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Breast cancer (BC) is the most common cancer occurring in women but also rarely develops in men. Recent advances in early
diagnosis and development of targeted therapies have greatly improved the survival rate of BC patients. However, the basal-like BC
subtype (BLBC), largely overlapping with the triple-negative BC subtype (TNBC), lacks such drug targets and conventional cytotoxic
chemotherapies often remain the only treatment option. Thus, the development of resistance to cytotoxic therapies has fatal
consequences. To assess the involvement of epigenetic mechanisms and their therapeutic potential increasing cytotoxic drug
efficiency, we combined high-throughput RNA- and ChIP-sequencing analyses in BLBC cells. Tumor cells surviving chemotherapy
upregulated transcriptional programs of epithelial-to-mesenchymal transition (EMT) and stemness. To our surprise, the same cells
showed a pronounced reduction of polycomb repressive complex 2 (PRC2) activity via downregulation of its subunits Ezh2, Suz12,
Rbbp7 and Mtf2. Mechanistically, loss of PRC2 activity leads to the de-repression of a set of genes through an epigenetic switch from
repressive H3K27me3 to activating H3K27ac mark at regulatory regions. We identified Nfatc1 as an upregulated gene upon loss of
PRC2 activity and directly implicated in the transcriptional changes happening upon survival to chemotherapy. Blocking NFATc1
activation reduced epithelial-to-mesenchymal transition, aggressiveness, and therapy resistance of BLBC cells. Our data
demonstrate a previously unknown function of PRC2 maintaining low Nfatc1 expression levels and thereby repressing
aggressiveness and therapy resistance in BLBC.
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INTRODUCTION
Breast cancer (BC) is the most common cancerous disease in
women with over 2.2 million new cases in 2020 worldwide, but
also represents 1% of all male malignancies [1, 2]. The mortality of
BC patients has significantly decreased over the past decades,
mostly because of early diagnosis improvements and the
development of several targeted therapies. However, despite
intensive efforts to combat the disease, BC remains the first
cancer-related cause of death among women. Even when early
detected, BC recurrence rate fluctuates between 5% and 10%
within 10 years [3–6]. Nowadays, around 25% of BC patients still
develop resistant and/or metastatic lesions with an unfavorable
outcome [7]. Therefore, there is an urgent need for improved
treatment options efficiently targeting resistant relapses and
metastases.
BC is a remarkably heterogeneous disease. The lesions can be

classified into distinct subtypes with specific therapeutic

approaches and outcomes, based on the estrogen receptor (ER),
the progesterone receptor (PR), and the human epidermal growth
factor receptor 2 (HER2) expression [8]. High-throughput gene
expression profiling studies led to the definition of at least five
different molecular subtypes of BC with very different incidence,
prognosis, and response to treatments: Luminal A, Luminal B,
HER-2 enriched, BLBC, Normal-like, and Claudin-low [9, 10].
Targeted therapies specifically inhibiting ER, PR, and/or HER2
greatly improved the therapeutic options and prognosis of
mammary carcinomas (MaCas) subtypes expressing those recep-
tors. Unfortunately, TNBC patients (~15% of all BC), that largely
overlap with the BLBC subtype, lack the expression of hormone
and HER2 receptors and do not profit from these therapeutic
advances. These lesions are clinically treated with a combination
of surgery, radiation, and conventional chemotherapy, depending
on the stage of the disease. Despite a good first response to
cytotoxic therapies, a large fraction of BLBC patients rapidly
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develops resistance. Consequently, BLBC shows the highest
recurrence rate after treatment and the poorest prognosis among
BC diseases [10].
To survive conventional chemotherapeutic treatments, tumor

cells need to adapt to new hostile conditions. Acquisition of
epithelial–mesenchymal plasticity (EMP) and stemness properties
have often been shown to support this process [11, 12]. Such
dynamic properties necessitate the presence of epigenetic
mechanisms allowing a rapid and reversible reorganization of
whole gene expression profiles, rendering them attractive
therapeutic targets in cancer [13]. Numerous reports demonstrate
the central role of epigenetic factors during epithelial to
mesenchymal transition (EMT) [11, 14]. Similarly, epigenetic factors
are indispensable for the acquisition and maintenance of cancer
stem cell (CSC) properties [14, 15]. This is especially the case for
the polycomb repressive complexes 2 (PRC2), a well-characterized
epigenetic complex of four core subunits EED, SUZ12, RBBP7,
EZH1, or EZH2. PRC2 catalyzes the di- and trimethylation of
histone 3 at lysine 27 (H3K27me2 and H3K27me3, respectively)
through its catalytic subunit EZH1 or EZH2, promoting chromatin
compaction and leading to gene silencing [16, 17]. Interestingly,
PRC2 was shown to support adult stem cell homeostasis by
repressing differentiation programs, and to promote CSC proper-
ties in numerous cancers including BC [18–20]. Furthermore, the
enzymatic activity of the PRC2 complex was shown to actively
promote EMT by positively regulating the expression of central
EMT-transcription factors (EMT-TFs) like SNAI1 or ZEB1 [21, 22].
In the past, we developed and characterized the WAP-T MaCa

mouse model to study the biology, progression, and metastatic
processes in BLBC [23–28]. WAP-T mice carry the simian virus 40
(SV40) early region under the control of the mammary tissue-
specific WAP-promoter, exclusively activated during the lactation.
Upon induction through mating, female transgenic animals
develop endogenous tumors with strong CSC properties and
phenotypic plasticity [26, 29, 30]. In a former effort to understand
the effects of conventional cytotoxic combination therapy
(cyclophosphamide, anthracycline, and 5-fluorouracil; short CAF)
on BC, we observed that the chemotherapeutic treatment was not
able to eradicate the disease in vivo, recapitulating the clinical
situation. Interestingly, surviving tumor cells displayed a more
aggressive mesenchymal-like phenotype with increased stem cell
traits and showed a pronounced tendency to disseminate [31]. In
the present study, we established an in vitro approach to
interrogate the molecular mechanisms underlying the acquisition
of EMP and stemness allowing murine WAP-T and human BLBC
cells to survive the chemotherapy. BC patient material and in vivo
experiments were finally used to support and validate our
findings. Collectively, we identified a previously unknown PRC2-
mediated repressive function exerted on EMT- and CSC programs
by suppressing the expression of the nuclear factor of activated
T cells 1 (NFATC1) in BLBC cells.

