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ABSTRACT
In human tumours, the crosstalk between cancer cells and their microenvironment is involved in
tumour progression, metastasis and resistance to anti-cancer therapies. Among the factors
involved in this exchange of information pro-inflammatory cytokines seem to play a crucial role.
We observed that a group of pro-inflammatory cytokines, interleukin 6 (IL6), interleukin 1-beta
(IL1b), and tumour necrosis factor-alpha (TNFa), preferentially activated genes exhibiting a high
basal methylation level at their transcription start sites, in the human breast cancer cell line MCF7.
In human breast tumours, these responding genes were also hypermethylated, and some of them
(N = 104) were differentially methylated across human breast tumour samples (The Cancer
Genome Atlas cohort). While their expression was positively correlated with the stromal content
of the tumours and the expression of stromal-associated pro-inflammatory cytokines, the expres-
sion of this subset of genes was negatively correlated with their methylation level at their 5ʹ end.
Nevertheless, while the methylation level of this subset of genes was not correlated with the
stromal cell content of the tumours, this negative correlation was partially lost in tumours with
high stromal cell content. Consistently, we observed that the methylation level in this subset of
genes influenced the correlation between gene expression and stromal cell content. Thus, these
data indicated that the stromal component of breast tumours should be taken into account for
DNA methylation and gene expression studies and suggest an additional pathway, via DNA
methylation, in the cross-talk between cancer cells and their microenvironment in human breast
cancers.
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Introduction

Cancer tissues are not just the result of an accumula-
tion of cancer cells but a ‘complex organ’ composed
of different cellular subtypes, including immune cells,
vascular endothelial cells and fibroblast [1]. This het-
erogeneous mix of cells is involved in dynamic pro-
cesses; their interactions between each other and
cancer cells leading to the appearance of phenotypi-
cally modified cells. Exchanges of information
between the immune/stromal components and can-
cer cells promote tumour progression, metastasis and
resistance to anti-cancer therapies [2–7]. In human
breast tumours, the molecules secreted by the acti-
vated fibroblasts (cancer-activated fibroblasts, CAFs),
the predominant part of the stromal cell types [8], are

directly involved in the fine-tuning regulation of gene
expression in cancer cells. Data obtained from the
breast cancer cell lines SKBR3 and AU565 exposed to
molecules secreted by CAFs have underlined these
mechanisms [9]. In this experimental model CAF
conditioned media induced the expression of many
genes and 373 genes of which were upregulated in
both cell lines. Despite that these genes being hyper-
methylated at their 5ʹ end, when compared with non-
responsive genes and epigenetically controlled, this
upregulation was not mediated through their
demethylation, suggesting that exposure to CAF
secreted molecules counteracted the repressive effect
of DNA methylation [9]. CAFs secrete a plethora of
molecules including various growth factors,
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cytokines, proteases, and extracellular matrix compo-
nents [10–17]. While downregulated genes and genes
not affected by CAFs conditioned media were not
associated with statistically significant KEGG path-
ways, the cytokine-cytokine receptor interaction and
the Jack-STAT signalling pathways were identified in
the top 5 of the KEGG pathway, enriched in upregu-
lated genes, suggesting that cytokines participate in
the upregulation of these hypermethylated genes [9].

To investigate the potential relationship
between cytokine exposure and the upregulation
of methylated genes in an independent model, we
analysed the transcriptome of a breast cancer cell
line, MCF7, treated with 3 of the major pro-
inflammatory cytokines (interleukin 6, (IL6) inter-
leukin 1-beta (IL1b), and tumour necrosis factor-
alpha (TNFa)) secreted by stromal cells [18,19]
from publicity available data. The association
between high initial DNA methylation level at
transcription start site (TSS) regions and the
genes responding to cytokine treatments was
determined from Illumina-Methylation-450-Bead-
Chip and whole-genome bisulphite sequencing
data of untreated MCF7 cells. Since these data
may be of interest for the understanding of the
pathophysiology of the human breast cancers, we
extended this study to a human breast cancer
cohort (TCGA databank). The diversity of DNA
methylation patterns in human cancer cells offered
the opportunity to investigate the crosstalk
between cytokine-activated genes, their methyla-
tion levels and their in vivo response to their
microenvironment.

Results

Identification of genes upregulated in response
to the pro-inflammatory cytokines, Il6, Il1b, and
TNFa, in the human breast cancer cell line MCF7

Previous analyses of genes upregulated by CAF con-
ditioned media suggested that cytokines secreted by
CAFs preferentially impact genes exhibiting a high
methylation level at their 5ʹ end [9]. To gain further
insight into this process, we first identified genes
upregulated by specific cytokines in an independent
model. MCF7 cells were chosen since this breast
cancer cell line has been widely studied for expres-
sion, DNA methylation and response to many

factors, and therefore extensive public datasets are
available and can be compared with the large num-
ber of breast tumour samples from TCGA databank.

