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Abstract: Background: Breast cancers are heterogeneous and are classified according to the expres-
sion of ER, PR and HER2 receptors to distinct groups with prognostic and therapeutic implications.
Within the triple-negative group, with no expression of these three receptors, molecular heterogeneity
exists but is currently not exploited in the clinic. The claudin-low phenotype is present in a subset
of triple-negative breast cancers and constitutes together with basal-like cancers the most extensive
groups within triple-negative breast cancers. Suppression of epithelial cell adhesion molecules
in claudin-low cancers is also a hallmark of Epithelial Mesenchymal Transition (EMT). Methods:
The groups of claudin-low and claudin-non-suppressed breast cancers from the extensive publicly
available genomic cohorts of the METABRIC study were examined to delineate and compare their
molecular landscape. Genetic and epigenetic alterations of key factors involved in EMT and po-
tentially associated with the pathogenesis of the claudin-low phenotype were analyzed in the two
groups. Results: Claudin-low cancers displayed up-regulation of several core transcription factors of
EMT at the mRNA level, compared with claudin-non-suppressed breast cancers. Global promoter
DNA methylation was increased in both groups of triple-negative cancers and in claudin-low ER-
positive cancers compared with the rest of ER-positive cancers. Histone modifier enzymes, including
methyltransferases, demethylases, acetyltransferases and deacetylases displayed amplifications more
frequently in claudin-non-suppressed triple-negative cancers than in claudin-low counterparts and
the expression of some of these enzymes differed significantly between the two groups. Conclusion:
Claudin-low and claudin-non-suppressed triple-negative breast cancers differ in their landscape of
EMT core regulators and epigenetic regulators. These differences may be explored as targets for
therapeutic interventions specific to the two groups of triple-negative breast cancers.
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1. Introduction

Breast cancer is the most prevalent female cancer and a significant cause of morbidity
and mortality in the United States and globally [1,2]. It is a heterogeneous disease with
most cases expressing the hormone nuclear receptors Estrogen Receptor (ER) and Proges-
terone Receptor (PR). A subset of breast cancers expresses, instead or in addition to the
hormone receptors, the receptor of the Epidermal Growth Factor Receptor family HER2.
However, about 15% of all breast cancers called triple-negative express neither hormone
receptors nor HER2 [3]. This group is characterized by a more aggressive behavior and
a higher propensity for recurrence and metastases. Immunohistochemical and genomic
studies have disclosed further heterogeneity within the triple-negative group [4–6]. Ge-
nomic classifications of triple-negative breast cancers performed by various groups of
investigators identified diverse triple-negative breast cancer subtypes that are peculiar
to each classification, but general similarities are evident [6–8]. Two main clusters are
identified in all classifications, a basal-like cluster, which is sub-divided, depending on
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immune-related characteristics, in an immune-activated and an immune-suppressed group,
and a mesenchymal/claudin-low cluster. A third cluster observed in all genomic classifica-
tions consists of luminal-like triple-negative cancers that express, instead of ER and PR, the
Androgen Receptor (AR) [5–8].

The claudin-low group of breast cancers presents, as a defining characteristic, the
down-regulation of the expression of adhesion proteins such as claudins 3, 4 and 7, oc-
cludin and E cadherin. These cancers are mostly, but not exclusively, triple-negative by
immunohistochemistry [9,10]. The down-regulation of adhesion molecules results in the
loss of epithelial cell adhesions and the up-regulation of mesenchymal proteins such as
vimentin and N cadherin [11]. Together with the loss of adhesion molecules and expression
of mesenchymal proteins, claudin-low cancers acquire features of the epithelial mesenchy-
mal transition (EMT), a program operational in embryogenesis that is instrumental during
organogenesis and fetal development [12]. EMT as observed in cancer is a continuum of
states between the epithelial and mesenchymal state and subsets of cancer cells are found
in different points along the continuum in a given time [13]. Cancer cells transitioning
across the continuum are also versatile in reversing back to an epithelial state; thus, EMT
and the reverse process, mesenchymal epithelial transition (MET) are together referred to
as epithelial mesenchymal plasticity (EMP). Plasticity acquired through the EMT programs
is associated with stem cell characteristics and increased renewal capabilities [14,15].