RESULTS
WAP-T cells surviving a conventional cytotoxic combination
therapy (CAF) gain stem cell traits and EMT properties in vitro
To identify the molecular mechanisms underlying the survival and
the emergence of resistance to CAF chemotherapy in vitro, we first
optimized the treatment settings of a well-characterized WAP-T
cell line (G-2 cells) in the cell culture [29]. The aim here was the
identification of treatment conditions eradicating most of the
tumor cells but allowing the survival and regrowth of a small
tumor cell fraction, mimicking, thereby, the in vivo relapse
situation. Combination therapy consisting of 312.5 ng/ml cyclo-
phosphamide, 15.6 ng/ml doxorubicin, and 312.5 ng/ml 5-FU,
corresponding to the 1/32 dilution of the therapy previously
utilized in Jannasch et al. [31], was identified as the most
appropriate setting (Fig. 1A and B). Therefore, this treatment was

adopted for the rest of the in vitro experiments of the present
study (designated as CAF). Interestingly, parental G-2 (pG-2) cells
surviving CAF treatment acquired a more elongated morphology
characteristic for EMT-undergoing cells (Fig. 1C). A chemoresistant
variant of the pG-2 cells called resistant G-2 (rG-2) cells was
established through several cycles of CAF treatments (see the
“Methods” section). rG-2 harbor cells at basal state a
mesenchymal-like phenotype, further supporting the implication
of EMT-mechanisms in CAF-resistance (Fig. S1A and S1B). We
compared the transcriptome of pG-2 cells after 48 h of CAF
treatment to vehicle conditions (veh) using mRNA-sequencing
(mRNA-seq). DESeq2 analyses identified 1021 downregulated and
1448 upregulated genes (|Log2(Fold Change)| > 1, p-adj < 0.05) in
CAF-treated cells (Fig. 1D). Gene set enrichment analyses (GSEA)
revealed strong enrichment of EMT-gene sets, cancer aggressive-
ness, and stemness (Fig. 1E). Indeed, well-known EMT markers
(Vim, Cdh2, Fn1, and Acta2) and EMT-TFs (Snai1, Snai2, Twist2, and
Zeb1) were upregulated in surviving cells whereas the expression
of epithelial markers (Cdh1, Epcam, Krt14, Krt8, and Krt18) was
strongly reduced (Fig. 1F). The regulation of selected epithelial
(Epcam, Cdh1, Krt18, and Krt14) and mesenchymal genes (Vim,
Snai1, Snai2, Twist1, Twist2, Zeb1) was validated via qPCR (Fig. 1G
and H). We confirmed the increased protein levels of Vimentin and
N-cadherin as well as the decrease of E-cadherin via western blot
(Fig. 1I). Interestingly, the expression of stem cell-specific
transcription factors (e.g. Sox2 and Nanog) was also found to be
increased in CAF-treated pG-2 cells (Fig. S1C). Similarly, at basal
state, rG-2 cells showed increased expression of several EMT- and
stem cell-markers compared to pG-2 cells (Fig. S1C). Altogether,
these results strengthened the validity of our in vitro approach
mimicking our previous in vivo studies [31] and further emphasize
the implication of EMT- and stem cell properties in chemotherapy
survival mechanisms.

WAP-T tumor cells surviving CAF treatment downregulate the
expression of PRC2 core subunits
Further GSEA analyses identified an accumulation of epigenetic-
regulatory gene signatures in CAF-treated cells (Fig. 2A). This was
an interesting finding, as several epigenetic mechanisms are
involved in processes controlling cellular plasticity [32]. mRNA-seq
identified 63 down-regulated and 12 up-regulated epigenetic
factors (Fig. 2B, listed in Table S1). Notably, GSEA and Enrichr
analyses pointed at the regulation of genes known to be
H3K27me3-marked and/or repressed by PRC2 (Figs. 2C and S2A).
A closer look at core PRC2 subunits expression revealed the
downregulation of Ezh2, Suz12, Rbbp7, and the classical accessory
factor Mtf2 in pG-2 cells surviving CAF treatment (Fig. 2D). Also on
the protein level, EZH2 and SUZ12 were significantly reduced in
the CAF condition, as assessed via western blots and immuno-
fluorescence staining (Figs. 2E, F, S2C, D). In line with these
findings, rG-2 cells grown under normal conditions harbored a
constant lower expression of the core PRC2 subunits Ezh2, Suz12,
Rbbp7, and Mtf2 compared to untreated or treated pG-2 cells.
Noticeably, their expression levels were even more reduced upon
CAF treatment (Fig. S2B). We concluded that the reduction of
PRC2 levels was associated with the survival to cytotoxic therapies
and chemotherapy-resistant phenotypes.

Reduction of EZH2 activity enhances the aggressiveness of
BLBC tumor cells
Although PRC2 was so far majorly associated with tumor-
promoting functions, recent publications have also pointed
toward a possible tumor-suppressive role, for example in ovarian
carcinoma [33]. Therefore, we asked whether the identified
reduction of PRC2 activity could directly mediate WAP-T tumor
cell survival to cytotoxic therapies by de-repressing specific gene
expression programs involved in tumor aggressiveness and/or
proliferation. To assess the effect of EZH2 activity loss on the
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proliferation of pG-2 cells, we silenced Ezh2 using targeted siRNA
or treatment with a small molecule inhibitor against EZH2 (EPZ-
6438). Interestingly, impairment of EZH2 activity did not reduce
the proliferation of the tumor cells as it was observed for
numerous other BC cell lines in the past [34, 35]. On the contrary,
the growth of pG-2 cells was slightly but significantly increased by
the loss of EZH2 activity upon knockdown (Fig. 3A) and at a low
(500 nM) and very low (62.5 nM) concentration of EPZ-6438
(Fig. 3D). EZH2 knockdown efficiency was validated on mRNA
level (Fig. 3B) and gradual loss of H3K27me3 resulting from EPZ-
6438 treatment was measured by western blot for different
concentrations (Fig. 3C). The treatments of pG-2 cells with 62.5

and 500 nM EPZ6438 induced a reduction of 60% and 80% of the
H3K27me3 signal, respectively. Interestingly, the colony formation
capacity of pG-2 cells seeded at low cell density was strongly
improved upon EZH2 inhibition, suggesting increased tumor-
initiating properties (Fig. 3E). Remarkably, this increased colony
formation capacity was maintained upon chemotherapy treat-
ment, indicating that inhibition of PRC2 complex activity indeed
supported cell survival and resistance to the therapy (Fig. 3F). We
asked whether this observation was limited to the murine WAP-T
MaCas or if other human cancer cell lines could also get growth
and survival advantage upon PRC2 activity loss. Although certain
BC cell lines showed impaired or unchanged proliferation upon