Among the molecules secreted by the tumoural
microenvironment, pro-inflammatory cytokines
play a major role in tumour progression and drug
resistance [20–23] thus orienting our selection of
cytokines to be analysed towards the interleukins
IL6, IL1b, and TNFa. Furthermore, we chose the
insulin growth factor (IGF) as a control. We then
analysed the expression patterns of MCF7 cells trea-
ted with these factors (Supplementary Table 1).
Differential expression was determined from
RNAseq and array data using Cuffdiff [24] and
GEO2R (http://www-ncbi-nlm-nih-gov.gate2.inist.
fr/geo/geo2r/), respectively. Genes with very low
levels of expression (FPKM < 0.5) were filtered out.

From the 14,043 genes retained, we identified
121 genes upregulated (fold change (FC) ≥ 2, false
discovery rate (FDR) < 0.05) and 2286 unaffected
genes (0.9 < FC <1.1) upon IL6 treatment, 262
upregulated genes and 5159 unaffected genes
upon IL1b, and 373 upregulated genes and 4135
unaffected genes upon TNFa treatments
(Supplementary Table 2). Upregulated genes
used to compile a list of 595 genes upregulated
by at least one cytokine (FC2-pool-list) and con-
trol genes were pooled in a list of 3162 genes
unaffected by at least 2 cytokines (FC1-pool-list)
(Supplementary Table 2).

DNA hypermethylation at TSS regions of genes
upregulated upon IL6, IL1b, and TNFa
treatments, in MCF7 cells

To define the regions of interest we compared the
DNA methylation patterns and chromatin modifi-
cations of genes classified according to their
response to specific molecules, in MCF7 cell line.
As a first screen, DNA methylation density at TSS
regions (TSS ± 2 Kb), before exposure to cyto-
kines, of the FC1 and FC2-pool-list of genes was
visualized using a heat map constructed from
whole-genome bisulphite sequencing (WGBS) of
unstimulated MCF7 cells [25] (Figure 1(a)). TSS
regions of upregulated genes were enriched in
5-mC when compared with unaffected genes or
all TSS regions, while, gene bodies were methy-
lated at a similar level in up or unaffected genes
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(Figure 1(b)); this hypermethylation was not
observed for genes upregulated (311 genes, versus
4680 unaffected genes, Supplementary Table 3) by
insulin growth factor (IGF) (Figure 1(a)). In addi-
tion, we tested the anti-inflammatory cytokine

tumour growth factor (TGFb) using the same
strategy. Since only a few genes were upregulated
by TGFb treatment in MCF7 cells, we also ana-
lysed the genes upregulated by this cytokine in
another breast cell line, MCF10A, and in HepG2

Figure 1. Epigenetic modifications of genes responding to the pro-inflammatory cytokines IL6, IL1b, and TNFa, in MCF7 cells.
Genes were classified as upregulated (FC ≥2, FDR < 0.05), unaffected (0.9 < FC < 1.1) and all-TSS for all expressed genes (rpkm > 0.5)
when compared with the untreated MCF7 cells. IL6-IL1b-TNFa, pool of genes responding either to IL6, or IL1b, or TNFa; IGF, genes
responding to IGF treatment. In red, upregulated genes; green unaffected genes; blue, all genes. a. DNA methylation density at TSS
± 2 kb regions of genes expressed, upregulated or unaffected by cytokine exposure, in MCF7; when a gene is associated with several
TSS, all the TSS were kept for the construction of the heat map. b. DNA methylation density over the entire gene body of
upregulated and unaffected by IL6, IL1B, and TNFa treatments, in MCF7 cells. c. Density of histones marks and DNA hypersensitivity
sites within the ± 2 kb regions surrounding the TSS of genes in each subclass; IL6-IL1b-TNFa, pool of genes responding either to IL6,
or IL1b, or TNFa; IGF, genes responding to IGF treatment.
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cells (a human hepatocellular carcinoma cell line)
(Supplementary Table 4). While we identified
a relatively high number of upregulated genes
(615 and 221 in MFCF10A and HepG2, respec-
tively) upon TGFb exposure (only a few genes (13)
were shared by these two groups, Supplementary
Table 4), hypermethylation was not observed
(Supplementary Figure 1) at the TSS regions of
these. Thus, high level of DNA methylation at
TSS regions is not a general characteristic of
genes upregulated by cytokine exposures.

