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Regulatory crosstalk of 
Doxorubicin, estradiol and tnfα 
combined treatment in Breast 
cancer-derived cell Lines
isar nassiri1,2, Alberto inga3, Erna Marija Meškytė4,5, federica Alessandrini4, Yari ciribilli  4 & 
corrado priami  2,6*

We present a new model of ESR1 network regulation based on analysis of Doxorubicin, Estradiol, and 
tnfα combination treatment in MCF-7. We used Doxorubicin as a therapeutic agent, TNFα as marker 
and mediator of an inflammatory microenvironment and 17β-Estradiol (E2) as an agonist of Estrogen 
Receptors, known predisposing factor for hormone-driven breast cancer, whose pharmacological 
inhibition reduces the risk of breast cancer recurrence. Based on the results of transcriptomics analysis, 
we found 71 differentially expressed genes that are specific for the combination treatment with 
Doxorubicin + estradiol + tnfα in comparison with single or double treatments. The responsiveness 
to the triple treatment was examined for seven genes by qPCR, of which six were validated, and then 
extended to four additional cell lines differing for p53 and/or ER status. The results of differential 
regulation enrichment analysis highlight the role of the ESR1 network that included 36 of 71 specific 
differentially expressed genes. We propose that the combined activation of p53 and NF-kB transcription 
factors significantly influences ligand-dependent, ER-driven transcriptional responses, also of the ESR1 
gene itself. These results provide a model of coordinated interaction of TFs to explain the Doxorubicin, 
E2 and TNFα induced repression mechanisms.

Cancer cells undergo uncontrolled proliferation and genome instability due to the induction or suppression of 
regulatory mechanisms of normal cells1. Studying gene expression profiles resulting from interactions between 
signal-activated transcription factors is an efficient method for better understanding the complex, unstable and 
adapted gene regulatory networks system of cancer cells2. In this study, we compared the transcriptomics of 
MCF-7 cells under the combined treatment with Doxorubicin, 17β-Estradiol (E2) and TNFα with single or dou-
ble treatments. Doxorubicin, a first line chemotherapeutic agent, promotes the activity of p53 through DNA 
damage response, which is associated with a combination of cell cycle arrest and the programmed cell death3,4. 
Estradiol is an agonist ligand of the Estrogen Receptors (ER, primarily ERα coded by the ESR1 gene, but also ERβ 
coded by the ESR2 gene, and the more elusive Estrogen-related Receptors ERRs), and promotes the proliferation 
of cancer cells3. The increased expression of estrogen and progesterone receptors in cancer cells can promote 
the growth and survival of tumor cells. Hyperactivity of ER can reduce the effectiveness of regulatory mecha-
nisms for repression of ESR1 expression as a predisposing factor for hormone-driven breast cancer5–8. TNFα 
is an important inflammatory cytokine that can mediate both cytotoxic and growth promoting effects in breast 
cancer9,10. Some studies showed that double treatment of MCF-7 with TNFα and E2 had antagonistic effects 
on cell proliferation and survival11,12. Although the molecular mechanism of the inhibitory effect of TNFα on 
the estrogen-induced proliferation of MCF-7 is not well understood, two published studies have provided some 
clues: (1) the down-regulation of ESR1 through the PI3K/AKT signalling was introduced as a mechanism of 
suppression of E2-mediated cell proliferation by TNFα in MCF-711; (2) p53 wild-type and p53-mutated MCF-7 
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cells respond differently to estrogen and TNFα treatment1. However, reports vary, as TNFα and other cytokines 
were shown to activate ER, independently from the presence of the E2 ligand13,14. For instance, TNFα effects on 
the ER by activation of adaptor protein TAB2 and NCoR/SMRT corepressors to ER, and induces loss of the anti-
proliferative responses15. In previous studies, we analyzed the interaction between differentially regulated path-
ways in response to the double treatments of MCF-7 with Doxorubicin + TNFα, DT) or Doxorubicin + E2 (DE), 
and reported on the identification of additive and synergistic gene expression modulation2,16,17. In this study, we 
focus on the combined triple treatment Doxorubicin + TNFα + E2 (DTE) in comparison with single or double 
treatments. We used network-based functional analysis of transcriptomic profiles to identify the cellular impacts 
of combinatorial treatments that are expected to result in the activation of p53, ER, and NF-kB transcription fac-
tors. Functional analysis of transcriptomics data is usually performed by enriching differentially expressed genes 
(DEGs) to the predefined reference gene sets as indicators of different biological processes18. To understand the 
regulatory mechanisms that operate changes in gene expression, gene regulatory inference methods construct 
networks based on the regulatory interaction between the DEGs19. Other algorithms use prior knowledge about 
the interaction between molecules, for instance, based on PPI networks20. We developed a tool called NASFinder 
for topological and functional analysis of networks associated with omics data21. NASFinder follows a two-step 
procedure: (1) it tests an entire generic network to identify significant sub-networks with their associated topol-
ogy and transcription factors that correlate with the expression of DEGs; (2) it functionally analyses the identified 
sub-networks and ranks them in term of the magnitude of the expression fold changes by using the network activ-
ity score index (NAS – see the Methods section for a precise definition). We used this method to understand the 
regulatory mechanisms that operate changes in gene expression due to the simultaneous combination treatments 
leading to activation of p53, ER and NF-kB transcription factors in the MCF-7 breast cancer cell line.