Fig. 1 WAP-T cells surviving a conventional cytotoxic combination therapy (CAF) gain stem cell traits and EMT properties in vitro. A Cell
proliferation assay of pG-2 cells treated for 48 h with increasing concentrations of a combinatory CAF chemotherapy. The concentrations
represent a fraction of the dose used in our previous publication [31]. Cell confluency was assessed every day with a Celigo®. B Crystal violet
staining of pG-2 cells performed on days 2 and 7 after different doses of CAF-chemotherapy. A quantification (absorbance at 590 nm) of
solubilized crystal violet at day 7 is provided in the lower panel. C Phase contrast images of pG-2 cells 48 h after CAF-treatment showing a
spindle-like morphology characteristic for cells that underwent EMT (scale bar= 250 µm). D Volcano plot showing transcriptome-wide gene
expression changes in pG-2 cells treated with CAF for 48 h compared to vehicle. The number of regulated genes regulated upon CAF-
treatment in the mRNA-seq analyses treatment was assessed using the following parameters: |log2FC | > 1 and p-adj < 0.05. E Representative
GSEA enrichment plots showing significant enrichment of gene signatures characteristic for EMT-processes, stemness traits, and cancer
aggressiveness in CAF-treated versus control pG-2 cells. F Heatmap showing the regulation of selected EMT markers identified in the mRNA-
seq analyses in CAF-treated versus control pG-2 cells. G and H qRT-PCR results validating the downregulation of epithelial marker (G) and the
upregulation of mesenchymal marker (H) upon CAF-treatment of pG-2 cells. Data were calibrated on the control condition and normalized on
the Rplp0 housekeeping gene. I: Western blot validating an increase of Vimentin and N-cadherin protein levels as well as a decrease of
E-Cadherin protein levels upon 48 h CAF treatment of pG-2 cells. Error bars: standard error of the mean (SEM), *p-val ≤ 0.05, **p-val ≤ 0.01, ***p-
val ≤ 0.005, One-way ANOVA: A (AUC: area under the curve), B Student’s t-test: G, H All experiments were performed in at least biological
triplicates (n= 3).
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EZH2 inhibition, knockdown of EZH2 in the MDA-MB-468 TNBC
cell line stimulated the growth properties of the cells, with an even
more pronounced effect under CAF treatment (Fig. S3A and B).
Noticeably, the increased proliferation upon EZH2 inhibition was
also observed in human cancer cell lines of other origins, such as
colorectal and bile duct carcinoma (Fig. S3C–F). Together, our data
showed that PRC2 inhibition can increase aggressiveness and
cytotoxic therapy survival of cancer cells in a context-dependent
manner.

Reduction of PRC2 activity during chemotherapy treatment
allows activation of gene expression programs promoting
tumor cell survival
Loss of PRC2 activity during chemotherapy survival could lead to an
epigenetic switch enabling tumor cells to activate expression
programs promoting aggressiveness and therapy resistance. To test
this hypothesis, we assessed genome-wide occupancy of H3K27me3
and H3K27ac via ChIP-seq in treated and untreated pG-2 cells. The
analysis of genome-wide H3K27ac peak changes showed that
cytotoxic treatment of pG-2 cells leads to a genome-wide signal
increase, especially at transcription start sites (TSSs), whereas only a
minority of regions showed a reduction (Figs. 4A and S4A). This

result aligns with the observation that chemotherapy broadly leads
to gene up-regulation, as shown in our previous mRNA-seq analysis
(Fig. 1D), and further supports the potential occurrence of global
transcriptional de-repression caused by a PRC2 activity reduction.
Therefore, we analyzed changes of H3K27me3 occupancy upon CAF
treatment. Interestingly, we observed a mild but significant genome-
wide decrease in H3K27me3 signal (Fig. S4B). Notably, the observed
H3K27me3 signal decrease upon chemotherapy treatment was
found even more pronounced in actively repressed gene bodies by
the PRC2 under basal conditions (Fig. 4B). We focused on changes of
epigenetic state at the TSSs of upregulated genes. Interestingly,
average levels of H3K27me3 at TSS of up-regulated genes were
pronouncedly reduced upon treatment (Fig. 4C). In parallel and as
expected, H3K27ac occupancy strongly increased at TSSs of up-
regulated genes (Fig. 4D). We, therefore, suspected a direct
connection between loss of PRC2 repressive activity and activation
of gene expression programs upon CAF treatment. To confirm our
assumption, we decided to identify the subset of up-regulated
genes directly controlled through a H3K27me3-to-H3K27ac epige-
netic switch (Fig. 4E). This analysis identified 139 genes with a switch
from trimethylation to acetylation at H3K27. Strikingly, 75 genes
showed at the same time a robust up-regulation at the RNA level

Fig. 2 WAP-T tumor cells surviving CAF treatment downregulate the expression of PRC2 core subunits. A GSEA analysis results (MiSigDB
C2: curated gene sets) plotted as an overview along with Normalized Enrichment Score (NES) and log10(FDR). The red dots represent
significantly enriched epigenetic-related gene sets. A significant positive enrichment of gene signatures associated with epigenetic
mechanisms perturbation was identified. B Identification of differentially regulated epigenetic factors: genes regulated in pG-2 cells upon
survival to CAF treatment (|Log2(Fold Change)| > 0.7, p-adj < 0.05) were intersected with a list of known epigenetic factors. No significant
enrichment of epigenetic factors was observed in the groups of up or down-regulated genes, as assessed by Fisher’s exact test.
C Representative GSEA enrichment plots showing the enrichment of gene signatures typically repressed by PRC2 in CAF-treated pG-2 cells.
D Validation of Ezh2, Suz12, Rbbp7, and Mtf2 expression changes via qRT-PCR. Data were calibrated on the control condition and normalized to
the Rplp0 housekeeping gene expression. E Reduction of EZH2 protein levels upon CAF treatment assessed via western blot.
F Immunofluorescence staining showing a reduction of EZH2 and SUZ12 levels upon CAF treatment of pG-2 cells (scale bars= 50 µm).
A quantification of EZH2 and SUZ12 signals is provided in the right panel. Error bars: standard error of the mean (SEM). *p-val ≤ 0.05, **p-val ≤
0.01, ***p-val ≤ 0.005. Statistical tests: Fisher exact test (A), Student’s t-test (D), Mann-Whitney test (F: violin plot). All experiments were
performed in biological triplicates (n= 3).
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(Log2FC > 0.7, p-val < 0.05). As EMT was identified as one of the
major features of cells surviving CAF-treatment, we screened for
EMT-master regulators in gene ontology and pathway analyses
using the DAVID database. We identified here the nuclear factor of
activated T-cells cytoplasmic 1 (Nfatc1), the High Mobility Group AT-
Hook 2 (Hmga2), and fibroblast growth factor receptor 2 (Fgfr2) as
being significantly enriched (Fig. 4E). Changes in epigenetic profiles
were visualized for these three genes (Figs. 4F and S4C) and
validated by ChIP-qPCR (Figs. 4G and S4D). Changes in Nfatc1, Fgfr2
and Hmga2 expression levels were further validated by qRT-PCR and
western blot (Figs. 4H–I, S4E and S4F). Nfatc1 retained our attention
as it was shown to promote EMT and tumor progression in several
tumor entities. Furthermore, Chen et al. reported a context-
dependent epigenetic regulation of NFATc1 expression by EZH2 in
pancreatic tissues [36]. Additionally, NFATc1 activity can be targeted
by small molecule inhibitors, some of them being commonly
employed in the clinic (e.g. Cyclosporin A, CsA), making this factor
very attractive to study in the context of survival and resistance to
chemotherapy [37].

EZH2 loss stimulates NFATc1 expression and correlates with
poor prognosis in BLBC patients
Next, we investigated whether EZH2 directly modulates NFATc1
expression in WAP-T cells. We, therefore, performed a knockdown of
EZH2 in pG-2 cells followed by western blot analyses. As expected,
EZH2 loss induced a global decrease of H3K27me3 levels.