In addition, we observed that the basal density
of repressive marks (H3K27me3) at TSS regions
of genes upregulated by pro-inflammatory cyto-
kines was also higher than the H3K27me3 at
unaffected genes (Figure 1(c)). Consistently, the
density of permissive marks (H3K7ac and DNase
sensitivity sites) was lower in the TSS regions of
upregulated genes (Figure 1(c)). As expected
from DNA methylation data, these differences
were not observed for the genes upregulated by
IGF, in MCF7 cells (Figure 1(d)), indicating that
the hypermethylation of genes responding to

pro-inflammatory cytokines was associated with
the presence of repressive epigenetic marks.

TSS regions of genes upregulated upon IL6, IL1b,
and TNFa treatment in MCF7 cells are
hypermethylated: Infinium
HumanMethylation450K BeadChip data analysis

In order to compare our findings in MCF7 cells
with tumour tissues from TCGA databank, we also
investigated the methylation levels of these regions
using DNA methylation data for MCF7 cells
obtained through bisulphite modification and
analysis on Infinium HumanMethylation450K
BeadChip (Supplementary Table 1). To confer the
same weight to each CpG, only the distance to the
proximal TSS was retained, using the annotation of
Illumina manifest (http://emea.support.illumina.
com/) for gene probes annotation. As observed
from WGBS data, TSS regions of the genes upre-
gulated by each pro-inflammatory cytokines,
namely IL6, IL1b, and TNFa, were found hyper-
methylated (Figure 2(a–d)), thus hypermethylation

Figure 2. Hypermethylation of shore regions of genes upregulated upon IL6, IL1b, and TNFa treatments, analysis from Infinium
HumanMethylation450K BeadChip data.
Genes were classified as upregulated (FC ≥ 2, FDR < 0.05), unaffected (0.9 < FC < 1.1) and all-TSS for all expressed genes (rpkm > 0.5) when
compared with the untreated MCF7 cells. a to d. Average of the DNA methylation level (β-values) of ‘upregulated’ (red lines) and
‘unaffected’ (green lines) genes according to their distance from their TSS, for each CpG, only the distance to the proximal TSS was
retained, using the annotation of the Illumina manifest for probes annotation. e to h. Violin plots depicting the DNAmethylation density at
specific genomic features, DNA methylation level (β-values) of ‘upregulated’ (red violins) and ‘unaffected’ (green violins) genes, CpG
islands (CGi), shore regions (Shore), shelf regions (Shelf) and not associated with a specific genomic feature (NA); black point, median value
(****p-value < 0.0001, *p-value < 0.05, Welch t-test).
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of responsive genes was observed for each pro-
inflammatory cytokine analysed.

The analysed regions were then restricted to
TSS ± 1kb, the major discriminant regions (see
Figure 2(a–d), and to compare similar genomic
features, the CpG probes were subdivided, accord-
ing to their location, into CpG islands (CGi),
shore regions (Shore, sequences up to 2 kb distant
to CGi), shelf regions (Shelf, sequences < 2kb
flanking outwards from a shore) and not asso-
ciated with a specific genomic feature (NA),
according to the Illumina manifest. CGis and
Shores associated with proinflammatory cytokine-
responsive genes were more methylated than their
corresponding sequences in unaffected genes
(Shelves and NA were not discriminant regions,
Welch t-test, Supplementary Table 5), while, the
genes upregulated by IGF were hypomethylated
when compared with the unaffected genes (Welch
t-test, Supplementary Table 5).

Shore regions have been found to be preferen-
tial sites for DNA methylation alterations in can-
cers and to be closely associated with the level of
gene expression [26,27]. Furthermore, the density
of DNA methylation at shore regions of genes
upregulated by the pro-inflammatory cytokines
differed from that of unaffected genes across all
data sets (Figure 2(e–g)), suggesting that IL6, IL1b,
TNFa treatments interfered with the relationship
between DNA methylation and gene expression.

Genes upregulated by IL6, IL1b, and TNFa are
hypermethylated at shore regions, in human
breast tumour samples

Due to the discriminatory capacity of DNA methyla-
tion at pro-inflammatory target shores regions shown
above, and owing to the close association between
shore DNA methylation and gene expression level
[26,27], we focused on the shore regions identified
through MCF7 cell treatments in the analysis of
human breast cancers samples (TCGA databank).
A large proportion of the genes identified from dif-
ferential expression analyses of MCF7 cells treated
with IL6, IL1b, and TNFa were retained, since more
than 60% of the genes harboured a shore at their TSS
regions (63% and 70% of the upregulated genes and
unaffected genes, respectively). For each gene, we
determined the mean methylation level of the CpG

spanning the shore regions in order to avoid an over-
representation of some genes, since the number of
CpG probes per shore region can differ between
genes, on the Illumina HumanMethylation450K
BeadChip. Furthermore, this approach allowed
a comparison based on similar genomic features.

