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Integrated Transcriptome Analysis of Radioresistant Cells
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Response to Radiotherapy and Chemotherapy in Breast

Cancer
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Breast cancer cells exposed to radiotherapy frequently develop radiation
resistance through molecular and phenotypic changes. While there is
evidences of pathways controlling radioresistance, the evolution of diverse cell
phenotypes and transcriptional changes as mediators of radioresistance in
breast cancer are restricted. Moreover, the effectiveness of the chemotherapy
on radioresistant cells remains uncertain. In this work, an isogenic model of
radioresistant breast cancer cells (RR cells) is used to study this phenotype.
RR cells show high survival rates after radiation, moreover, RR cells of the
triple negative breast cancer (TNBC) subtype show a significantly advanced
invasiveness phenotype. Notably, RR cells are significantly sensitive to
chemotherapy by inhibit cell survival and promote apoptosis. Transcriptomics
and gene co-expression network analysis identify differentially expressed
genes (DEGs) and hub genes related to survival and apoptosis pathways in
the RR cells of luminal subtype, while in TNBC subtype, cell migration, cell
differentiation, and immune pathways are enriched. Hub genes predict the
failure of radiotherapy in breast cancer patients, but they are also related to
pathological complete response after chemotherapy. Transcriptome changes
during acquired radioresistance uncover genes and pathways associated to
radio and chemotherapy response. These results demonstrate that
radioresistant pathways may converge to develop collateral chemo-sensitivity.

1. Introduction

Radiotherapy is used in multimodal treat-
ment approaches for breast cancer and has
been shown to be effective in reducing re-
currence and mortality rates.['?] However,
some patients show treatment failure due
to radioresistant cells, which are partially
responsible for progression and relapse of
the disease.>®! Genetics and epigenetics
heterogeneity in breast cancer tumors im-
plies that a fraction of cells in the tumors
may present innate radioresistance. Over
the course of the treatment, some breast
cancer cells evade the cytotoxic effect of ra-
diation acquiring survival capabilities and
developing radioresistance.l’ The molecu-
lar mechanism involved in the adaptive re-
sponse to radiotherapy have been widely re-
ported, genetic and epigenetic aberrations,
failures in cell death pathways, inhibition of
tumor suppressors genes, gain of function
of oncogenes, deregulation of transcrip-
tional factors and over-activation of cell pro-
liferation and survival pathways underly-
ing radioresistance in breast cancer.[*68-10]

I. X. Perez-Anorve

Laboratorio de Patologia Vascular Cerebral
Instituto Nacional de Neurologia y Neurocirugia Manuel Velasco Suarez
Mexico City 14269, Mexico

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adtp.202300274

© 2024 The Author(s). Advanced Therapeutics published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits
use and distribution in any medium, provided the original work is
properly cited, the use is non-commercial and no modifications or
adaptations are made.

DOI: 10.1002/adtp.202300274

Adv. Therap. 2024, 7, 2300274 2300274 (1 of 12)

|. X. Perez-Afiorve, C. C. Patifio-Morales, C. H. Gonzalez-De la Rosa,
E. Soto-Reyes, D. Ortega-Bernal, E. Arechaga-Ocampo
Departamento de Ciencias Naturales, Unidad Cuajimalpa
Universidad Autonoma Metropolitana

Mexico City 05348, Mexico

E-mail: earechaga@cua.uam.mx

M. Flores-Fortis

Posgrado en Ciencias Naturales e Ingenieria, Unidad Cuajimalpa
Universidad Autonoma Metropolitana

Mexico City 05348, Mexico

C. C. Patifio-Morales

Laboratorio de Biologia del Desarrolloy Teratogenesis Experimental
Hospital Infantil de Mexico “Federico Gomez”

Mexico City 06720, Mexico

© 2024 The Author(s). Advanced Therapeutics published by Wiley-VCH GmbH


http://www.advtherap.com
https://doi.org/10.1002/adtp.202300274
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:earechaga@cua.uam.mx
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadtp.202300274&domain=pdf&date_stamp=2024-06-06