Interestingly, the global levels of H3K27ac were increased, confirm-
ing the occurrence of a profound epigenetic switch upon PRC2
activity loss, as observed earlier in our ChIP-seq results (Figs. 4A, B,
S4A, and B). Strikingly, loss of EZH2 induced a dramatic increase of
NFATc1 at the protein level, demonstrating that the sole impairment
of PRC2 activity suffices to promote Nfatc1 expression in vitro
(Fig. 5A). Accordingly, EPZ-6438 mediated EZH2 inhibition in pG-2,
rG-2 and MDA-MB-468 cells also led to increased NFATc1 levels,
while EZH2 overexpression in pG-2 cells led to a significant
reduction of Nfatc1 expression, demonstrating the validity of the
EZH2-mediated repressive activity on NFATc1 expression in other
models (Fig. S5A–E). We next analyzed the behavior of EZH2 and
NFATc1 in vivo on paraffin sections of WAP-T tumors at different
time points of a CAF chemotherapy treatment generated in our
former study [31] (Fig. 5B). IHC staining confirmed a strong decrease
of EZH2 levels in surviving tumor cells during the acute phase of the
treatment (Group 2) compared to the untreated control group
(Group 1). Simultaneously, the number of cells expressing NFATc1 as
well as its staining intensity were increased in Group 2 tumors,
confirming the anti-correlative behavior of these two factors in vivo.
Interestingly, tumors re-growing after chemotherapy (Group 3)
showed an almost complete restoration of EZH2 expression whereas
NFATc1 expression came back to a level close to the control group
(Group 1) (Figs. 5B and S5F). Additionally, we asked if the
transcriptional control of NFATc1 by EZH2 could be observed in
BC patient material. The staining of a BC tumor microarray (TMA)

Fig. 3 Reduction of EZH2 activity enhances the aggressiveness of BLBC tumor cells. A Crystal violet staining of pG-2 cells with EZH2
knockdown. The confluency was measured by ImageJ and normalized to the controls. B Validation of EZH2 knockdown efficiency via qRT-PCR.
Gene expression was calibrated to the control condition (siCont) and normalized to the Rplp0 housekeeping gene. C Measurement of EZH2
inhibition by increasing EPZ-6438 concentration via assessment of H3K27me3 levels in western blots. Densitometry normalized to actin levels
is provided in the lower panel. D Proliferation assay of EPZ-6438-treated pG-2 cells using celigo® and crystal violet staining. E and F Colony
formation assay upon treatment of pG-2 cells with EPZ-6438 alone (E) or in combination with CAF (F). The number of colonies was assessed
through ImageJ analysis. Error bars: standard error of the mean (SEM). *p-val ≤ 0.05, **p-val ≤ 0.01, ***p-val ≤ 0.005. Student’s t-test: A and B
one-way ANOVA: D–F All experiments were performed in biological triplicates (n= 3).
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with 119 different samples revealed that the majority of the tumor
samples expressed moderate levels of EZH2 and high levels of
NFATc1 (Fig. 5C left panel and Fig. S5G). Strikingly, an anti-
correlation between EZH2 and NFATc1 levels was observed in ~2/3
of the samples (Fig. 5C, right panel). To further support our finding,

we extracted the expression values of EZH2 and NFATc1 from
different publicly available human primary BC datasets and
observed a mild but significant anti-correlation (Fig. 5D, E). Survival
analyses using the TCGA PAM50-based dataset for human basal-like
cancers showed that patients with low EZH2 (Fig. 5F), high NFATC1

Fig. 4 Reduction of PRC2 activity during chemotherapy treatment allows activation of gene expression programs promoting tumor cell
survival. A Global changes of H3K27ac at TSSs (±2.5 kb) upon CAF-treatment, visualized in an aggregate plot and heatmaps. B Global changes
of H3K27me3 in gene bodies (±5 kb) of genes significantly marked under basal growth conditions, visualized in an aggregate plot and
heatmaps. C and D Aggregate plots showing changes of H3K27me3 (C) and H3K27ac (D) occupancy at TSSs (±5 kb) of genes upregulated
(log2FC > 0.8, p-val < 0.05) upon 48 h CAF-treatment. E: Identification of up-regulated genes showing a simultaneous loss of H3K27me3 levels
and gain of H3K27ac occupancy upon CAF-treatment (upper panel). This group of genes was statistically significantly enriched, as assessed by
Chi-square test. The 75 gene set was then used for signature enrichment analyses. Interestingly, regulators of the EMT program were identified
in the Gene Ontology (GO) databases (DAVID web tool, (link: https://david.ncifcrf.gov/). F H3K27me3 and H3K27ac ChIP-seq tracks, and mRNA-
seq tracks showing specific occupancy changes upon CAF treatment at the Nfatc1 gene locus. The position of the primers used in the
subsequent ChIP-qPCRs is provided by black arrows. G Validation of the epigenetic switch at the promoter region of Nfatc1 via ChIP-qPCR. The
dashed line represents the background signal obtained with IgG control. H and I Changes of Nfatc1 expression upon CAF-treatment, as
measured via qRT-PCR (H) and western blot (I). The densitometry values represent the normalized NFATc1/Actin signal. Error bars: Standard
error of the mean (SEM). *p-val ≤ 0.05, **p-val ≤ 0.01, ***p-val ≤ 0.005. Student’s t-test: G, H All experiments were performed in at least
biological triplicates (n= 3).
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(Fig. 5G) or low (EZH2/NFATC1)-ratio (Fig. 5H) have a worse prognosis
compared to EZH2 high, NFATC1 low or high (EZH2/NFATC1)-ratio
patients. Additional mining of publicly available data revealed that
TNBC patients with low response to chemotherapy show signifi-
cantly lower levels of EZH2 and higher NFATc1 expression (Fig. S5H
and I). Therefore, NFATC1 induction by EZH2 loss is implicated in
increased tumor aggressiveness and progression in BLBC patients.

Inhibition of NFATc1 sensitizes BLBC to conventional
chemotherapy
The NFAT transcription factor family has been shown to regulate
EMT processes in different cancers, including BC [38, 39]. There-
fore, we decided to investigate the impact of NFATc1 on pG-2 cell

aggressiveness. For this purpose, we performed several in vitro
functional assays upon siNfatc1 treatment. The knockdown
efficiency was first confirmed via western blot and qRT-PCR
(Figs. 6A and S6A). Cell growth kinetic measurements demon-
strated that NFATc1 loss decreases pG-2 cell growth properties
(Fig. 6B). Remarkably, NFATc1 silencing in the human MDA-MB-
468 induced an even more pronounced impairment of cell
proliferation (Fig. S6B). The treatment of pG-2 cells with CAF leads
to increased tumor cell dissemination and EMT in vivo [31]. To
determine if increased NFATc1 levels could be involved in these
phenomena, we assessed changes of pG-2 cell motility upon loss
of NFATc1. We observed that pG-2 cell migratory properties were
significantly reduced upon NFATc1 knockdown in a gap closure