Results
The main result of this study is a new model of ESR1 network repression as an exclusive gene expression program 
of MCF-7 responding to the combinatorial treatment with Doxorubicin, TNFα and E2. Furthermore, we studied 
the key regulatory molecules and modules in an integrated network of differentially expressed genes, as potential 
targets for cancer therapy. The experimental setup and transcriptomic data were presented in detail in our two 
previous studies focusing on the crosstalk between Doxorubicin + E2 or between Doxorubicin + TNFα2,17.

Biological network pathways associated with Doxorubicin, Estradiol and TNFα treatments.  
MCF-7 cells were treated with 1.5 μM Doxorubicin, 10−9 M E2 and 5 ng/ml TNFα and total RNA were extracted 
10 hours post-treatment. Global gene expression analyses were conducted as described in17. All datasets have 
been deposited in GEO (GSE24065 and GSE50650). Screening differentially expressed genes across 6 conditions 
(single and combination treatments with Doxorubicin, Estradiol, and TNFα) indicated exclusive DEGs in differ-
ent conditions, called context-specific DEGs (CS-DEGs) (Figs 1A and 2) (Supplementary File 1). The number and 
expression patterns (i.e. up- or down-regulated) of differentially expressed genes among data sets were heteroge-
neous (Supplementary File 1). The supervised multivariate analysis (PLS-DA) was performed in order to cluster 
groups of DEGs. The PLS-DA model was fitted with six components, and samples were projected onto subspaces 
spanned by the first two components. From the PLS-DA plot, we observe a clear separation of the single, double, 
and triplet treatments (Fig. 1B). These results indicated that the expression patterns of the DEGs in response to 
the different treatments were distinct. Thus, it was speculated that CS-DEGs might be considered as key regula-
tory molecules in response to the Doxorubicin, TNFα, and estrogen exposure.

Network-based gene set enrichment analysis of context-specific DEGs. For a network analysis of 
the impact of the triple treatment, the list of context-specific DEGs were used for identification of active network 
pathways under the regulatory control of receptors. The active networks were ranked according to the network 
activity scores (NAS) and the 44 top cases of combined treatment with a significant p-value (<0.0001) were com-
pared with single or double treatments (Supplementary File 2). The details and parameters used for this analysis 

Figure 1. The distribution of differentially expressed genes (DEGs) and context-specific differentially expressed 
genes (cs-DEGs) in six studies associated with treatments of MCF-7 breast cancer cell line. (A) The plot 
represents the frequencies of DEGs and CS-DEGs in response to the treatments. The number of CS-DEGs 
was extracted based on the pairwise comparison of Doxorubicin + E2 (10−9 M), Doxorubicin + E2 (10−9 
M) + TNFα, Doxorubicin + TNFα, Doxorubicin, and E2 (10−9 M). (B) Clustering of samples using PLS-DA of 
the expression matrix of DEGs. Confidence ellipses for each cluster highlight the strength of the discrimination 
(confidence level 95.4%).
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are described in the Methods section. The CS-DEGs were encoding cytoskeletal, immune system, and transmem-
brane transport proteins as expected, and represent potential for signal transduction drug response markers in 
breast cancer therapy. Networks related to cell death, proliferation, and intracellular signal transduction were com-
mon among the enriched groups (Fig. 3). Activated networks in response to the TNFα treatment was important in 
apoptosis under the regulation of androgen receptor (AR), and double treatment of Doxorubicin + TNFα shifted 
the top results to the signalling response to cell cycle process (Fig. 3). As expected, the regulated networks with 
high NAS score in response to the treatment with Doxorubicin and Estradiol were apoptosis by Doxorubicin and 
Estradiol response, respectively. Doxorubicin + E2 treatment induced related pathways to the regulation of cell pro-
liferation (Fig. 3). NASFinder identified 26 regulated network pathways (Adjusted P-value ≤0.05) in response to 
the combined treatment with Doxorubicin, Estradiol, and TNFα mainly related to cell cycle and related processes 
(Fig. 3) (Supplementary File 2). It was found that ESR1 was regulating the module of context-dependent DEGs 
in response to the triple treatment (Supplementary File 2). These findings suggested that the CS-DEGs play an 
important role in the response of breast cancer to the treatments. In the next steps, we combined these topological 
and functional findings with information about the expression patterns of the context-specific set of DEGs for 
studying the molecular mechanisms of the impact of Doxorubicin + TNFα  + E2 treatment on cellular processes.