Upregulated genes, identified inMCF7 cells, were
also found hypermethylated, in TCGA data at shore
sequences located at ± 1 kb of their TSS (mean beta-
values: 0.2818861 and 0.2164017, respectively,
Welch t-test, p-value < 2.2−[16]) when compared
with the unaffected genes (Figure 3(a)), corroborat-
ing our findings in MCF7 cells.

To investigate the potential relationship between
DNA methylation and gene expression we searched
for genes differentially methylated at shore regions
across tumour samples, taking advantage of the
diversity of DNA methylation patterns in human
breast tumours.

From K-means clustering of FC2 and FC1-pool-
list, we identified a subset of differentially methy-
lated genes, FC2 (n = 104) for the upregulated
genes and FC1 (n = 439) for the unaffected genes
(Figure 3(b)), across tumour samples.

Since the stromal component is a major element
in the secretion of cytokines, the stromal cell con-
tents of the tumours were evaluated using the
Stromal-score from ESTIMATE method [28]. It
should be noted that only one gene (CXCL14) of
the FC2 group belonged to the gene list of stromal
or immune signature [28] and the FC2 group did
not define a specific cellular type (Enrich, Human
Gene Atlas, http://amp.pharm.mssm.edu/).

Among the breast cancers analysed (n = 771),
expression of 47% of FC2 genes was correlated
(spearman rho ≥ 0.2, adjusted p-value ≤ 0.005) with
the stromal content, 47% with the expression level of
IL6, 24% with the expression level of IL1b, and 27%
with the expression level of TNFa, respectively
(Figure 3(c)). Most of the genes with an expression
level positively correlating with the expression of
these 3 cytokines, also exhibited a positive correlation
with the stromal-score (Supplementary Figure 2).

Thus, these sub-groups offer an in vivo model
for investigating the potential relationship
between DNA methylation and gene response
to tumour microenvironment, not biased by
experimentally induced DNA methylation level
alterations.

EPIGENETICS 515

http://amp.pharm.mssm.edu/


Expression of the FC2 genes is correlated with
the stromal cell content of the human breast
tumours

Prior to investigating the associations between
expression, methylation, and stromal content, we
ruled out a potential link between shore DNAmethy-
lation and tumour stromal-score. Indeed, correlation
tests indicated that the mean methylation levels at
shore sequences of FC2 and FC1 groups were not
associated (MannWhitney test, adjusted p-value 0.71
and 0.74, respectively) with the stromal content of
the tumours (Figure 4(a)). Thus, the stromal cell
content of tumours did seem to interfere with the
DNA methylation levels of the genes analysed.

Since DNA methylation is an epigenetic mark of
gene repression, the expression of these genes versus
their methylation level was determined. The mean
level of expression of these genes was negatively cor-
related with their DNA methylation level at shore
sequences located in TSS regions (Figure 4(b)), sug-
gesting that DNA methylation was indeed correlated
with their repression.

Nevertheless, the expression of FC2 genes was
positively correlated with the tumour stromal score,
while this positive correlation was not observed for
FC1 genes (Figure 4(f)). In line with these

observations, classification of the tumour samples
into five quantiles according to their stromal score
indicated that all quintiles exhibited similar mean
DNA methylation levels at shore sequences, while
the mean expression level of these genes was higher
in the first quantile (lowest Stromal-score) than in
the other quantiles (Supplementary Table 6 and
Supplementary Figure 3). This global evaluation of
the cross-talk between DNA methylation, gene
expression and microenvironment suggest that for
many genes of the FC2 group the stromal cell con-
tent of the tumour counteracted the repressive effect
of DNA methylation. Thus, this potential relation-
ship was examined at the individual gene level.

Tumour microenvironment impacts the
relationship between DNA methylation and gene
expression, in human breast cancer

The global DNAmethylation analysis of genes upre-
gulated by pro-inflammatory cytokines suggested
that the stromal content of the tumours altered the
repressive effect of their methylation. To validate this
hypothesis, we determined the association between
gene expression and stromal score according to the
methylation level of each gene.

