility of
profiling the cancer methylome with limited archival tissue and
how epigenetic profiling can aid in diagnostic classification and
identification of potential prognostic biomarkers. We believe
that, after further validation in larger independent cohorts,
methylation signatures will become valuable tools in the future
clinical management of TNBC.
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