The ESR1 is a key CS-DEGs in the integrated network of enriched genes. The topology of the 
network pathway was constructed using NASFinder for the set of context-specific DEGs in response to the com-
bined treatment with Doxorubicin + TNFα  + E2. The integrated network of enriched genes that formed 337 
interactions (58 inhibitory and 279 activating) between 186 DEGs included 36 CS-DEGs (Fig. 4) (Supplementary 
File 3). The node degree distribution of network possessed scale-free topology (R2 = 0.843), showing the presence 
of hubs22. The centrality of nodes in information flow through the network was assayed and ESR1 received the 
high centrality score as the context-specific differentially expressed gene (stress centrality = 6851, betweenness 
centrality = 0.105), followed by TP53 and HIF-1 (Supplementary File 3). Based on the down-regulated pattern 
of most (43 out of 71) CS-DEGs, and on the down-modulation of the ESR1 transcript itself (fold change in triple 
treatment = −1.6, p-value < 0.0001), we hypothesized that an interaction with Doxorubicin and TNFα associated 
responses induced ligand-dependent, ER-mediated repression mechanisms (Fig. 2). A feedback loop whereby 
ER can repress its own transcription has been previously proposed, and it has been reported that ER can mediate 
transcriptional repression of target genes, although the mechanisms remain largely elusive23. The analysis of the 
correlation between the fold changes of differentially expressed genes between the double and triple treatments 
also showed more discrepancy among the down-regulated DEGs (Fig. 5). Multiple linear model regression spec-
ified both Doxorubicin + TNFα and Doxorubicin + E2 as significant predictors for Doxorubicin + TNFα  + E2, 
and analysis of variance model introduced the Doxorubicin + E2 as the main component to fit the model 
(F-value = 12771, p-value < 0.0001). Next, we analyzed the expression pattern of CS-DEGs in normal breast 
tissue. Average of normalized expression per gene showed up-regulation as the dominant pattern of expres-
sion across genes (Fig. 6A) (Supplementary File 4). Enrichment in DEG sets analysis showed that CS-DEGs in 
response to the triplet treatment were significantly specific to the normal breast tissue and all enriched genes were 
overexpressed (up-regulated) (Supplementary File 4) (Fig. 6). These results emphasized the significant association 
between down-regulated expression pattern of CS-DEGs and combined treatments. Although the experimental 
protocol that was used introduced the combined treatment at the same time and examined resulting transcrip-
tional changes at steady state, i.e. at a relatively late time point, it is expected that each agent may perturb cell 

Figure 2. The list and expression patterns of context-specific DEGs in transcriptomics profile of MCF-7 cell line 
in response to the treatment with Doxo + TNFα  + E2 in comparison to the single and double treatments. The 
minus value of fold change means down-regulated and positive value indicates up-regulated.
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transcriptomics with different kinetics. In particular, E2-mediated responses can be more rapid compared to 
Doxorubicin-driven p53 activation. Given the enrichment of ER targets among the 71 DEGs that are exclusive 
to the triple treatment, therefore, these findings suggest the involvement of repression regulatory mechanisms in 
response to the combinatorial triple treatment.

Validation of gene expression results in different cell line models. We selected seven genes for val-
idation by qPCR (Fig. 7A,B). Five mammary-gland-derived cell lines differing for p53 and/or ERα status were 
tested, comparing the Doxorubicin + TNFα  + E2 triple treatment (DTE) with the E2 (E) only treatment. CFB, 
CXCL12, and CXCL14 were chosen as highly up-regulated enriched genes mainly involved in regulation of the 
immune reactions24,25. CFB was significantly up-regulated in all cell lines, hence independently from p53 or ER 
status. CXCL12 was confirmed as induced by the DTE treatment and particularly so when p53 function is main-
tained (MCF-7, ZR-75-1 and MCF10A that are p53 wild type, Fig. 7A). Instead we could not confirm the induction 
of CXCL14 in MCF-7 although the gene was significantly up-regulated in the other four cell lines, particularly in 
MCF10A. The down-regulated genes included RNF43, SSBP2, ΔN-p63, and ESR1 (Fig. 7B). RNF43 was confirmed 
to be repressed by the triple treatment in MCF-7 and this result was extended to all the other cellular systems with 
the exception of ZR-75-1. SSBP2 instead was slightly repressed only in T47D. ΔN-p63 was strongly repressed 
across the board, again with the exception of ZR-75-1. Repression of ER was confirmed in the three ER positive cell 
lines both at RNA (Fig. 7B) and protein levels (Fig. 7C). However, the reduction is less evident in the highly ERα 
positive ZR-75-1 cells. Western blot confirmed the stabilization of p53 for the p53 wild type MCF-7, MCF10A, and 
ZF-75-1 cells in response to the DTE treatment. p21 was induced in all cell lines, although to a much lower extent 
in the p53 mutant cells, as expected. The repression of ΔN-p63 was confirmed at protein levels in MCF10A and 
in part also in T47D. The protein was not easily detectable due to low abundance in the other cell lines, consistent 
with the low relative levels of the endogenous transcript, measured by qPCR (not shown).

Discussion
We showed that the combinatorial activation of p53, NF-kB and ER transcription factors in MCF-7 induce exclu-
sive gene expression program. We report here that triple treatment of Doxorubicin, TNFα, and E2 resulted in 
a significant decline in expression of ESR1 in comparison to the single and double treatments. The regulatory 
network under control of ESR1 showed the implication of its down-regulation on the p53 and immune response 