Fig. 5 EZH2 loss stimulates NFATc1 expression and correlates with poor prognosis in BLBC patients. A siRNA-mediated EZH2 knockdown
leads to a global loss of H3K27me3 and increased NFATc1 protein levels in pG-2 cells, as assessed by western blot. The densitometry values
provided here represent H3K27me3/H3, NFATc1/Actin, and H3K27ac/H3 signals, respectively. B Schematic representation of the groups of
CAF-treated tumors from Jannasch et al. [31] (left panel). Representative images of paraffin-embedded tumors from group 1 (control), group 2
(acute phase), and group 3 (regrowth phase) stained for EZH2 and NFATc1 (right panel). Scale bar= 50 µm. C Expression levels of EZH2 and
NFATc1 alone (left charts) and anti-correlated with each other (right chart) in BC TMA samples (n= 119). D and E Distribution of EZH2
and NFATc1 expression levels in Metabolic gEne RApid Visualizer database (D; MERAV; http://merav.wi.mit.edu) and R2: Genomics Analysis and
Visualization Platform (E; https://hgserver1.amc.nl/cgi-bin/r2/main.cgi). A significant anti-correlation between EZH2 and NFATc1 expression was
observed (D and E). F–H Survival analyses of BLBC patients (PAM50 classification) showing overall survival (OS) advantage for the EZH2high (F)
or EZH2high/NFATC1low (H) and a poorer survival for the NFATC1high (G) and EZH2low/NFATC1high (H) -expressing groups (H: based on the z-score
(EZH2)/z-score(NFATc1) ratio). Expression and survival data of BLBC patient data were extracted from the TCGA-BRCA dataset on the Xena
browser (link: https://xenabrowser.net/). Statistical tests: Fisher exact test (C), Pearson correlation (D, E), Log-rank test (F–H). All experiments
were performed in at least biological triplicates (n= 3).

I.K. Mieczkowska et al.

7

Cell Death and Disease         (2021) 12:1118 

http://merav.wi.mit.edu
https://hgserver1.amc.nl/cgi-bin/r2/main.cgi
https://xenabrowser.net/


and a trans-well assay (Fig. 6C and D). Thus, we asked if NFATc1
could influence pG-2 motility by regulating EMT-transcriptional
programs. Thus, we performed qRT-PCRs for several EMT-related
markers that were previously found to be regulated upon
chemotherapy treatment (Fig. 1G and H). Strikingly, NFATc1 loss

led to a significant reduction of the EMT signature, as visible by
increased levels of epithelial Cdh1 and decreased EMT-factors
Chd2, Vim, Snai1, and Zeb1 expression (Fig. 6E and F). To confirm
that NFATc1 signaling impairment indeed favors more epithelial
phenotypes, we treated pG-2 cells with increasing concentration
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of cyclosporine A (CsA), a well-established inhibitor of NFAT family
members. We then measured changes of the epithelial population
size by assessing EpCAM-positive (EpCAMpos) cell fraction by flow
cytometry. Interestingly, CsA treatment of pG-2 cells led to a
pronounced increase of the EpCAMpos cell population (Fig. 6G).
Remarkably, activation of the NFAT signaling by Thapsigargin
treatment induced a strong concentration-dependent decrease of
the EpCAMpos cell population, pointing at an efficient induction of
EMT upon NFATc1 activation. (Fig. 6H). To finally test if the
modulation of NFATc1 activity has an influence on cell’s resistance
to chemotherapy, we treated pG-2 with increasing concentrations
of CsA and another NFAT-specific inhibitor (VIVIT), in presence or
absence of CAF treatment. Both treatments significantly reduced
the growth capacity of G-2 cells under basal conditions (Fig. S6C
and D). Remarkably, the combination of NFATc1 inhibition and
chemotherapy significantly increased the efficiency of the
treatment, demonstrating that NFATc1 plays a critical role during
survival of tumor cells to cytotoxic treatments (Fig. 6I and J). These
effects were not limited to the murine cell line, as CsA treatment
also sensitized MDA-MB-468 cells to CAF therapy (Fig. S6E). Finally,
we assessed the ability of CsA to inhibit pG-2 cell growth with or
without CAF in chorio-allantoic membrane (CAM) assay and in
in vivo syngeneic mice (Fig. 6K–N). Interestingly, the single CsA
treatment was not able to reduce the growth behavior of the
tumors in both assays. However, the combined CsA and CAF
therapy showed the highest effectiveness in the CAM assay and in
orthotopic growing lesions (Fig. 6K and N). Together, our results
demonstrate a key-role of NFATc1 signaling modulating EMP,
aggressiveness and chemotherapy survival in pG-2 cells, under the
control of PRC2 epigenetic regulation.

DISCUSSION
In the present study, we leveraged murine WAP-T MaCa cells and
human BC-cell lines to model and investigate molecular mechan-
isms underlying BLBC survival to conventional chemotherapy.
Similarly to former studies on in vitro, animal models, and patient
material [40, 41], our transcriptome-wide analyses showed that
WAP-T cells activate transcriptional programs characteristic for
EMT and CSC to survive the treatment. Indeed, the gain of EMP
was shown to promote tumor cell invasiveness and protect them
against pro-apoptotic signals [42, 43]. Additionally, EMT and CSC
properties are tightly linked together and have been frequently
shown to positively influence their respective transcriptional
programs [44–47]. As the acquisition of such properties requires
rapid and profound transcriptional changes, we expected
epigenetic mechanisms to be involved in these processes [48].
Combining mRNA-seq and ChIP-seq approaches, we surprisingly
identified a reduction of the PRC2/EZH2 activity occurring during
chemotherapy survival in WAP-T cells. The repressive activity of

EZH2 on gene expression is mostly known to promote cancer
progression and contribute to therapy resistance, to metastasis
and resistance to programmed cell death in numerous cancers
including TNBC [49–60]. Paradoxically, our results unraveled an
opposite role of PRC2/EZH2 in WAP-T and other BLBC cells,
maintaining a more chemotherapy-sensitive phenotype via
specific repression of EMT and CSC transcriptional programs.
Although contradictory at the first glance, our results align with
still scarce but growing evidence, that loss of PRC2/EZH2 activity
can drive or support the initiation and progression of cancers in a
context-specific manner [61–63]. For instance, loss of EZH2 was
shown to promote genomic instability, to act as a barrier to KRAS-
driven inflammation and EMT or to promote therapy resistance in
BC, colorectal cancer, lung cancer, acute myeloid and T-cell acute
lymphoblastic leukemia, respectively [62, 64–70]. Our investiga-
tions on murine and human BLBC cell lines corroborated the
occurrence of EZH2-specific tumor-suppressive activity and
described thereby a new molecular mechanism by which PRC2/
EZH2 can exert its repressive function on the EMT transcriptional
program. Specifically, loss of PRC2 subunits upon chemother-
apeutic treatment led to rapid upregulation of central EMT
regulators via a repressive (H3K27me3) to activating (H3K27ac)
epigenetic switch. Strikingly, we identified here NFATc1 as one of
the major EMT-TF under the immediate epigenetic control of PRC2
in BLBC and upregulated in cells surviving chemotherapy.
Interestingly, the Hessmann group reported a few years ago that
NFATc1 is needed for the pancreas regeneration after injury, and is
epigenetically silenced by EZH2 activity once regeneration is
completed, supporting the mechanism of regulation identified in
the present study [36]. The pivotal role of NFATc1 in the activation
of EMT transcriptional programs in cancer cells and the availability
of specific small molecule inhibitors (e.g. CsA or VIVIT) renders this
factor very interesting as a potential drug target to increase
conventional therapies efficiency [71, 72].
NFAT-signaling was established as being crucial for the survival