Figure 3. The genes upregulated by IL6, IL1b, and TNFa are hypermethylated at shore regions, in human breast tumour samples.
a. Violin plot depicting the DNA methylation level at shore sequence located at TSS ± 1kb region of genes identified through MCF7 cells
treated with IL1, IL1b, and TNFa in human breast tumours (N = 775); upregulated, red box, genes expressed at least twofold more after
either IL1, or IL1b, or TNFa treatments; green box, unaffected genes exhibiting an FC > 0.9 and < 1.1, in MCF7 cells (****p-value < 0.0001,
Welch t-test); b. K-means clustering and heat maps of DNA methylation at Shore (TSS ± 1 kb) of upregulated genes (N = 373) and
unaffected genes (N = 2,198), 104 (FC2 group) and 439 (FC1 group) differentially methylated genes were identified in the tumours
analysed (N = 775). c Percentage of genes with an expression level correlated with either the stromal content of the tumour (stromal-
score), IL6, or IL1b, or TNFa; red bars, FC2 group; green bars, FC1 group; from normalized expression values, Spearman’s rank correlation,
rho ≤ −0.20, adjusted p-value ≤ 0.05 (Bonferroni method for multiple testing corrections), from normalized expression values.
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Tumours were divided into five quantiles
according to their mean DNA methylation level
at shore sequences located near the TSS (± 1kb),
for each gene of the FC2 group. Then, the correla-
tion between gene expression and stromal score
was determined for each gene within of the group
of tumours harbouring the less methylated genes
(first quintile) and the highest methylated genes
(fifth quintile).

The expression of a higher number of genes (48%)
was positively correlated (spearman test, rho ≥ 0.2)
with the stromal index in the fifth quintile when
compared to the first quintile (26%), the less methy-
lated group of tumour (Figure 5(a)). Moreover, the
strength of this correlation, evaluated from a linear
model, was also higher in the fifth quintile than in
the first quintile (Figure 5(b)). These data indicated
that the expression level of the genes analysed was
associated with the stromal cell content of the
tumours and their methylation level at shore
sequences. However, to exclude a potential bias due
to an over/under-representation of methylated genes
in the tumours harbouring a high stromal score, we
determined for each gene the potential association
between their methylation level and the stromal cell
content of the tumours. The methylation level of the
individual genes of the FC2 group of genes was not
correlated with the stromal-score (Figure 5(c),
Supplementary Figure 4). Furthermore, the methyla-
tion level of these genes was not significantly differ-
ent in the first and fifth quintile (median value, 0.369

and 0.364, respectively; Mann Whitney test, p =
0.872) (Supplementary Table 6 and Supplementary
Figure 3).

Altogether, these data suggested that the stromal
cell content altered the negative correlation between
DNA methylation and gene expression. Thus, we
determined whether the percentage of genes exhibit-
ing this negative correlation was associated with the
stromal cell content of the breast tumours. Breast
tumour samples were classified in quintiles accord-
ing to their stromal-score, and we observed that the
percentage of genes negatively correlated with their
methylation level was higher in the first (low stro-
mal-score) than in the fifth quintile (high stromal-
score) (48% and 26%, respectively, spearman test,
rho ≤ −0.2, adjusted p-value < 0.05) (Figure 5(d)).
Thus, the stromal cell component of tumours inter-
fered with the repressive effect of DNA methylation
at the level of individual genes analysed.

Mechanistic insight into this cytokine-induced
upregulation of hypermethylated genes

While the stroma is the major component of the
tumour microenvironment of human breast
tumours [28], we investigated for a potential bias
induced by the immune cell content of tumour
samples. The correlation between immune score,
obtained from ESTIMATE method [28], and DNA
methylation was determined. Although for a small
number of genes (n = 28), a negative correlation

Figure 4. The expression of the FC2 genes is correlated with the stromal cell content of the human breast tumours.
The breast tumour samples (n = 775) from TCGA databank were analysed in order to investigate the correlation between DNA
methylation, stromal-score and gene expression level. a. For each tumour, mean DNA methylation level at Shores was normalized
(log2(β/1- β)) and plotted against the stromal-score of the corresponding tumour; red points, FC2 group (Spearman’s test, rho = −0.025,
p-value = 0.493); green points, FC1 group (rho = 0.024, p-value = 0.510). b. As in a, normalized mean expression level was plotted against
mean DNA methylation; red points, FC2 group (Spearman’s test, rho = −0.328, p-value < 2.2e-16); green points, FC1 group (rho = −0.252,
p-value = 9.924e-13). c. As in a, normalized mean expression level was plotted against the stromal-score; FC2 group (Spearman’s test,
rho = 0.325, p-value < 2.2e-16); green points, FC1 group (rho −0.322, p-value < 2.2e-16).
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(spearman test, rho ≤ −0,2, adjusted p-value <
0.005) was observed, only 15 of these genes was
included in the list of the 50 genes upregulated
according to the stromal cell content of the
tumour samples. In addition, the immune compo-
nent appeared to be a minor component in breast
cancers [28], thus it is unlikely that it interferes
with the relationship between gene expression and
the tumour stromal cell content.