Figure 3. Active networks in response to varying treatments with chemotherapeutic agents. Enriched pathways 
obtained through the gene set enrichment analysis of the context-specific DEGs for each data set. Pathway 
annotations of context-specific DEGs were obtained from NASFinder. Color scales are proportional to the network 
activity score (NAS) values. NAS considers the impact of selected cellular processes in the experimental context. 
Doxo and E2 are abbreviations of Doxorubicin and 17β-Estradiol 10−9 M, respectively (Supplementary File 2).
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pathways. To elucidate the impact of differentially expressed genes in response to the simultaneous activation of 
p53, NF-kB and ER transcription factors, transcriptomics analysis was done with NASFinder, an omics-driven 
data analysis tool of functional modules used for the analysis of transcriptomics profiles21. Functional enrichment 
analysis showed the differentially regulated genes in response to the activation of p53, NF-kB and ER mainly led 
to the regulation of network pathways related to the apoptosis, immune response, and basal transcription factors. 
The validation of CFB, CXCL12, and CXCL14 as up-regulated genes in response to the DTE treatment suggests 
the activation of an inflammatory response, that in the case of CXCL12 could be directly dependent on p53 acti-
vation. Among the down-regulated genes we validated RNF43 and TP63. RNF43 is a negative regulator of WNT 
signalling24,25 and its down-regulation was recently associated with enhanced proliferation and growth25. TP63 
is a p53-related transcription factor whose impact can differ depending the relative levels of expression of its iso-
forms26. We confirmed that ΔN-p63 was repressed by the triple treatment in most cell models tested, at least by 
qPCR. Conversely, TA-p63 did not appear to be modulated by the combination treatment at least in MCF-7 cells 
(data not shown). This suggests that p63 tumor suppressive functions can be stimulated by the triple treatment and 
could be involved in the residual induction of p21 expression. We also confirmed the down-regulation of ESR1 
in response to the triple treatment both by qPCR and Western blot. Consistently, our transcriptome data revealed 
that the combination treatments, and particularly the triple treatment Doxorubicin + TNFα + E2 are strongly 
reducing the output of the E2 treatment in MCF7 cells (Supplementary Fig. 2). The comparison of the regula-
tory effects of single, double, and triple treatments of compounds identified the context-specific differentially 
expressed genes. We constructed the integrated regulated network in response to the Doxorubicin + TNFα  + E2 
treatment to get additional insight about the enriched exclusive DEGs with network pathways. The results sug-
gested a significant role for ESR1 as crucial exclusive differentially expressed gene for regulation of TP53 down-
stream and ER pathways. Previous studies showed the effect of E2 on p53 cellular localization and cell sensitivity 

Figure 4. The integrated network of enriched genes related to the combined treatment of MCF-7 with 
Doxorubicin, TNFα, and E2. The centrality of molecules in information flow through the network is based 
on the betweenness centrality index. Nodes with low betweenness values have av small and bright color circle. 
The high brightness colour of edges presents low edge betweenness values. The node degree distribution of the 
network fits the power law22.
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Figure 5. The generalized pairs plot of correlation between the fold changes of common differentially regulated 
genes in response to the double and triple treatments with Doxorubicin, Estradiol, and TNFα. Down-regulated 
genes mainly mediate MCF-7 response to Doxorubicin/Estradiol/TNFα combined treatments.

Figure 6. Enrichment in DEG sets analysis of condition-specific differentially expressed genes (CS-DEGs) 
versus GTEx general tissue types gene sets including breast. Enrichment in DEG sets analysis represent that up-
regulation is the main expression pattern of CS-DEGs in normal breast tissue, and down-regulation is a specific 
consequence of triple treatments with Doxorubicin, Estradiol, and TNFα. (A) Enrichment analysis of CS-DEGs 
versus GTEx general tissue types gene sets. Significantly enriched DEG sets (Pvalue ≤ 0.05 and log fold change 
≥0.58) are highlighted in red. Expression values show the average of expression of normal tissues based on 
GTEx database. (B) Gene expression heat map of CS-DEGs. Expression values in heatmap show the average 
of normalized expression per gene (zero mean across samples) in normal tissues based on GTEx (version 6) 
database.
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to TNFα1,11,27. Treatment of MCF-7 with E2 decreases the transcription factor activity of p53 by transporting it to 
the cytoplasm, and subsequently, decreases the sensitivity to TNFα induced tumor suppressor effects28. In con-
clusion, these findings suggest that the combination treatment of Doxorubicin, E2 and TNFα may be involved in 
decreasing the expression and activity of ESR1, potentially enhancing the chemotherapy efficacy in ER positive 
breast cancers. Doxorubicin effects can be modulated by the Estradiol levels which may have implications for 
using tamoxifen and by the level of immune cells infiltration resulting in TNFα release.

Figure 7. Validation of gene expression data by qPCR and Western Blot. The chosen cell lines differ for p53 
and/or ERα status, as described in the Methods section. qPCR results for the indicated genes and the panel of 
five cell lines, separated by the direction of changes observed in the microarray experiment: (A) up-regulated, 
(B) down-regulated. Bars plot the average fold change in response to the Doxorubicin + TNFα + E2 (DTE) 
treatment compared to the treatment with E2 (set to 1, dashed line). Error bars plot the standard deviation of 
two biological replicates. (*p < 0.01; **p < 0.05, Student t-test). GAPDH and YWHAZ were used as reference 
genes. (C) Western blot showing the relative expression of p63, ERα p53, p21 in the various cell lines tested and 
the impact of the Doxorubicin + TNFα + E2 (DTE) treatment. Alpha-Actinin was used as a loading control. 
The entire blots are presented in Supplementary Fig. 1. Presented is one of two biological replicates that were 
performed obtaining comparable results. See the Methods section for information on the treatment conditions.
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Methods
Processing of microarray data. The complete transcriptomics data are accessible through GEO database 
at NCBI by GSE24065 and GSE50650 accession numbers. The analyses of Doxorubicin/TNFα and Doxorubicin/
E2 treatment were reported in2,17 and in this study, we focused on the combined treatment of MCF-7 human 
breast cancer-derived cell line with Doxorubicin, E2 and TNFα in comparison with single or double treatments.