and metastatic properties of triple-negative BC [73]. In this study, we
observed increased efficiency of CAF treatment on BLBC cells when
co-treated with cyclosporine A or VIVIT. These results are in line with
former studies on lung cancer, acute myeloid leukemia (AML), and
bladder cancer showing that NFATc1 inhibition sensitized cancer
cells to cisplatin, sorafenib- and tacrolimus-induced apoptosis,
respectively [74–76]. Beside these considerations, NFATc1 has a
prominent function in T-cells induction and is necessitated for the
correct activation of cytotoxic T cells during tumor cell clearance
[77]. The reversible character of NFATc1 inhibitors like CsA as well as
their anti-tumorigenic properties at significantly lower doses than
immunosuppressive ones, might therefore represent a major
advantage in the design of combinatory therapies [37].
In summary, this study presents the evidence of a very context-

dependent PRC2/EZH2 function in BC that in certain circumstances

Fig. 6 Inhibition of NFATc1 sensitizes BLBC to conventional chemotherapy. A qRT-PCR validation of NFATc1 knockdown. B Impairment of
pG-2 cell growth upon NFATc1 knockdown determined by Celigo® (left panel) and crystal violet staining (right panel). C and D Reduction of
pG-2 cells migratory capacity upon NFATc1 knockdown analyzed via gap closure assay (C) and Boyden chamber assay (D). E and F Assessment
of EMT markers regulation in pG-2 cells upon NFATc1 knockdown by qRT-PCR. G The inhibition of NFATc1 activity by treating pG-2 cells with
increasing concentrations of cyclosporin A (16, 80, 400 nM, and 2 µM) for 48 h increases the fraction of EpCAM positive cells, as measured by
FACS. H Activation of the NFAT signaling through thapsigargin treatment (1, 5, 25, 125, and 625 nM) for 48 h reduces the fraction EpCAM-
positive cells in pG-2 cells, as measured by FACS. I and J Inhibition of NFATc1 transcriptional activity by Cyclosporin A (CsA) (I) or VIVIT (J)
treatment renders pG-2 cells more sensitive to CAF chemotherapy in vitro. Growth kinetics were assessed by Celigo® confluence measurement
(left panel) and crystal violet staining (right panel). Error bars depicted as shadow area: standard error of the mean (SEM). K CAM assay
demonstrating a significantly decreased size of the tumors treated with a combination of CAF+ CsA. The Micro-CT scans of the tumors and
quantification of their volumes are provided for the different conditions in the left and right panels, respectively. L–N Assessment of the CAF
+ CsA combination therapy efficiency in in vivo syngeneic mice transplanted with pG-2 cells. Graph depicting the treatment schedule for the
different groups of mice (L). Growth kinetics of untreated (n= 3 animals) or CsA (50mg/kg i.p. three times per week, n= 5 animals) treated
tumors (M). Growth kinetics of tumors treated with either CAF alone (n= 3 animals) or CAF+ CsA in combination (n= 3 animals) (N). *p < 0.05,
**p < 0.001, ***p < 0.005. Student’s t-test: A, B, N (AUC: area under the curve), C–F, I, J, N. One-way ANOVA: G, H, K. All experiments were
performed in at least biological triplicates (n= 3).
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can maintain more therapy-sensitive states by epigenetically
repressing NFATc1 expression. Our data suggest that targeting the
NFATc1 signaling in EZH2low TNBC/BLBC patients could represent an
attractive opportunity to increase the efficiency of conventional
chemotherapeutic treatments and reduce the development of
deadly resistant cancer cells phenotypes.

MATERIALS AND METHODS
Cell culture
Cell lines. The murine MaCa pG-2 cell line was generated in a previous
study29 and cultured in DMEM GlutaMAX™ (Invitrogen). The human cell line
MDA-MB-468 (triple-negative BC) was cultured in DMEM GlutaMAX™
medium, HCT116 and HT29 (colorectal cancer) in McCoy’s medium (Gibco),
and EGI-1 and TFK1 (cholangiocarcinoma) in MEMmedium (Gibco). All media
were supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin (P/S) and all cell lines were maintained at 37 °C, 5% CO2.

Chemotherapy treatment. Optimization steps were started with a CAF-
chemotherapy concentration of 10 μg/ml cyclophosphamide, 0.5 μg/ml
doxorubicin, and 10 μg/ml 5-FU, related as concentration “1” [31]. A
dilution of “1/32” (312.5 ng/ml cyclophosphamide, 15.6 ng/ml doxorubicin,
and 312.5 ng/ml 5-FU) was identified as most appropriate for this study
and was employed in all further experiments of this project. Cells were
treated for 48 h.

Generation of rG-2 cells. CAF-resistant G-2 cells were established by 3 cycles
of 3 days chemotherapeutic treatment (1/32, 1/16, 1/16, respectively), each
time followed by a recovery time of 10 days with fresh medium.

siRNA transfection. Cells were reverse transfected with siRNA using
Lipofectamine® RNAiMAX (Thermo Scientific), according to the manufac-
turer’s instruction. For siRNA sequences (see Table S2).

In vitro functional assays
Proliferation assays. 1 × 104 cells per well were seeded on 24-well plates.
For EZH2 inhibition experiments, cells were pre-treated for 2 days with
different concentrations of EPZ-6438 inhibitor in normal culture medium at
the indicated concentration. In experiments assessing resistance to
chemotherapy, cells were subsequently treated with a combination of
CAF and EPZ-6438 for 2 days, and finally with EPZ-6438 alone for two more
days. The cell proliferation was monitored with a Celigo S Cell Imaging
Cytometer (Nexcelom, UK). The measurements at different time points
were normalized to the respective day 0 values.

Crystal violet staining. Cells were stained with crystal violet on the last day
of experiments. After a short wash step with PBS, cells were fixed for 2 min
with 100% methanol and stained 20min with 0.05% crystal violet in 20%
ethanol. Stained cells were then washed at least three times with tap water
and finally dried. Pictures of the staining were taken with an Epson
Perfection V700 Photo scanner (Epson).

Migration assays. 4 × 105 cells were reverse transfected with siRNA or
treated with the respective inhibitor in six-wells. On the next day, the
adherent cells (~95% confluency) were serum-starved by replacing the
complete growth medium with serum-free medium. After 4 h, scratches
were performed on the cells monolayer using a sterile pipet tip. The
medium was immediately replaced with fresh complete medium. The
wounds were photographed at 0 and 24 h and analyzed via ImageJ.

Colony formation assay. Cells were pre-treated with inhibitors or
transfected with siRNA in the same way as for proliferation assays. The
next day, 2 × 103 cells were seeded per well in a six-well plate. Once
colonies reached adequate size (generally between 12 and 15 days), cells
were fixed and stained as previously described.

RNA extraction and cDNA synthesis
Total RNA from cultured cells was isolated using Qiazol (Qiagen, Germany)
according to the manufacturer’s protocol and quantified using a Denovix
DS11+ spectrophotometer (Denovix, USA). 0.5–1 μg of RNA were reverse
transcribed using M-MuLV transcriptase and buffer according to the
manufacturer protocol (New England Biolabs GmbH, Germany).