To gain further mechanistic insight, we then
screened for potential transcription factors (TF)
binding sites at 5ʹ end DNA sequences (TSS ± 1 kb)
of FC2 group versus FC1 group of genes. Using
RSAT scan module [29], we identified several TFs
(Supplementary Table 7) and some of themknown to
preferentially bind methylated sequences [30]. Since

these TFs have pleiotropic effects, these data suggest
that the upregulation of the FC2 group was not
mediated through the recruitment of a specific TF,
while the loss of transcriptional repressors cannot be
excluded. In line with this latter hypothesis, we have
previously observed that the loss/gain of the methyl-
CpG binding protein domain 2 (MBD2) at specific
loci is associated with the regulation of some genes
upon transformation or external signals [9,31].

Discussion

Thus, we reveal that the expression of genes iden-
tified following the treatment of MCF7 cells with
pro-inflammatory cytokines IL6, IL1b, and TNFa
is associated with the expression of these cytokines

Figure 5. Tumour microenvironment impacts the relationship between DNA methylation and gene expression, in human breast
cancer.
a. Tumours (TCGA databank, N = 775) were classified in quintiles according to the mean DNA methylation level for each gene of the
FC2 group; Pearson correlation coefficients (rho) between the normalized expression of each gene and the stromal-score plotted
against the adjusted p-value; blue points, the most methylated tumours (fifth quintile); yellow points, the least methylated tumours
(first quintile); vertical dashed line, rho = 0.2; horizontal dashed line, q-value = 0.05. b. Slope of the correlation shown in a; for each
gene, a linear model was used; red bars, fifth quintile; blue bars, first quintile. c. Correlation matrix between DNA methylation
(M-values) and stromal-score for individual genes. d. Venn diagram depicting the overlap between the genes (FC2 group)
harbouring a negative correlation between their expression and their DNA methylation level at their 5ʹ end shore sequences
according to the stromal cell content of the tumour. Tumours were divided into quintiles according to their stromal-score; only the
highest and lowest scores are shown.

518 H. HERNANDEZ-VARGAS ET AL.



in human breast cancers. The presence of stromal
cells, major source of cytokines, has the strongest
effect on the upregulation of the responding genes
and counteracts, at least partially, the repressive
effect of DNA methylation at their shore
sequences. Our data also highlight that the stromal
cell content of the tumours should be taken into
account when the relationship between gene
expression and DNA methylation is analysed in
human tumours, depending on the set of genes
analysed.

The involvement of the pro-inflammatory cyto-
kines IL1, Il6b, and TNFa in tumour progression,
drug resistance, and metastasis has been described
in many cancer types [32]. These molecules mod-
ulate gene expression of cancer cells and are pro-
duced by both the tumour cells and stromal cells,
in many cancers. The description of the genes
responding to the cytokines is, therefore, of inter-
est, since their expression level seems to be directly
related to the pathophysiology of human cancers
and may help in the understanding of the mechan-
isms of these cytokines in the tumorigenic pro-
cess [33].

Breast tumours are heavily infiltrated by non-
tumour cells [28,34], and the breast cancer cell
line, MCF7, has been extensively studied for their
response to pro-inflammatory cytokines [32]. Our
study took advantage of the extensive publicly
available data both on MCF7 cells and human
databanks (TCGA) to identify genes responding
to these cytokines, and analyse their expression
and epigenetic modifications.

WGBS and Illumina’s BeadArray assays indicated
that genes upregulated by the pro-inflammatory
cytokines harboured a high level of DNA methyla-
tion at their 5ʹend when compared with the non-
responding genes or the bulk of genes, inMCF7 cells.
This hypermethylation was particularly observed at
the shore sequences (sequences flanking the CGi),
suggesting an epigenetic regulation of the respond-
ing-genes. Aberrant hypermethylation of CGi asso-
ciated with gene silencing has been frequently
observed in many cancers [35–37]; however, DNA
methylation alterations (hyper/hypomethylation) of
shore sequences are also frequently observed in can-
cers and closely associated with the level of gene
expression [26,27]. Therefore, we focused on shore
sequences for the analysis of human breast tumour

samples (TCGA databank), this strategy offering the
advantage of comparing genes from a common fea-
ture basis.