ADVANCED
SCIENCE NEWS

ADVANCED
THERAPEUTICS

www.advancedsciencenews.com

All these mechanisms have also been reported in the tumor evo-
lution of breast cancer after other treatment modalities, includ-
ing chemotherapy.'!! Silencing of the EGF/EGFR pathway sup-
ports sensitivity to radiation, making it the preferred therapeu-
tic target in breast cancer and other neoplasms.l'*!*] Likewise,
JAK/STAT and interferon/STAT1 pathways promote cell resis-
tance to therapies that cause genotoxic damage such as radiation
and some chemotherapeutic agents.'*l In contrast, STAT1 over-
expression is related to a better response to immunological ther-
apies based on PD-L1."*] Some components of the inflamma-
tory response, such as TNF pathways, increased radioresistance,
through activation of transcription factors as NF-xB resulting in
the modulation of genes implicate in anti-apoptosis, prolifera-
tion, and cell cycle.*] Although the role of these genes in conjunc-
tion with other molecular components to promote therapeutic
resistance cells have been experimentally demonstrated,[*®! their
role in cells with acquired radioresistance exposed to chemother-
apies is still unexplored.®]

Radioresistant luminal MCF-7 (MCF-7RR) and TNBC MDA-
MB-231 (MDA-MB-231RR) cells were experimentally established
after fractionated radiotherapy frequently implemented as a stan-
dard radiotherapy scheme in breast cancer.['’! The survival abil-
ity of the RR cells has been experimentally demonstrated, but
the underlying radioresistance mechanism and the implication
in the effectiveness of the other therapies as anticancer drugs re-
mains uncertain because of the limited amount of experimental
data. To study the behavior of RR cells in response to chemother-
apy, we exposed RR cells to chemotherapy agents commonly used
in breast cancer treatment. Moreover, we investigated the tran-
scriptional changes and co-expression gene networks of the RR
cells to identify genes and biological pathways related to resis-
tance to radiotherapy and the chemotherapy response.

In this work, we provide evidence of chemo-sensitive pheno-
type of radioresistant breast cancer cells. The evaluation of the
global changes of gene expression evidenced DEGs related to
survival and apoptosis pathways in radioresistant luminal breast
cancer cells, while migration, cell differentiation, and immune
response were enriched in radioresistant TNBC. Together, these
results showed that increased expression of the EGFR, STATI,
TNF, GB2L1, SRC, and MAPK1 genes were worse prognostic fac-
tors for RFS in breast cancer patients undergoing radiation ther-
apy; however, they were also associated with a complete patho-
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logical response after chemotherapy. This study may provide pre-
cise understanding of mechanisms contributing to cell radiore-
sistance and response to chemotherapy to reconsider the multi-
modal treatment approaches for breast cancer.

2. Results

2.1. Radioresistant Breast Cancer Cells Display Sensitivity to
Doxorubicin, Cyclophosphamide, Docetaxel, and Cisplatin

MCEF-7RR and MDA-MB-231RR cells were previously estab-
lished by exposed parental cells to hypo-fractionated radiation
(Figure 1A).'7] Cell invasion, proliferation, and survival were
assessed to evaluate the phenotypic characteristics of RR cells.
Invasion analyses indicated no changes in invasiveness of MCF-
7RR cells (Figure 1B), however, invasiveness of MDA-MB-231RR
cells was significantly increased compared to parental controls
(Figure 1C). Cell radioresistance was demonstrated by cell pro-
liferation and survival assays MCF-7RR (Figure 1D,F) and MDA-
MB-231RR (Figure 1E,G) cells showed higher cell proliferation
and survival rates than parental cells after ionizing radiation,
corroborating the radioresistant-phenotype. In addition, parental
and RR cells were exposed to increased doses of doxorubicin
cyclophosphamide and docetaxel to assess chemo-responses by
determinate survival and apoptosis rates. MCF-7RR cells (Figure
2A) and MDA-MB-231RR cells (Figure 2B) showed significantly
low viability when they were exposure to doxorubicin, cyclophos-
phamide, and docetaxel compared to parental cells. In the
apoptosis assays, the results showed that MCF-7RR cells showed
significantly higher levels of apoptosis in response to lethal doses
of doxorubicin, cyclophosphamide, and docetaxel compared to
parental cells (Figure 2C); however, apoptosis levels in response
to cisplatin (used as positive control) did not show differences.
These results were according to cytotoxic assays. On the other
hand, MDA-MB-231 and MDA-MB-231RR cells (Figure 2D)
showed greater evasion of apoptosis induced by doxorubicin,
cyclophosphamide, and docetaxel compared to MCF-7 and MCF-
7RR cells (Figure 2C), suggesting that luminal breast cancer cells
could favor chemo-sensitivity more than TNBC cells. Besides,
MDA-MB-231RR cells were more sensitive to apoptosis induced
by doxorubicin, cyclophosphamide, and cisplatin than parental
cells. These results were consistent with cytotoxicity results.
However, MDA-MB-231RR cells showed low levels of apoptosis
than parental cells (Figure 2D). These results were opposing
to the cytotoxicity results (Figure 2B); suggesting that docetaxel
might induce other kind of cell death than apoptosis. These re-
sults suggest that acquired radioresistance could favor pathways
associated to chemo-sensitivity, mainly promotes apoptosis.