Claudin-low cancers are characterized by low levels of genomic instability [16]. Thus,
EMT properties associated with claudin-low breast cancers are acquired without exten-
sive genetic alterations in their genomes. In contrast, reversible epigenetic and post-
transcriptional regulations are instrumental in the plasticity observed during the execution
of EMP programs [17]. In the current investigation, claudin-low breast cancers are com-
pared with cancers without claudin suppression, with a focus on EMT regulations, to
identify molecular alterations that define these subtypes and contribute to their molecu-
lar pathogenesis.

2. Methods
2.1. Genomic Studies and Genomic Classifications

Most of the analyses reported in the current investigation were based on the METABRIC
(Molecular Taxonomy of Breast Cancer International Consortium) study cohort and the
breast cancer cohort of The Cancer Genome Atlas (TCGA) [10,18,19]. The METABRIC
genomic study of breast cancer includes over 2400 breast cancer patient samples analyzed
with a targeted next-generation sequencing panel [10]. For analyses of genes that were not
included in the targeted panel used in the METABRIC, additional insights were obtained
by the evaluation of the breast cancer cohort of TCGA, which had used a whole exome
approach [19]. Both the METABRIC and TCGA cohorts are annotated in the cBioportal
for cancer genomics site (http://www.cbioportal.org, accessed on 29 May 2023), where all
analyses were performed [20,21]. The cBioPortal is a genomics site developed by investiga-
tors at the Memorial Sloan Kettering Cancer Center (MSKCC) and currently maintained by
MSKCC in collaboration with other investigators, and allows for the interrogation of vari-
ous genomic studies included in its database for the identification of molecular alterations
of interest at the individual patient level, in an anonymized manner [20,21].

http://www.cbioportal.org
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The METABRIC study categorizes participating breast cancer patients according to
both a clinical classification based on ER, PR, HER2 and proliferation marker Ki67 expres-
sions, as used clinically and also according to the genomic PAM50 (Prediction Analysis
of Microarray 50) plus claudin-low classification. This latter genomic classification en-
compasses the classic categories luminal A, luminal B, HER2-enriched and basal-like as
proposed initially by Perou et al., and later added a claudin-low group [22–24]. Copy num-
ber alterations were determined in METABRIC using the GISTIC2 (Genomic Identification
of Significant Targets in Cancer) algorithm, which considers a gene as putatively amplified
if it has a score of 2 or above, while genes with a score of −2 or below were considered
deleted [25]. For the mRNA expression normalization, the RSEM (RNA Sequencing by
Expectation-Maximization) algorithm was used [26].

2.2. Statistical Analysis

Statistical comparisons of categorical data were performed with the Fisher’s exact test
and the x2 test and comparisons of continuous data were performed with the t test. The
Bonferroni procedure was used for the correction for multiple comparisons. All statistical
comparisons were considered significant if p < 0.05.

3. Results

A subset of ER-negative/HER2-negative breast cancers in the METABRIC cohort had
the claudin-low phenotype. These cases, representing about 40% of ER-negative/HER2-
negative breast cancers in this cohort, displayed down-regulated mRNA expression of
adhesion molecules claudin 3, claudin 4, claudin 7, E cadherin and occludin compared
with basal ER-negative/HER2-negative breast cancers and luminal A, ER-positive/HER2-
negative breast cancers (Figure 1A–C). A smaller subset of 6% of ER-positive/HER2-
negative breast cancers with a low proliferation index also displayed the claudin-low
phenotype and a suppressed claudin mRNA expression (Figure 1D). This down-regulation
was due to transcriptional or post-transcriptional deregulation, given that these cancers
did not possess deep deletions or mutations in claudin genes, CLDN3, CLDN4 or CLDN7,
and only 5% of claudin-low cases had deep deletions in the occludin gene OCLN.