Identification of differentially expressed genes. We applied Agilent design number 026652 annotation 
data (chip HsAgilentDesign026652) R object to map between the manufacturer and Gene Symbol Identifiers. 
DEGs were selected applying a statistical test based on rank products by using RankProd Bioconductor package 
(pfp < 0.05, absolute log2 fold changes >2)29. Every treatment was compared to the mock context.

Partial least squares discriminant analysis (PLS-DA). We applied Partial Least Squares Discriminant 
Analysis (PLS-DA) to cluster the six treatment classes because of its better performance compared to an unsuper-
vised principal component analysis30. The classification performance of the PLS-DA model was assessed using 
5-fold cross-validation with ten components (repeated 10 times). From the performance results, we chose 6 com-
ponents to fit the final model.

Network-based gene set enrichment analysis. We used the COSBI NASFinder tool for topological and 
functional analysis of transcriptomics data21. The procedure that NASFinder follows to reach the results is as fol-
lows (Fig. 8): Inputs: The variable inputs are a list of differentially expressed genes, their fold-difference of expres-
sion levels, and list of functionally related gene sets. NASFinder uses the topology of a directed and un-weighted 
interaction network and a list of receptors in this network as constant inputs. NASFinder also accesses a repository 
of interaction datasets for improving the completeness of background network and repository of reference path-
ways for functional analysis (MSigDB 6.2, all gene sets)31. Processing: First, NASFinder maps molecules of interest 
on the background network and then traverses the network from them to receptors (source nodes). It applies an 
information theory-based method to compute the weight of edges as strength of the relationship of molecules of 
interest. In the next step, the algorithm identifies the receptors with the highest level of correlation with molecules 
of interest. As results, it provides a sub-network including shortest paths that connect the molecules of interest 
to the receptors. Finally, it prunes the sub-network between the selected receptors and molecules of interest and 
applies it for functional analysis and calculation of network activity score. Outputs: The main outputs are topol-
ogy that connects the molecules of interest to their main regulator, results of enrichment analysis and network 
activity score (NAS). NAS describes the impact of differentially regulated network a pathway on the experimental 
context based on the number of differentially expressed genes in selected reference pathway, mean of their nor-
malized fold change, and the size of selected reference pathway21.

Figure 8. The summarization of network-based gene set enrichment analysis procedure. The main inputs are 
transcriptomics data, background network, and list of regulators. NASFinder is applied to the sets of functionally 
related genes to identify the biological context (topology) which connects the molecules of interest together and 
their main regulator (e.g. receptors). Then, the significant sub-networks are used for pathway functional analysis 
and calculation of network activity score.
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Context-specific differentially expressed genes modules generation and analysis. To extract 
the regulatory networks from TP53 and ESR1 to the specific differentially expressed genes for different combina-
tion treatments with Doxorubicin, Estradiol, and TNFα therapeutic agents, we used the NASFinder tool21. The 
functional analysis was done based on the 1-neighborhood connectivity network pathway by using the enlarged 
functional analysis option of NASFinder. For visualization of the integrated network, fit the node degree distribu-
tion with a power law, and calculation of stress and betweenness centrality scores of nodes, we used the “Network 
Analyzer” plug-in of Cytoscape22. Statistical analyses were conducted and visualized in R. The null hypothesis 
in the analysis of variance model was no relationship between double and triple treatments and the alternative 
hypothesis was the relationship between double and triple treatments. Through the F statistics, we considered the 
strength of pieces of evidence against the null hypothesis.

Enrichment in DEG sets analysis of CS-DEGs. Tissue specificity is tested using the differentially 
expressed genes defined for each tissue. Enrichment in DEG sets analysis enriches a list of molecules of interest 
using the differentially expressed gene (DEG) sets defined for each normal tissue. The differentially expressed 
gene (DEG) sets were selected for 30 general tissue types by performing a two-sided t-test for normalized 
(zero-mean) expression values (Adjusted P-value ≤ 0.05 and absolute log fold change ≥0.58) from the GTEx 
database (version 6). For enrichment in DEG sets analysis of CS-DEGs, we used all molecules in the topology of 
pathway networks as the output of NASFinder. We used FUMA tool for enrichment in DEG sets analysis based on 
publicly available information of 30 normal tissue types in GTEx database27.