2.2. Transcriptomic Landscape of Radioresistant Breast
Cancer Cells

To explore changes in the global expression of genes related
to radioresistance, the DEGs were identified in MCF-7RR and
MDA-MB-231RR cells compared to parental MCF-7 and MDA-
MB-231 cells. In MCF-7RR cells were identified 151 DEGs (Table
S1, Supporting Information), including 81 genes up-regulated
and 70 genes repressed. Volcano plot and hierarchical clustering
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Figure 1. Radioresistant breast cancer cells show survival advantages to radiation. A) Establishment of radioresistant breast cancer cells. Parental MCF-7
and MDA-MB-231 cells were submitted to fractioned irradiation method using 2 Gy of ionizing radiation to reach total dose of 30 Gy, resulting in the
MCF-7RR and MDA-MB-231RR cell lines. Representative images of the morphology of parental and radioresistant cells by fluorescence microscopy.
Migration of B) MCF-7RR and C) MDA-MB-231RR cells. Migration cells were monitored for 72 h. Radioresistance of MCF-7RR and MDA-MB-231RR
cells was confirmed by MTT assays D,E) after growing doses of irradiation, and clonogenic assays F,G) after 4 Gy of irradiation. The SF of irradiated
(IR+) MCF-7RR and MDA-MB-231RR cells was normalized by the SF of non-irradiated (IR—) cells. Representative images of the results of the clonogenic

assays are shown. Error bar, SD from three independent experiments. Error bar indicates the SD from three independent experiments.

“p <0.001, p <0.01; “p <0.05 by Student’s t-test.

of DEGs are graphically shown (Figure 3A,B). Gene ontology
(GO) and pathway enrichment analysis showed that DEGs were
enriched in pathways related to response to drugs, apoptosis, cell
proliferation and response to radiation (Figure 3C). Highlighted
up-regulated genes as BCL2, CTSH, ITGB6, PLD1, and ADM
and down-regulated genes as ERBB4, CAV1, CAV2, DKKI,
ITGAG6, and SOX2 which were enrichment in drug response
processes, negative apoptosis regulation, cell migration and the
Wnt pathway (Table S2, Supporting Information).

The transcriptome analysis of MDA-MB-231RR cells revealed
150 DEGs (Table S3, Supporting Information), of which 88 were

Adv. Therap. 2024, 7, 2300274 2300274 (3 of 12)