The mRNA expression of core EMT transcription factors ZEB1, ZEB2, SNAI1, SNAI2,
and TWIST1 displayed a reverse correlation with claudin expression, and was up-regulated
in claudin-low breast cancers, while basal ER-negative/HER2-negative and ER-positive/
HER2-negative cancers with no claudin suppression displayed lower levels of expression
of these core EMT transcription regulators (Figure 2). FOXC2, also considered an EMT
related factor, did not show this correlation with the claudin-low phenotype, as it was less
consistently elevated in claudin-low cases and it showed up-regulation in several basal-like
cases (Figure 2). Similar to the regulation of claudins, the up-regulation of core transcription
factors in claudin-low breast cancers was at the transcriptional or post-transcriptional level,
as only a small percentage of cases displayed amplifications in the respective genes, which
in fact was higher in basal ER-negative/HER2-negative cancers (Figure 3). Amplification
in one or more EMT core regulators was present in 18 of 130 (13.8%) claudin-low ER-
negative/HER2-negative cases and in 36 of 143 (25.2%) basal ER-negative/HER2-negative
cases (Fisher’s exact test p = 0.02). Mutation data for the core EMT regulators were not
provided in the METABRIC series. However, data from the breast cancer cohort of TCGA,
which did not differentiate between basal and claudin-low cases in cBioportal, confirmed
that these mutations are rare.
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Figure 1. mRNA expression calculated as z-scores relative to all samples (log RNA Seq RPKM)
of claudins 3, 4 and 7, E cadherin and occludin in representative breast cancer cases. (A). ER-
negative/PR-negative, basal-like cancers, (B). ER-negative/PR-negative, claudin-low cancers,
(C). ER-positive/HER2-negative/proliferation-low, luminal A cancers, (D). ER-positive/HER2-
negative/proliferation-low, claudin-low cancers. Data are from the METABRIC cohort. Red color
denotes up-regulation and blue denotes suppression. Gene symbols CLDN3: Claudin 3, CLDN4:
Claudin 4, CLDN7: Claudin 7, CDH1: E cadherin, OCLN: Occludin.
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Figure 2.

ZEB1
ZEB2

SNAI1
SNAI2
FOXC2

TWIST1

ZEB1
ZEB2

SNAI1
SNAI2
FOXC2

TWIST1

A.

B.

ER negative/ PR negative, basal-like

ER negative/ PR negative, claudin-low

ZEB1
ZEB2

SNAI1
SNAI2
FOXC2

TWIST1

ZEB1
ZEB2

SNAI1
SNAI2
FOXC2

TWIST1

C.

D.

Figure 2.
ER positive/ HER2 negative/ proliferation-low, luminal A

ER positive/ HER2 negative/ proliferation-low, claudin-low

Figure 2. mRNA expression calculated as z-scores relative to all samples (log RNA Seq RPKM) of tran-
scription regulators ZEB1, ZEB2, SNAIL (Gene symbol: SNAI1), Slug (Gene symbol: SNAI2), FOXC2
and TWIST1 in representative breast cancer cases. (A). ER-negative/PR-negative, basal-like cancers,
(B). ER-negative/PR-negative, claudin-low cancers, (C). ER-positive/HER2-negative/proliferation-
low, luminal A cancers, (D). ER-positive/HER2-negative/proliferation-low, claudin-low cancers.
Data are from the METABRIC cohort. Red color denotes up-regulation and blue denotes suppression.
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Figure 3. Percentage of amplifications of transcription regulators ZEB1, ZEB2, SNAIL (Gene symbol:
SNAI1), Slug (Gene symbol: SNAI2), FOXC2 and TWIST1 in ER-negative/PR-negative, basal-like
breast cancers (grey bars) and ER-negative/PR-negative, claudin-low breast cancers (black bars).
Data are from the METABRIC cohort. Fisher’s exact test p = 0.02 for the comparison of the presence
of amplifications in any core EMT transcription factor in claudin-low versus basal-like breast cancers.