Cell culture and treatments. We selected a panel of five different mammary gland-derived cell lines, 
four obtained from breast cancer patients and one immortalized normal mammary epithelial cell line, MCF10A 
(a generous gift from Dr. Silvia Soddu, Regina Elena National Cancer Institute, Rome, Italy). MCF7, ZR-75-1, 
and T47D (Luminal A breast cancer models) were selected as Estrogen Receptor positive (ER+) cells, while 
MDA-MB-231 (Triple Negative breast cancer model) and MCF10A as ER negative (ER−). MCF7, ZR-75-1, 
and MCF10A are p53 wild-type cells, while T47D and MDA-MB-231 express mutant p53 (L149F and R280K, 
respectively). MCF7 were purchased from Interlab Cell Line Collection bank (Genoa, Italy), while ZR-75-1 and 
MDA-MB-231 were obtained respectively from Dr. Alessio Zippo and Prof. Alessandro Provenzani (Department 
CIBIO, University of Trento, Italy), while T47D were a gift from Dr. Ulrich Pfeffer (IRCCS Ospedale Policlinico 
San Martino, Genoa, Italy). MCF7 and MDA-MB-231 were grown in DMEM, whereas ZR-75-1 and T47D in 
RPMI (Corning, Sigma Aldrich, Milan, Italy). Cell media were supplemented with 10% FBS (Corning), 2 mM 
L-Glutamine (Corning), and 1X Penicillin/Streptomycin (Corning). In the case of MDA-MB-231 and ZR-75-1, 
respectively 1% non-essential amino acids (Life Technologies, ThermoFisher Scientific, Milan, Italy) and 1% of 
Na Pyruvate (Lonza, Milan, Italy) were added. MCF10A were cultured as previously described28. Cells were cul-
tured at 37 °C with 5% CO2 in a humidified atmosphere. Doxorubicin (MedChemExpress, Monmouth Junction, 
NJ, USA) was used at the concentration of 1.5 μM. TNFα was from Sigma Aldrich and used at the concentration 
of 5 ng/ml for MCF7 and MCF10A cells and at 10 ng/ml for T47D, ZR-75-1 and MDA-MB-231 that were shown 
to be less responsive to this cytokine. 17-β Estradiol (E2, Sigma Aldrich) was used at the concentration of 1 nM. 
Cells were harvested 16 hours after the administration of the drugs. In previous experiments, we had shown sim-
ilar results with both a 10-hour and a 16-hour treatment schedule2,28.

RNA isolation and RT-qPCR. Total RNA was extracted using RNeasy® Mini Kit (Qiagen, Milan, Iatly), 
converted into cDNA with PrimeScriptTM RT reagent Kit (Takara, Diatech Lab Line, Ancona, Italy) and RT-qPCR 
was performed with 25 ng of template cDNA in 384 well-plate (BioRad, Milan, Italy) using qPCRBIO SyGreen 2X 
Mix (PCR Biosystems, Resnova, Ancona, Italy) with the CFX384 Real-Time detection system (BioRad). YWHAZ 
and GAPDH were used as reference genes to obtain the relative fold change by the ΔΔCt method as previ-
ously described29. Primers were designed using Primer-BLAST online tool (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/), checked for specificity and efficiency. qPCR primer sequences are available upon request.

Western blot. Total protein extracts were obtained by lysing the cells using RIPA buffer supplemented 
with protease inhibitors (Roche, Milan, Italy) and the proteins were quantified by the BCA method (Pierce, 
ThermoFisher Scientific); 30–50 μg of proteins were loaded on 12% polyacrylamide gels and SDS-PAGE was 
performed, transferring proteins on HyClone nitrocellulose membranes (Amersham, Euroclone, Milan, Italy) 
that were probed over-night at 4 °C with specific antibodies diluted in 1% skimmed milk-PBS-0.1% Tween 
solution: ERα (A300-4984, Bethyl Laboratories, Tema Ricerca, Bologna, Italy), p53 (DO-I, sc-126, Santa Cruz 
Biotechnologies, Milan, Italy), p21 (EPR362, ab109520, Abcam, Prodotti Gianni, Milan, Italy), p63 (4A4, sc-8431, 
Santa Cruz Biotechnologies), α-actinin (H2, sc-17829, Santa Cruz Biotechnologies). Detection was performed by 
ECL (GE Healthcare, Euroclone) using ChemiDoc XRS+ (BioRad) imaging system.

Received: 21 December 2018; Accepted: 28 September 2019;
Published: xx xx xxxx

References
 1. Lewandowski, S. A. et al. Opposite effects of estrogen receptors alpha and beta on MCF-7 sensitivity to the cytotoxic action of TNF 

and p53 activity. Oncogene 24, 4789–4798, https://doi.org/10.1038/sj.onc.1208595 (2005).
 2. Bisio, A. et al. Cooperative interactions between p53 and NFkappaB enhance cell plasticity. Oncotarget 5, 12111–12125, https://doi.

org/10.18632/oncotarget.2545 (2014).
 3. Pattarozzi, A. et al. 17beta-estradiol promotes breast cancer cell proliferation-inducing stromal cell-derived factor-1-mediated 

epidermal growth factor receptor transactivation: reversal by gefitinib pretreatment. Molecular pharmacology 73, 191–202, https://
doi.org/10.1124/mol.107.039974 (2008).

https://doi.org/10.1038/s41598-019-51349-9
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://doi.org/10.1038/sj.onc.1208595
https://doi.org/10.18632/oncotarget.2545
https://doi.org/10.18632/oncotarget.2545
https://doi.org/10.1124/mol.107.039974
https://doi.org/10.1124/mol.107.039974


1 0Scientific RepoRtS |         (2019) 9:15172  | https://doi.org/10.1038/s41598-019-51349-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

 4. Wang, S. et al. Doxorubicin induces apoptosis in normal and tumor cells via distinctly different mechanisms. intermediacy of H(2)
O(2)- and p53-dependent pathways. The Journal of biological chemistry 279, 25535–25543, https://doi.org/10.1074/jbc.M400944200 
(2004).