p <0.0001,

up-regulated and 62 were suppressed. Volcano plot and hierar-
chical clustering of DEGs are graphically shown (Figure 3D,E).
According to GO and pathway enrichment analysis, DEGs in
MDA-MB-231RR cells are involved in significant process of
signal transduction, immune response, cell adhesion, tran-
scription regulation, inflammatory response, DNA methylation,
angiogenesis, and gamma radiation response (Figure 3F).
Particularly, the up-regulated genes as CCL4, IRAK3, IL1B,
C5, and EGRI, and their counterpart repressed genes such as
CCL20, CXCL10, CCL5, OASL, IL7R, and KDM1B were found
significantly enriched in signal transduction pathways, immune
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Figure 2. Radioresistant breast cancer cells improve migration rates, and they show sensitivity to doxorubicin and cyclophosphamide. Cytotoxic assays
of parental and radioresistant A) MCF-7 cells and B) MDA-MB-231 cells after 24 h of exposure to increasing doses of doxorubicin, cyclophosphamide,
and docetaxel. Apoptosis was measured by Annexin-V-FITC assays. Parental and radioresistant C) MCF-7 and D) MDA-MB-231 cells were exposed for
24 h to lethal doses of doxorubicin (10 uM), cyclophosphamide (40 mM), docetaxel (50 uM), and cisplatin (25 pg/mL) as positive control of cell death-
inducing agent. Graphical representation of the results of Annexin-V-FITC assays show the cells treated with chemotherapeutic agents (+) compared
with non-treated cells (—). Representative images of flow cytometry results are shown. Error bar indicates the SD from three independent experiments.
¥ p <0.0001, "p <0.001, *p <0.01; “p <0.05 by Student’s t-test.
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Figure 3. Transcriptome landscape of MCF-7RR and MDA-MB-231RR cells. Volcano plots show the dispersion of the DEGs in A) MCF-7RR and D)
MDA-MB-231RR cells, faced the magnitude of change (Fold change Log2) and statistical significance (P value). Blue color indicates down-regulated
genes and red indicates up-regulated genes. Heat map show the differential expression display of DEGs in MCF-7RR B) and MDA-MB-231RR E) cells.
The pie chart indicates up-regulated (red) and down-regulated (green) genes. Graphs showing GO, signaling pathways and biological processes of the

DEGs in C) MCF-7RR and F) MDA-MB-231RR cells.

response, vascular growth, angiogenesis, recombination and
DNA methylation (Table S2, Supporting Information).

2.3. Genes Co-Expression Analysis Identify Hub Genes
Associated to Radiotherapy Response

Gene co-expression networks from transcriptome data were con-
structed to identify genes with similar expression patterns and
highly correlate to collective functions. Samples from radioresis-
tant and parental cells clustered and visualized in the heatmaps
were used to define the relationship between phenotype and
sample dendrogram (Figure S1A,B, Supporting Information).
Using the dynamic tree-cutting algorithm, genes were grouped
into 4 modules for MCF-7RR cells (Figure 4A) and 12 mod-
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ules for MDA-MB-231RR cells (Figure 5A). Brown modules of
MCEF-7RR cells (7490 genes) and MDA-MB-231RR cells (3985
genes) were significantly associated with radioresistant pheno-
type (Figure S1C-F, Supporting Information). The eigengene
distribution was hierarchical clustering to determine the degree
of deregulation of the modules. Overall, 190 genes were up-
regulated and 159 genes were down-regulated in the module
brown of MCF-7RR cells compared to parental cells (Figure 4B;
Table S4, Supporting Information). While 239 and 186 genes
were up- and down-regulated respectively in the brown module
of MDA-MB-231RR cells compared to parental cells (Figure 5B;
Table S5, Supporting Information).

Genes from the brown module of the MCF-7RR cells were
enriched in metabolic processes, negative regulation of hu-
moral immune response, mitotic processes, and DNA repair.

S ey {
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Figure 4. Weighted gene co-expression network and hub genes of MCF-7RR cells and their clinical implication in luminal subtypes of breast cancer. A)
Correlation between the gene modules of the transcriptome of MCF-7RR cells. The connectivity of eigengenes analysis grouped into 4 modules is shown.
B) Heat map that represents the correlation of 7490 genes of the brown module associated to radioresistant phenotype. Bar plots of gene set enrichment
analysis for C) GO and enrichment signaling pathways of the brown module genes of MCF-7RR cells. D) Interactome showing the top 10 hub genes and
the co-expression network with 37 nodes. Gene names in green indicate the top 10 hub genes in the subnetwork based on the betweenness score. E)
Table betweenness score of hub gene with higher degrees of connectivity from brown module of MCF-7RR. F) Kaplan-Meier curves of RFS related to high
versus low expression of hub genes in patients diagnosed with luminal breast cancer treated with radiotherapy. High or low expression levels according
to > median or < median expression levels of each gene. Curves were compared using a log-rank test “p < 0.05; ““p < 0.01, “*p < 0.001. Rpm, reads
per million.
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Figure 5. Weighted gene co-expression network and hub genes of MDA-MB-23 1RR cells and their clinical implication in TNBC subtypes of breast cancer.
A) Correlation between the gene modules of transcriptome of MDA-MB-231RR cells. The connectivity of eigengenes analysis grouped into 12 modules
is shown. B) Heat map that represents the correlation of 3985 genes of the brown module associated to radioresistant phenotype. Bar plots of gene set
enrichment analysis for C)GO and enrichment signaling pathways of the brown module genes of MDA-MB-231RR cells. D) Interactome showing the
top 10 hub genes and the co-expression network with 37 nodes. Gene names in green indicate the top 10 hub genes in the subnetwork based on the
betweenness score. E) Table betweenness score of hub gene with higher degrees of connectivity from brown module of MDA-MB-23 1RR. F) Kaplan-Meier
curves of RFS related to high versus low expression of hub genes in patients diagnosed with TNBC subtype and treated with radiotherapy. High or low
expression levels according to > median or < median expression levels of each gene. Curves were compared using a log-rank test “p < 0.05; “*p < 0.01,