Epigenetic regulations, including DNA methylation and histone methylation and
acetylation, play a major role in transcription regulation and are an integral part of the
molecular landscape of the claudin-low phenotype. DNA methylation-sensitive genes (a
panel consisting of CEACAM6, CDH1, SCNN1A, GNA11, MUC1, MYB and TFF3) were
down-regulated in both basal and claudin-low ER-negative/HER2-negative cases, while
claudin-non-suppressed ER-positive/HER2-negative cases and, to a lesser degree, claudin-
low ER-positive/HER2-negative cases showed increased expression of the methylation-
sensitive gene set (Figure 4). These results suggest that hypermethylation is associated with
ER negativity rather than exclusively with the claudin-low phenotype. The human methyl-
transferase enzymes that perform DNA methylation, DNMT1, DNMT3A and DNMT3B
possessed mutations in a low number of basal-like cases (0.6% to 2.9%) and in 0.5% to 1.1%
of cases overall in TCGA cohort. The targeted NGS panel of the METABRIC cohort did not
include data on mutations in these genes. Amplifications of the three DNA methyltrans-
ferases genes were present in 5 of 130 (3.8%) of the claudin-low ER-negative/HER2-negative
patients in the METABRIC and in 15 of 143 (10.5%) basal-like patients (Fisher’s exact test
p = 0.03). Despite the low rates of mutations and amplifications, mRNA over-expression
of the three DNA methyltransferases are present in ER-negative/HER2-negative cases,
both claudin-low and non-claudin-suppressed, compared to ER-positive/HER2-negative
cases (Figure 5). Among DNA methylcytosine dioxygenases that act as demethylases, TET1
is up-regulated in many basal but not claudin-low ER-negative/HER2-negative breast
cancers (not shown). These data argue for a role of the post-transcriptional deregulation of
DNA methyltransferases in the hypermethylation of ER-negative breast cancers, both with
claudin-low and claudin-non-suppressed phenotype.
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Figure 4. mRNA expression calculated as z-scores relative to all samples (log RNA Seq RPKM) of
methylation-sensitive genes in representative breast cancer cases. (A). ER-negative/PR-negative,
basal-like cancers, (B). ER-negative/PR-negative, claudin-low cancers, (C). ER-positive/HER2-
negative/proliferation-low, luminal A cancers, (D). ER-positive/HER2-negative/proliferation-low,
claudin-low cancers. Data are from the METABRIC cohort. Red color denotes up-regulation and blue
denotes suppression.

Next, enzymes involved in histone methylation and demethylation and histone acetyla-
tion and deacetylation were examined for differences between claudin-low and claudin-non-
suppressed ER-negative/HER2-negative breast cancers. Histone H3 methyltransferases
with mutations in more than 2% of ER-negative/HER2-negative cases included KMT2C,
KMT2D and SETD2 (8.3%, 7.6% and 3.4%, respectively), with no significant differences
between claudin-low and basal-like breast cancers (not shown). In contrast, 64.3% of basal
cancers possessed amplifications in one or more H3 methyltransferases, while 34.6% of
claudin-low cancers had such amplifications (Fisher’s exact test p < 0.0001). Most-frequently
amplified methyltransferases included H3K36 methyltransferase ASH1L and H3K9 methyl-
transferase SETDB1 on chromosome arms 1q22 and 1q21.3, and H3K9 methyltransferase
SUV39H2 on chromosome arm 10p13 (Figure 6). Mutations in histone demethylases were
rare in ER-negative/HER2-negative breast cancers but amplifications were common. One
or more demethylases were amplified in 53.1% of basal and in 22.3% of claudin-low ER-
negative/HER2-negative patients (Fisher’s exact test p < 0.0001). Amplified demethylases
with the highest prevalence, above 10% in basal cancers, included H3K4 demethylases
KDM5A from locus 12p13.33 and KDM5B from 1q32.1 and H3K9 demethylase KDM4C
from 9p24.1 (Figure 7).
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Figure 5. mRNA expression calculated as z-scores relative to all samples (log RNA Seq RPKM) of
DNA methyltransferases DNMT1, DNMT3A and DNMT3B in representative breast cancer cases.
(A). ER-negative/PR-negative, basal-like cancers, (B). ER-negative/PR-negative, claudin-low can-
cers, (C). ER-positive/HER2-negative/proliferation-low, luminal A cancers, (D). ER-positive/HER2-
negative/proliferation-low, claudin-low cancers. Data are from the METABRIC cohort. Red color
denotes up-regulation and blue denotes suppression.
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Figure 6. Percentage of amplifications of genes encoding for histone methyltransferases in ER-
negative/PR-negative, basal-like breast cancers (grey bars) and ER-negative/PR-negative, claudin-
low breast cancers (black bars). Data are from the METABRIC cohort. Fisher’s exact test p < 0.0001
for the comparison of the presence of amplifications in any histone methyltransferase in claudin-low
versus basal-like breast cancers.
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Figure 7. Percentage of amplifications of genes encoding for histone demethylases in ER-negative/PR-
negative, basal-like breast cancers (grey bars) and ER-negative/PR-negative, claudin-low breast
cancers (black bars). Data are from the METABRIC cohort. Fisher’s exact test p < 0.0001 for the
comparison of the presence of amplifications in any histone demethylase in claudin-low versus
basal-like breast cancers.