 5. Shoker, B. S. et al. Estrogen receptor-positive proliferating cells in the normal and precancerous breast. The American journal of 
pathology 155, 1811–1815, https://doi.org/10.1016/s0002-9440(10)65498-3 (1999).

 6. Subramanian, A. et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression 
profiles. Proceedings of the National Academy of Sciences 102, 15545–15550, https://doi.org/10.1073/pnas.0506580102 (2005).

 7. Klinge, C. M. Estrogen receptor interaction with estrogen response elements. Nucleic acids research 29, 2905–2919, https://doi.
org/10.1093/nar/29.14.2905 (2001).

 8. Toy, W. et al. ESR1 ligand-binding domain mutations in hormone-resistant breast cancer. Nature Genetics 45, 1439, https://doi.
org/10.1038/ng.2822 (2013).

 9. Comen, E. et al. TNF is a key cytokine mediating neutrophil cytotoxic activity in breast cancer patients. Npj Breast Cancer 2, 16009 
(2016).

 10. Shen, W.-H. et al. Proinflammatory Cytokines Block Growth of Breast Cancer Cells by Impairing Signals from a Growth Factor 
Receptor. Cancer Research 62, 4746–4756 (2002).

 11. Lee, S. H. & Nam, H. S. TNF alpha-induced down-regulation of estrogen receptor alpha in MCF-7 breast cancer cells. Molecules and 
cells 26, 285–290 (2008).

 12. Burow, M. E., Weldon, C. B., Tang, Y., McLachlan, J. A. & Beckman, B. S. Oestrogen-mediated suppression of tumour necrosis factor 
alpha-induced apoptosis in MCF-7 cells: subversion of Bcl-2 by anti-oestrogens. The Journal of steroid biochemistry and molecular 
biology 78, 409–418 (2001).

 13. Stender, J. D. et al. Structural and Molecular Mechanisms of Cytokine-Mediated Endocrine Resistance in Human Breast Cancer 
Cells. Molecular cell 65, 1122–1135.e1125, https://doi.org/10.1016/j.molcel.2017.02.008 (2017).

 14. Siersbaek, R., Kumar, S. & Carroll, J. S. Signaling pathways and steroid receptors modulating estrogen receptor alpha function in 
breast cancer. Genes Dev 32, 1141–1154, https://doi.org/10.1101/gad.316646.118 (2018).

 15. Cutrupi, S. et al. Targeting of the adaptor protein Tab2 as a novel approach to revert tamoxifen resistance in breast cancer cells. 
Oncogene 31, 4353 (2012).

 16. Zaccara, S. et al. p53-directed translational control can shape and expand the universe of p53 target genes. Cell death and 
differentiation 21, 1522–1534, https://doi.org/10.1038/cdd.2014.79 (2014).

 17. Lion, M. et al. Interaction between p53 and estradiol pathways in transcriptional responses to chemotherapeutics. Cell cycle 
(Georgetown, Tex.) 12, 1211–1224, https://doi.org/10.4161/cc.24309 (2013).

 18. Maciejewski, H. Gene set analysis methods: statistical models and methodological differences. Briefings in bioinformatics 15, 
504–518, https://doi.org/10.1093/bib/bbt002 (2014).

 19. Ma, S., Jiang, T. & Jiang, R. Differential regulation enrichment analysis via the integration of transcriptional regulatory network and 
gene expression data. Bioinformatics (Oxford, England) 31, 563–571, https://doi.org/10.1093/bioinformatics/btu672 (2015).

 20. Sohler, F. & Zimmer, R. Identifying active transcription factors and kinases from expression data using pathway queries. 
Bioinformatics (Oxford, England) 21, ii115–ii122, https://doi.org/10.1093/bioinformatics/bti1120 (2005).

 21. Nassiri, I. et al. Systems view of adipogenesis via novel omics-driven and tissue-specific activity scoring of network functional 
modules. Scientific reports 6, 28851, https://doi.org/10.1038/srep28851 (2016).

 22. Shannon, P. et al. Cytoscape: a software environment for integrated models of biomolecular interaction networks. Genome research 
13, 2498–2504, https://doi.org/10.1101/gr.1239303 (2003).

 23. Cvoro, A. et al. Distinct roles of unliganded and liganded estrogen receptors in transcriptional repression. Molecular cell 21, 
555–564, https://doi.org/10.1016/j.molcel.2006.01.014 (2006).

 24. Tsukiyama, T. et al. Molecular Role of RNF43 in Canonical and Noncanonical Wnt Signaling. Mol Cell Biol 35, 2007–2023, https://
doi.org/10.1128/mcb.00159-15 (2015).

 25. Neumeyer, V. et al. Loss of endogenous RNF43 function enhances proliferation and tumour growth of intestinal and gastric cells. 
Carcinogenesis 40, 551–559, https://doi.org/10.1093/carcin/bgy152 (2019).

 26. Cai, Z. et al. Resistance of MCF7 human breast carcinoma cells to TNF-induced cell death is associated with loss of p53 function. 
Oncogene 15, 2817–2826, https://doi.org/10.1038/sj.onc.1201445 (1997).