The genes upregulated by pro-inflammatory
cytokines, in the MCF7 cell line, were also hyper-
methylated (compared with the non-responding
genes) in human breast tumours. K-means cluster-
ing of the DNA methylation data defined groups of
differentially methylated genes among the tumour
samples, offering a model an in vivo model for
investigating the potential relationship between
DNA methylation and gene response to external
signals, not biased by experimentally induced altera-
tions in DNA methylation.

A large part (about 50%) of the responding genes,
differentially methylated in breast tumours (FC2
group, n = 104), exhibited an expression level
which correlated with the stromal cell content of
the tumour and the expression of the pro-
inflammatory cytokines, indicating that stromal
cells played amajor role in the response of this subset
of genes to pro-inflammatory cytokines. In line with
this observation, it has been shown that cancer-
associated fibroblasts are the major cell source of
IL-6 in the tumour microenvironment of gastric
cancer [38]. Similar to IL-6, TNFa is produced by
numerous cell types, including immune cells, fibro-
blasts and tumour cells, in human breast tumours
[32]. In addition, cell contact plays an important role
in the response to these cytokines, as, for instance,
the transmembrane form of TNF is superior to solu-
ble TNF in activating their receptors [39].

An increase of the expression of FC2 is associated
with the stromal cell content of the breast tumours,
in the TCGA-cohort analysed. This positive correla-
tion was observed not only when the expression level
of each was compared with the stromal cell content
but also when we analyse the mean expression of
these genes, suggesting a co-regulation of the genes
responding to pro-inflammatory cytokines, in
human breast tumours.

For each FC2 gene, the correlation betweenmethy-
lation levels and stromal cell content on gene expres-
sion was investigated by assigning samples either to
the highest or lowest ‘20% DNA methylation level’.
Thus, we observed that the transcriptional response of
the FC2 genes to the stromal cell content of the
tumours is associated with their methylation levels
at shore sequences, suggesting that the repressive
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effect of theDNAmethylation is counteracted, at least
partially, by the presence of stromal cells. In line with
this hypothesis, the significant negative correlation
between gene expression and DNA methylation
level was observed to a lesser extent in tumours with
a high stromal-score (27 genes) than those with
a lower stromal-score (49 genes).

A large amount of data about the potential rela-
tionship between DNA methylation and gene
expression has been accumulated over the past 30
years. Most of these studies associate a high methy-
lation level at the 5ʹ end of the genes and with their
transcriptional repression [40]. However, alterations
of DNA methylation are not a prerequisite for
a modification of a transcriptional program, as, for
instance, transdifferentiation of B cell to macro-
phage can occur without DNA methylation changes
[41], and we have previously observed that soluble
factors secreted by CAFs modulate gene expression
in cell lines, without inducing modification of the
DNA methylation patterns of responsive genes [9].

Pioneering studies have established that the
methylation of templates does not prevent tran-
scription in vitro[42], while methylated vectors are
not transcribed in the living cell [43,44], suggest-
ing that proteins associating methylated CpGs may
be necessary for the repression of methylated
genes. This hypothesis has been validated by the
discovery of several families of proteins that recog-
nize methylated DNA with no or weak sequence
specificity [45]. Among the three families identi-
fied so far, the Methyl-CpG-Binding protein
Domain proteins (MeCp2, MBD2, and MBD4)
have extensively studied [46] and have been asso-
ciated with the repression of the transcription [47],
while these proteins may also play a role in the
transcriptional activation of some genes [48,49].

MBD proteins may also modulate gene expression
in the absence of DNA methylation changes. In
mice, TFF2 is expressed in duodenum and silenced
in colon, while this gene is methylated in both tis-
sues. This tissue-specific repression is correlated
with the tissue-specific presence of MBD2 at TFF2
promoter and MBD2 deletion leads to TFF2 upre-
gulation in colon [50], suggesting that the dynamics
of MBD2 binding has a direct effect on gene tran-
scription. In human cell lines, during the in vitro
transformation of immortalized human mammary
cells, and for many genes, their down-regulation is

not driven by DNA hypermethylation but by the
redistribution of MBD2 across methylated regions
[31]. Dynamics of MBD2 deposition across methy-
lated DNA, linked to changes in gene expression, has
also been observed in human cell lines exposed to
CAF secreted factors [9]. Thus, it cannot be excluded
that the MBD2 deposition was modulated by the
microenvironment of the tumours, leading to
changes in the expression of genes responding to
the stromal cell content of the human breast
tumours.