The mRNA expression of H3 histone methyltransferases was not significantly up-
regulated or suppressed in claudin-low breast cancers, with mean z-scores of expression
between −0.5 and 0.5 in all. There were statistically significant differences in the mRNA
expressions between claudin-low and basal cases, several methyltransferases being moder-
ately up-regulated in the latter (Figure 8). EZH2 methyltransferase, for example, showed a
mean mRNA z-score of 1.37 in basal cancers and 0.29 in claudin-low cases (t test corrected
for multiple comparisons, p = 0.001). mRNA expressions in claudin-low cancers were, for
most DNA demethylases, not significantly up-regulated or down-regulated, with mean
z-scores of expression between −0.5 and 0.5 except for KDM2B, which was up-regulated
(mean z-score 0.87), and KDM4B and KDM5B, which were down-regulated (mean z-scores
−1.03 and −0.86, respectively, not shown). The mRNA expression of H3 histone demethy-
lases displayed statistically significant differences between claudin-low and basal cancers in
the case of KDM1A (mean mRNA z-score of 1.04 in basal cancers and 0.002 in claudin-low
cases, t test corrected for multiple comparisons, p = 0.001) and KDM5B (mean mRNA
z-score of 0.05 in basal cancers and −0.86 in claudin-low cases, t test corrected for multiple
comparisons, p = 0.001).

Mutations in histone acetyltransferases were also rare in ER-negative/HER2-negative
breast cancers. Amplifications which were more common occurred in 20.2% of basal
cancers and 10% of claudin-low cancers (Fisher’s exact test, p = 0.02). The higher preva-
lence of amplifications was in acetyltransferases of the MYST family KAT6A and KAT6B
from chromosomes 8p11.21 and 10q22.2, respectively (Figure 9). Similarly, mutations in
histone deacetylases were rare, and amplifications, which were more common, occurred
more frequently in basal cancers (16.1% versus 8.5% in claudin-low ER-negative/HER2-
negative cancers, Fisher’s exact test, p = 0.06, Figure 10). The mRNA expression of histone
acetyltransferases in claudin-low cancers displayed no significant up-regulations or down-
regulations (mean z-scores of expression between −0.5 and 0.5) except for KAT6B, which
was moderately suppressed with a mean z-score of expression of 0.76. No significant
differences in the expression of acetyltransferases between claudin-low cases and basal
cases were observed (t test corrected for multiple comparisons, p > 0.05 for all comparisons).
The only histone deacetylase with significantly decreased mRNA expression in claudin-low
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cancers was HDAC11 (mean z-scores of expression −1.23). HDAC11 was also suppressed
in basal cancers (mean z-scores of expression −0.93) but the difference in suppression was
statistically significant (t test corrected for multiple comparisons, p = 0.01).

SUV39H1
EHMT2

SETDB1 
SETDB2 
KMT2B 

EZH2
KMT2C 

NSD2 
DOT1L

SUV39H1
EHMT2

SETDB1 
SETDB2 
KMT2B 

EZH2
KMT2C 

NSD2 
DOT1L

Figure 8. 

A.

B.

ER negative/ PR negative, basal-like

ER negative/ PR negative, claudin-low

Figure 8. mRNA expression calculated as z-scores relative to all samples (log RNA Seq RPKM)
of genes encoding for histone methyltransferases in representative breast cancer cases. (A). ER-
negative/PR-negative, basal-like cancers, (B). ER-negative/PR-negative, claudin-low cancers, Methyl-
transferases with significantly different expression between the 2 groups are shown. Red color denotes
up-regulation and blue denotes suppression.
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Figure 9. Percentage of amplifications of genes encoding for histone acetyltransferases in ER-
negative/PR-negative, basal-like breast cancers (grey bars) and ER-negative/PR-negative, claudin-
low breast cancers (black bars). Data are from the METABRIC cohort. Fisher’s exact test p = 0.02
for the comparison of the presence of amplifications in any histone acetyltransferase in claudin-low
versus basal-like breast cancers.
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Figure 10. Percentage of amplifications of genes encoding for histone deacetylases in ER-negative/PR-
negative, basal-like breast cancers (grey bars) and ER-negative/PR-negative, claudin-low breast
cancers (black bars). Data are from the METABRIC cohort. Fisher’s exact test p = 0.06 for the
comparison of the presence of amplifications in any histone deacetylase in claudin-low versus
basal-like breast cancers.