 27. Watanabe, K., Taskesen, E., van Bochoven, A. & Posthuma, D. Functional mapping and annotation of genetic associations with 
FUMA. Nature Communications 8, 1826, https://doi.org/10.1038/s41467-017-01261-5 (2017).

 28. Alessandrini, F., Pezze, L., Menendez, D., Resnick, M. A. & Ciribilli, Y. ETV7-Mediated DNAJC15 Repression Leads to Doxorubicin 
Resistance in Breast Cancer Cells. Neoplasia 20, 857–870, https://doi.org/10.1016/j.neo.2018.06.008 (2018).

 29. Monti, P. et al. ∆N-P63α and TA-P63α exhibit intrinsic differences in transactivation specificities that depend on distinct features 
of DNA target sites. Oncotarget 5, 2116–2130, https://doi.org/10.18632/oncotarget.1845 (2014).

 30. Rohart, F., Gautier, B., Singh, A. & Le Cao, K. A. mixOmics: An R package for ‘omics feature selection and multiple data integration. 
PLoS computational biology 13, e1005752, https://doi.org/10.1371/journal.pcbi.1005752 (2017).

 31. Liberzon, A. et al. The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell systems 1, 417–425, https://doi.
org/10.1016/j.cels.2015.12.004 (2015).

Author contributions
I.N., C.P. and A.I. developed the key concepts. A.I. designed the transcriptomic analysis and experimental work 
in discussion with Y.C., E.M.M. and F.A. performed cell culture work, RT-qPCR, and western blot. I.N. and C.P. 
analysed the NASFinder output. I.N. and C.P. and A.I. wrote the first draft and all authors contributed to the 
writing.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-51349-9.
Correspondence and requests for materials should be addressed to C.P.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-019-51349-9
https://doi.org/10.1074/jbc.M400944200
https://doi.org/10.1016/s0002-9440(10)65498-3
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/nar/29.14.2905
https://doi.org/10.1093/nar/29.14.2905
https://doi.org/10.1038/ng.2822
https://doi.org/10.1038/ng.2822
https://doi.org/10.1016/j.molcel.2017.02.008
https://doi.org/10.1101/gad.316646.118
https://doi.org/10.1038/cdd.2014.79
https://doi.org/10.4161/cc.24309
https://doi.org/10.1093/bib/bbt002
https://doi.org/10.1093/bioinformatics/btu672
https://doi.org/10.1093/bioinformatics/bti1120
https://doi.org/10.1038/srep28851
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1016/j.molcel.2006.01.014
https://doi.org/10.1128/mcb.00159-15
https://doi.org/10.1128/mcb.00159-15
https://doi.org/10.1093/carcin/bgy152
https://doi.org/10.1038/sj.onc.1201445
https://doi.org/10.1038/s41467-017-01261-5
https://doi.org/10.1016/j.neo.2018.06.008
https://doi.org/10.18632/oncotarget.1845
https://doi.org/10.1371/journal.pcbi.1005752
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1038/s41598-019-51349-9
http://www.nature.com/reprints


1 1Scientific RepoRtS |         (2019) 9:15172  | https://doi.org/10.1038/s41598-019-51349-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-51349-9
http://creativecommons.org/licenses/by/4.0/

	Regulatory Crosstalk of Doxorubicin, Estradiol and TNFα Combined Treatment in Breast Cancer-derived Cell Lines
	Results
	Biological network pathways associated with Doxorubicin, Estradiol and TNFα treatments. 
	Network-based gene set enrichment analysis of context-specific DEGs. 
	The ESR1 is a key CS-DEGs in the integrated network of enriched genes. 
	Validation of gene expression results in different cell line models. 

	Discussion
	Methods
	Processing of microarray data. 
	Identification of differentially expressed genes. 
	Partial least squares discriminant analysis (PLS-DA). 
	Network-based gene set enrichment analysis. 
	Context-specific differentially expressed genes modules generation and analysis. 
	Enrichment in DEG sets analysis of CS-DEGs. 
	Cell culture and treatments. 
	RNA isolation and RT-qPCR. 
	Western blot. 

	Figure 1 The distribution of differentially expressed genes (DEGs) and context-specific differentially expressed genes (cs-DEGs) in six studies associated with treatments of MCF-7 breast cancer cell line.
	Figure 2 The list and expression patterns of context-specific DEGs in transcriptomics profile of MCF-7 cell line in response to the treatment with Doxo + TNFα + E2 in comparison to the single and double treatments.
	Figure 3 Active networks in response to varying treatments with chemotherapeutic agents.
	Figure 4 The integrated network of enriched genes related to the combined treatment of MCF-7 with Doxorubicin, TNFα, and E2.
	Figure 5 The generalized pairs plot of correlation between the fold changes of common differentially regulated genes in response to the double and triple treatments with Doxorubicin, Estradiol, and TNFα.
	Figure 6 Enrichment in DEG sets analysis of condition-specific differentially expressed genes (CS-DEGs) versus GTEx general tissue types gene sets including breast.
	Figure 7 Validation of gene expression data by qPCR and Western Blot.
	Figure 8 The summarization of network-based gene set enrichment analysis procedure.