Quantitative real-time PCR (qPCR)
Quantification of gene expression (RT-qPCR) and chromatin occupancy (ChIP-
qPCR) were performed in a CFX qPCR-cycler (Bio-Rad, Germany) with 25 μl
reaction volumes. The following program was utilized for RT-qPCR: initial
denaturation (2min at 95 °C); 40 cycles of amplification (10 s at 95 °C, 30 s at
60 °C). The housekeeping gene Rplp0/RPLP0 was utilized to normalized gene
expression results. For ChIP-qPCR, the following program was used: initial
denaturation (2min at 95 °C); 40 cycles of amplification (15 s at 95 °C, 45 s at
60 °C), termination (1min at 95 °C, 10 s at 65 °C). The results of chromatin
occupancy were normalized to the respective input values and calibrated to
their respective controls. Primer sequences utilized in this study are listed in
Tables S2 and S3 for RT-qPCR and ChIP-qPCR, respectively.

Western blotting
Proteins were extracted from six-wells plates with 500 μl ice-cold RIPA
buffer (10mM Tris–Cl pH 8, 1 mM EDTA, 1% v/v Triton X-100, 0.1% sodium
deoxycholate, 0.1% SDS, 140mM NaCl) supplemented+with protease
inhibitors cocktail: 1 mM Pefabloc, 1 ng/μl aprotinin/leupeptin, 10 mM BGP,
1 mM NEM and 8M urea (1/3 of the final volume). Protein samples were
then sonicated for five cycles (30 s ON/30 s OFF) in a Bioruptor (Diagenode,
Belgium). Samples were then mixed with Lämmli buffer (6×, 375mM Tris/
HCl, 10% SDS, 30% glycerol, 0.02% bromophenol blue, 9.3% DTT) and
cooked for 5 min at 95 °C. Same amounts of protein per sample were then
separated using 10–12% SDS polyacrylamide gel electrophoresis and
transferred onto nitrocellulose membranes (Immobilon, Millipore, USA).
Membranes were blocked with 5% skimmed milk in TBS-T and incubated
overnight at 4 °C with specific primary antibodies diluted in the same
blocking solution. Next, membranes were washed with TBS-T, incubated
1 h with secondary antibodies diluted in blocking buffer, washed again
with TBS-T, and finally developed using HRP substrate (Dianova GmbH,
Germany) in a Chemidoc imaging system (Biorad, Germany).

RNA sequencing and analysis
RNA library preparation was carried out using NEXTflex™ Rapid Illumina
Directional Kit according to the manufacturer’s instructions. The size of the
generated libraries was estimated on a high sensitivity DNA chip (Agilent)
using a Bioanalyser 2100 (Agilent) and their concentration was determined
using Qubit fluorimeter (Invitrogen). Finally, libraries were multiplexed to a final
concentration of 2 nM and sequenced on a HiSeq 2500 Illumina-Sequencer at
the NGS-Integrative Genomics (NIG) at the University Medical Center
Göttingen (UMG).
The mRNA-seq raw data (Fastq files) were processed in the Galaxy

environment (https://galaxy.gwdg.de) provided by the “Gesellschaft für
Wissenschaftliche Datenverarbeitung mbH Göttingen” (GWDG) following the
pipeline established in the past [78]. After quality check using FastQC,
sequencing data were trimmed (FASTQ Trimmer tool), aligned to the murine
reference genome (mm9) with the TopHat tool. Next, reads were assigned to
their respective genomic features using htseq-count. Finally, differential gene
expression analyses were performed using DESeq2. Analyses of gene signature
enrichment were performed using the gene set enrichment analysis (GSEA)
tool (http://www.broadinstitute.org/gsea/downloads.jsp) and the web-based
Enrichr tool (http://amp.pharm.mssm.edu/Enrichr/). The GSEA analyses were
ran on a count matrix containing all genes harboring expression level over the
background (basemean> 15 normalized counts) with following parameters:
Gene set databases Hallmarks (H.all.v7.0), Curated (C2.all.v7.0) and Oncogenic
signatures (C6.all.v7.0); collapse= false; permute= gene_set; set_max= 2000;
set_min= 15; num= 1000; norm= 200. Heatmap representations of gene
expression were generated with the online Morpheus tool (https://software.
broadinstitute.org/morpheus/).
Data were deposited at ArrayExpress (www.ebi.ac.uk/arrayexpress/)

under the accession number E-MTAB-9547.

Chromatin immunoprecipitation (ChIP)
Chromatin immunoprecipitation for H3K27me3 and H3K27ac was performed
48 h after chemotherapy or control vehicle treatment, as described previously
[79]. Briefly, pG-2 cells were cultured in 15 cm plates. Protein–DNA complexes
were crosslinked with 1% formaldehyde (Sigma-Aldrich, Germany) and the
nuclear fraction was extracted and sonicated with a Bioruptor pico (Diagenode,
Belgium). After controlling the size of the DNA fragments and a pre-cleaning
step, the same amounts of samples were incubated with 1 μg anti-H3K27me3
or anti-H3K27ac antibody overnight at 4 °C and immuno-precipitated with
protein A-sepharose. Finally, DNA–protein complexes were reverse-crosslinked,
DNA fragments were purified by phenol–chloroform extraction, and
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concentration was determined using Qubit fluorimeter (Invitrogen). Finally,
20–30 μg immunoprecipitated DNA fragments were used for library generation
with the MicroPlex Library Preparation Kit v2 (Diagenode). The size of the
libraries was estimated with a high sensitivity DNA chip (Agilent) using a
Bioanalyser 2100 (Agilent) and libraries were subsequently multiplexed to a
final concentration of 2 nM. Sequencing reactions were performed on a HiSeq
4000 Illumina-Sequencer (NGS Integrative Genomics Core Unit, University
Medical Center of Göttingen).
Data were deposited at ArrayExpress (www.ebi.ac.uk/arrayexpress/)

under the accession number E-MTAB-9584.

Analysis of ChIP-seq data
ChIP-seq data were processed and analyzed in the Galaxy environment
(https://galaxy.gwdg.de/) following a pipeline established in the past [80].
After a quality check (FastQC), reads were aligned to the mouse reference
genome (mm9) using Bowtie2. H3K27ac peaks were identified with the
MACS2 tool and Differential Binding analyses were performed with Diffbind.
The deep tools suite was used for the generation of normalized coverage
files (bamCompare). To visualize occupied regions, region scoring matrixes
were computed (computeMatrix) and profiles plots or heatmaps were
generated (plotProfile and plotHeatmap). Histone modification occupancy at
specific genomic regions was visualized with the integrative genome Viewer
(IGV; http://software.broadinstitute.org/software/igv/). Enrichments of geno-
mic regions related to specific gene signatures were performed with the
Enrichr web-based tool (http://amp.pharm.mssm.edu/Enrichr/).