4. Discussion

The claudin-low phenotype was discovered in a subset of breast cancers that are
mostly ER-negative/PR-negative and HER2-negative [27]. Claudin-low breast cancers are
characterized by the suppressed expression of adhesion proteins and the up-regulation of
the EMT program leading to a pro-metastatic phenotype, and producing cells that are able
to alternate between epithelial and mesenchymal states. The former have higher prolifer-
ation potential and the latter possess motility capabilities favoring movement and tissue
infiltration. Previous works have established that, although claudin-low cancers are mostly
triple-negative, a smaller sub-set of them can be ER-positive and/or HER2-positive [9,10,28].
Among all cancers with the claudin-low phenotype in the METABRIC cohort, 68.4% are
ER-negative/HER2-negative, but 25.3% and 6.3% are ER-positive/HER2-negative and
HER2-positive, respectively [9,10]. The EMT core regulators ZEB1, ZEB2, Snail, Slug and
TWIST1 are up-regulated in claudin-low cancers independently of the status of ER ex-
pression. This is despite the fact that genetic lesions in EMT core regulators, either point
mutations or locus amplifications, are not frequent in claudin-low cancers and, interestingly,
amplifications of SNAI2 (encoding for Slug) and ZEB1 genes are more prevalent in basal
triple-negative breast cancers than in claudin-low counterparts. Thus, the up-regulation
of the EMT core program is mediated at the transcriptional and post-transcriptional level.
A well-established post-transcriptional regulation is through micro-RNA (miR)-mediated
suppression, whence mRNAs encoding for core EMT transcription regulators are down-
regulated by miRs of the miR-200 family [29]. This miR family encompasses five members,
miR-200a, miR-200b, miR-429, miR-200c and miR-141, organized in two chromosome
clusters, that are important physiologic regulators of normal mammary glands during
the different phases and functions of the mammalian life-time [30]. Thus, the regulations
of epithelial and mesenchymal states are physiologically embedded in breast life cycles.
miR-200 family members are significantly up-regulated in breast cancer tissues compared
with normal breast cancer [31]. miR-200 members are down-regulated in the ER-negative
cluster of breast cancer cell lines and up-regulated in ER-positive cell lines, potentially
contributing to the differential expression of EMT core regulators [32]. In addition, HER2-
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positive, triple-negative and luminal B breast cancers show lower expressions of different
miR-200 family members compared with luminal A cases [31]. ER-positive breast cancers
show higher expressions of miR-200 family members despite the fact that their negative
regulator ZEB1 is a transcriptional target of ER [33,34]. This may be explained by the loss
of control of ZEB1 expression by ER during EMT [35].

Besides miR modifications, epigenetic activity may regulate EMT core transcription
factors without gene defects [17]. The main epigenetic modification of the DNA itself
consists of methylations in gene promoters that are facilitated by DNA methyltransferases
on cytosines of CpG islands, areas rich in cytosine and guanine dinucleotides frequently
found in promoters of methylation-sensitive genes. Examining a panel of established
methylation-sensitive genes, it was shown that besides claudin-low breast cancers, basal
breast cancers display the down-regulation of these genes. This suggests a role of increased
DNA methyltransferase activity associated with the increased expression of human DNA
methyltransferases DNMT1, DNMT3A and DNMT3B in several ER-negative breast cancer
cases, both claudin-low and basal. On the other hand, these results suggest that DNA
methylation is not the sole instigator of EMT core factor expression in claudin-low dis-
ease, given that ER-negative cancers without claudin suppression display this feature.
Methylated cytosines in DNA serve as docking sites for methylcytosine-binding domain
proteins MBD1 to 3 and MeCP2 [36]. Methylcytosine-binding domain proteins then attract
histone deacetylases and promote a closed histone configuration associated with gene
transcription repression [37]. DNA methylation in triple-negative breast cancers affects
many cellular responses, including the response to endoplasmic reticulum stress [38]. In
addition, the methylation of homologous recombination gene promoters such as BRCA1
and RAD51C lead to homologous recombination-deficient breast cancer development in
sporadic cases [39].