DNA methylation at specific sites may also inhi-
bit the binding of transcription factors leading to
a downregulation of the transcription of corre-
sponding genes [51–54]. Nevertheless, it had
been shown for some transcription factors that
their binding to regulatory sequences is not inhib-
ited by the methylation of their target sequences
and, for some of them, DNA methylation repre-
sents a positive signal [30,55].

A screen for known binding motifs at 5ʹ end DNA
sequences (TSS ± 1 kb) of FC2 group versus FC1
group of genes identified several sites corresponding
to repressors or activators of the transcription and
some of which are methylation-dependent [30].
These factors are involved in very different pathways
(including, degradation of acetylated low-density
lipoprotein and spermatogenesis) and did not permit
the identification of a specific pathway. However,
a large part of these putative binding proteins
(ZNF281, KLF3, TBX1, HES5, and FOXO3) have
been associated with tumorigenic processes, arguing
in favour of an involvement of FC2 genes in patho-
physiology of breast cancers.

Taken together these data identify an additional
pathway, via the methylation of the shore
sequences, in the cross-talk between cancer cells
and their microenvironment in human breast
cancers.

Materials and methods

Public data

Transcriptomic data for MCF7 and MCF10A cell
lines were collected from GEO DataSets
(Supplementary Table S1), MCF7 cells were trea-
ted for 4 days with IL6, 24 h with IGF, 3 h with
TNFa, and 45 min with IL1b. MCF10A cells were
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treated for 3 days with TGFb. HepG2 cells were
treated for 3 days with TGF. Histone marks and
DNase hypersensitive sites for MCF7 were where
downloaded from ENCODE at UCSC (human
da t a , h t t p : / / h gdown l o ad . c s e . u c s c . e du /
goldenPath/hg19/encodeDCC/). For the MCF7
cell line DNA methylation data, Infinium
HumanMethylation450K β-values were collected
from GEO DataSets (https://www.ncbi.nlm.nih.
gov/gds/?term=GSE78875[Accession]). Whole-
genome bisulphite sequencing data were from
GEO Datasets, GSE54693 and GSM2308631 for
MCF7 and HepG2 cell lines, respectively.
Transcriptomic and DNA methylation data for
human breast cancer were collected from
TCGA (https://cancergenome.nih.gov/) using
the TCGA2STAT package (http://www.liuzlab.
org/TCGA2STAT/) as rpkm for RNAseq data
and β-values for DNA methylation data.

Indexes for breast cancer tumour purity, stro-
mal-score, immune-score, and estimate-score were
collected from the ESTIMATE website (http://
bioinformatics.mdanderson.org/estimate/).

The list of human TSS, annotated from hg19
version of human genome, was collected from
UCSC (http://genome.ucsc.edu/cgi-bin/hgTables)

Data analysis

Differential expression was determined from RNAseq
using Cuffdiff [24] and GEO2R (http://www-ncbi-
nlm-nih-gov.gate2.inist.fr/geo/geo2r/) for array data
GSE54329, GSE67295, GSE67295, GSE7561, and
GSE28569. Data from GSE127828 were analysed
using R/Bioconductor package lumi as previously
described [56]. Using the RNAseq data obtained
from MCF7 cell line (GSE67295), only genes with at
least 0.5 rpkm were kept for subsequent analysis. For
upregulated genes, fold change (FC) ≥ 2, an FDR <
0.05 was used as a threshold, unaffected genes were
defined as genes exhibiting an FC > 0.9 and < 1.1.

Heatmaps were constructed using either
EnrichedHeatmap (R/Bioconductor package) for
DNA methylation or Deep Tools package (https://
deeptools.readthedocs.io) for histone modifica-
tions and DNase hypersensitivity sites.

K-means clustering was performed with Cluster
3 (http://bonsai.hgc.jp/~mdehoon/software/clus
ter/software.htm) and Java Tree view (http://jtree

view.sourceforge.net) packages using the
Euclidean distance to the mean option.

For correlative analyses, RNA expression in rpkm
was normalized to log2(1 + rpkm), andDNAmethy-
lation in β values (methylated CpG/(methylatedCpG
+ unmethylated CpG) to M values: log2(β/1- β).

Motif identification surrounding TSS regions of
FC2 genes. Extended TSS regions (TSS ± 2kb) were
scanned using the RSATmatrix scan module
(https://rsat01.biologie.ens.fr/rsat/) for potential
transcription factor binding motifs using the DNA
sequences surrounding the TSS (TSS ±1 kb) of FC2
genes and DNA sequences surrounding the TSS
(TSS ±1 kb) of FC1 genes as background.

Statistical analyses were performed using Corrplot,
ggplot2, dplyr R packages and GraphPad Prism
software.
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