IHC staining and scoring
IHC staining was performed as described previously [80]. Briefly, tumor sections
were deparaffinized and rehydrated using decreasing alcohol concentration.
Antigen retrieval was performed with citric acid buffer (1mM citric buffer pH
6.0, 0.05% Τween 20) or EDTA buffer (10mM EDTA, 0.05% Tween 20, pH 8.0)
for EZH2 and NFATc1, respectively, in a microwave pressure cooker for 10min.
After blocking endogenous peroxidase and unspecific epitopes, sections were
subsequently incubated with primary antibodies overnight at 4 °C, washed
with PBT-T, and finally incubated with biotinylated secondary antibodies for 1 h
at room temperature. Next, Horse Radish Peroxidase coupled avidin (Sigma-
Aldrich, 1:1000 in PBS) was applied for 90min. The slides were washed in PBS
and developed with a DAB-chromogen solution. Counterstain was performed
with hematoxylin (Roth). Last, tissues were dehydrated with increasing alcohol
concentration and mounted with Histokitt (Roth). Brightfield pictures of the
staining were acquired with a Zeiss AXIO Scope.A1 microscope (Zeiss). The list
of the utilized antibodies and their dilutions is available in Tables S4 and S5 in
the supplemental data. Immunostained WAP-T tumors were scored based on
the percentage of DAB-positive cells (EZH2+, NFATC1+) per acquired field (min.
5 fields per treated group). EZH2 and NFATC1 scoring on the patient tissue-
microarrays were established based on the staining intensity (null= no
detectable staining, low=weak staining intensity, high= strong staining
intensity). Antibodies used for immunohistochemical staining are provided in
Supplementary Information.

Immunofluorescence staining
Cells were plated on glass coverslips and grown in 24-well plates. For
immunofluorescence staining, cells were washed with PBS, fixed using 4%
paraformaldehyde in PBS for 10min, and washed again with PBS for 5min.
Cells were then permeabilized with 0.1% Triton X-100 in PBS for 10min,
washed with PBS for 5min, and blocked 5% BSA in PBS for 30min. Primary
antibodies diluted in blocking solution were applied to the coverslips
overnight at 4 °C in a humid chamber. After a washing step in PBS-T, cells
were incubated with appropriate fluorophore-conjugated secondary anti-
bodies for 1 h at room temperature in a dark humid chamber. Cells were
washed with PBS-T and nuclei were stained with DAPI in PBS (1 μg/ml) for
5min. After the last wash step in PBS, coverslips were mounted on normal
glass slides using Mowiol 4-88 mounting medium (Sigma). Fluorescence
pictures were acquired with a Zeiss AXIO Scope.A1 microscope (Zeiss). Detailed
lists of primary and secondary antibodies used in this study are provided in the
supplemental data. Fluorescence intensity was quantified using the ImageJ
software.

Mouse experiments
All animal experiments were performed according to the German regulations
for animal experimentation and authorized by the local ethics office
(Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsi-
cherheit, LAVES) under the registration number 33.19-42502-04-16/2169.

Mice were housed in a controlled environment at a 12 h dark/light cycle
and 22 °C and were fed laboratory chow and tap water ad libitum.

Cyclosporin A treatment. Syngeneic virgin female WAP-T mice (Balb/c) were
anesthetized with an injection of ketamine/xylazine and 1 × 106 pG-2 cells in
20 μl DMEM were injected in the right abdominal mammary gland. The
animals were randomly assigned to four groups: controls (group 1), CsA
treatment (group 2), CAF treatment (group 3), and CAF+ CsA treatment
(group 4). Once tumors reached an average volume of 200mm², animals of
groups 2 and 4 were treated with 5mg/kg of CsA intraperitoneally (IP), while
groups 1 and 3 received equal amounts of the vector solution (2% DMSO; 30%
PEG300; 5% Tween 80 in H2O) three times a week. On the day following the
first CsA injection, animals of groups 3 and 4 were treated with a single dose
chemotherapy IP (50mg/kg cyclophosphamide, 2.5mg/kg doxorubicin,
50mg/kg 5-FU), while groups 1 and 2 received a single dose of an equal
volume of NaCl 0,9%. Treatment with CsA was continued until the end of the
experiment; animal weight and tumor volumes (caliper measurement) were
monitored three times a week.

Tissues analyzed in IHC staining. The MaCa tissues utilized for IHC staining
originated from Jannasch et al. where animals were treated with a single
dose combining 100mg/kg cyclophosphamide, 5 mg/kg doxorubicin, and
100mg/kg 5-fluorouracil [31].

Chorio-allantoic membrane (CAM) assay
CAM assays were performed as described previously [81]. Briefly, pG-2 cells
were pre-treated with either DMSO, 4 μM CsA, 1/32 CAF or a combination
of 4 μM CsA and 1/32 CAF. 48 h later, cells were trypsinized and
resuspended in DMEM:Matrigel (1:1) supplemented with DMSO (control
and CAF alone groups) or 4 μM CsA (CsA and CsA+ CAF groups). For every
replicate, 3 × 106 of pretreated pG-2 cells in 40 μl were implanted onto a
10 days old chicken embryo CAM and incubated for further 7 days.

Analyzing volumes of the growing tumors via micro-CT. Excised tumors
were briefly rinsed five times in water and then transferred to 35% and 70%
ethanol (1 h each). For staining and fixation, tumors were placed overnight at
room temperature (RT) under slow rotation in a 4% paraformaldehyde solution
(PFA, Serva Electrophoresis) in phosphate-buffered saline, pH 7.4 (PBS,
Invitrogen), containing 0.7% phosphotungstic acid solution (PTA, Sigma-
Aldrich Corp.) diluted in 70% ethanol. Samples were then briefly rinsed in
water and stored in fresh 70% ethanol. For further μCT analysis, the PTA-
stained tumors were dehydrated with ascending ethanol series and embedded
in paraffin (Suesse Labortechnik). The paraffin blocks were scanned in an
in vivo microCT system QuantumFX (Perkin Elmer) operated with the following
settings: 90 kV tube voltage, 200 μA tube current, 10 × 10mm2

field-of-view,
3min total acquisition time resulting in 3D data sets with a resolution of
~20 μm. These data sets were visualized and analyzed in Scry7.0 (custom-
made render software, Christian Dullin, 2021). A threshold of 12,000 GVal (in
the arbitrary units of the CT data sets) was applied to separate tissue from
paraffin, air, and the sample holder. A virtual scalpel was utilized to remove
residual CAM. Tumor volume was measured by multiplying the number of
segmented tumor voxels with the voxel volume.

Statistical analysis
Statistical analyses were performed with GraphPad Prism version 8.0.1.
Appropriate statistical tests were used for quantitative PCR, densitometry,
functional assays (colony number, confluency, population, migration, and
scratch assays), immunohistochemistry scoring, fluorescence intensity and
survival analyses results and mentioned at the respective figure legends (*p<
0.05, **p< 0.01, ***p< 0.001).

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

DATA AVAILABILITY
High throughput sequencing datasets generated and analyzed during the current study
are available in the ArrayExpress repository (https://www.ebi.ac.uk/arrayexpress/) under
the accession numbers E-MTAB-9584 and E-MTAB-9547. Publicly available data analyzed
during the current study are available in the MERAV (http://merav.wi.mit.edu), the R2:
Genomics Analysis and Visualization Platform (https://hgserver1.amc.nl/cgi-bin/r2/main.
cgi) and the Xena browser (https://xenabrowser.net/) repositories.
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