Histone methylation and acetylation is another mechanism of epigenetic gene reg-
ulation. The pattern of histone epigenetic enzyme gene alterations is consistent across
methylation and acetylation modifiers in ER-negative/HER2-negative breast cancers with
rare mutations and more frequent amplifications. Methyltransferases and demethylases
show a high prevalence of amplifications in ER-negative/HER2-negative breast cancers
and particularly in basal cancers compared to claudin-low counterparts, while acetyltrans-
ferases and deacetylases possess a lower prevalence of amplifications but also have a higher
prevalence in basal cases. Amplifications of certain H3 methyltransferases, including
ASH1L and SETDB1, show a prevalence of 20% to 25% in basal breast cancers. Similarly,
histone demethylases, acetyltransferases and deacetylases display higher mutation rates
in basal-like compared to claudin-low breast cancers. The mRNA expression of most of
these enzymes is not significantly up-regulated or down-regulated in claudin-low can-
cers. The only notable exception is HDAC11, which shows a significantly down-regulated
mRNA expression. Basal-like cancers also show the down-regulation of HDAC11 but less
than claudin-low cancers. Basal cancers also display higher mRNA expressions of several
methyltransferases, with the most notable example being H3K27 methyltransferase EZH2,
a member of the polycomb repressor complex 2 (PRC2), which mediates gene silencing.
Thus, a combination of DNA methylation and the lack of increased histone methylation
at H3K27 may define the permissive marks for the claudin-low phenotype. Perturbations
to epigenetic regulators and the resulting reversible modifications, at odds with other
epithelial mesenchymal regulators, may affect EMT in both directions. For example, a
loss of H3K4 methyltransferase KMT2C (also known as MLL3) in breast cancer cells may
promote bidirectional movements across the epithelial mesenchymal spectrum depending
on the base line state of the cells [40].

The epithelial and mesenchymal states produced by EMT plasticity in cancers are not
stable distinct cellular conditions, but rather, intermediate states exist and are common in
cancer cells [41]. This fluidity produces cells that can alternate between the two ends of the
spectrum, receiving cues from the micro-environment [42,43]. The second messenger adeno-
sine 3′,5′-monophosphate, for example, activates protein kinase A (PKA) in mesenchymal
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human mammary tumor-initiating cells, which then promotes mesenchymal-to-epithelial
transition through epigenetic reprogramming [44]. Reprogramming is mediated by histone
demethylase PHF2 (also called KDM7C) in this model and results in cell differentiation
and decreased tumor formation. Constitutive PKA activity in mouse models of mammary-
gland development led to impaired differentiation and, in mammary tumors, PKA activity
promotes cancer cell differentiation [45]. Moreover, the gene encoding for the four regu-
latory units of the enzyme, PRKAR1A, which negatively regulate the catalytic subunit, is
commonly amplified in human breast cancers [45]. In breast cancer stem cells, external
signals inducing EMT affect the expression of genes that are initially not expressed but
poised for expression, as defined by the presence of both suppressive and activation epige-
netic markers in their promoters [46]. Intermediate EMT states that retain characteristics of
both epithelial and mesenchymal cells as a result of epigenetic fluidity are more difficult
to experimentally ascertain. Increased hydroxymethylcytocine in CpG islands of DNA
has been suggested as a marker of intermediate EMT states, arguing for the importance of
epigenetic modifications in the process [47].

In conclusion, the claudin-low phenotype in breast cancer is defined by epigenetic
states permissive to plasticity allowing cells to undergo changes across the epithelial-
to-mesenchymal spectrum. EMP plasticity is associated with stemness, a state of low
proliferation and increased drug resistance. Further research will elucidate whether specific
epigenetic modifications are absolute prerequisites for the acquisition of EMP and the
claudin-low phenotype, with the ultimate goal of devising therapeutic interventions.
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