**p <0.001. Rpm, reads per million.

Genes were also associated to up-regulation of androgen re-
sponse, hypoxia, epithelial mesenchymal transition (EMT) and
down-regulation of mTORC1 signaling, while they may restrict
immune response and inflammatory response (Figure 4C).
Genes were filtered based on betweenness score to construct
the co-expression network and to identify the hub genes. A
co-expression network with 37 nodes was identified (Figure 4D),
highlighting top 10 hub genes with high level of connectivity,
including RPS27A, UBA52, JUN, PTPN11, MAPKI1, UGT1A6,
SRC, RACK1, STAT1, and EGFR genes (Figure 4E).

Likewise, the analysis of GO and biological pathways of the
genes from the brown module in MDA-MB-231RR cells showed
enrichment in differentiation and immune response. Pathways
analyses displayed the up-regulation of p53 pathway, signaling IL-
6/JAK/STAT3 and hypoxia, and down-regulation of DNA repair,
oxidative phosphorylation, G2 checkpoint, estrogen response,
and E2F targets (Figure 5C). The gene co-expression network
showed 37 nodes (Figure 5D) and the top 10 hub genes as
RPS27A, UBA52, NHP2L1, TP53, MAPKI1, RPS27, C3, TNF,
RPS6, and RACK1 (Figure 5E). Interestingly, RPS27A, UBA52,
MAPK1, and RACK1 genes were commonly connected in the
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co-expression networks both in MCF-7RR and MDA-MB-231RR
cells suggesting that they might have a key functional role in the
coordination of the molecular radioresistance network. Based on
all these results obtained from the in vitro radioresistance model,
the prognostic value of the top ten hub genes was evaluated in
breast cancer patients diagnosed with luminal (Figure 4F) or
TNBC (Figure 5F) tumors that received radiotherapy. The results
from RFS analysis revealed that high levels of STATT and low lev-
els of EGFR were associated with worse outcomes in breast can-
cer patients with luminal tumor subtype after radiotherapy treat-
ment (Figure 4F), while in TNBC patients, high levels of GNB2L1
and low levels of RPS27A, C3, and TNF were associated with poor
survival after radiotherapy (Figure 5F).

2.4. Genes Hub were Associated to Pathological Complete
Response after Chemotherapy in Breast Cancer Patients
Based on previous observations in which radioresistant cells

showed sensibility to chemotherapy agents and the hub genes
may have possible related biological functions, the expression
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level of hub genes in breast cancer patients with pathological
complete response (pCR) or pathological partial/no response
(pPR/pNR) after chemotherapy was evaluate. Interestingly, the
results showed that patients with luminal tumors and pCR dis-
played overexpression of RPS27A, JUN, PTPN11, SRC, STAT1,
and low expression of MAPK1 genes (Figure 6A). Overexpression
of STAT1 gene was also associated to radioresistance in luminal
tumors (Figure 4F) suggesting that STAT1 could play a role in
the modulation of differential response to radio and chemother-
apy. In TNBC, the results were also fascinating, low expression of
TP53 and overexpression of C3 and RPS6 genes were associated
with pCR (Figure 6B). C3 overexpression was also related with
better outcome after radiotherapy in TNBC patients (Figure 5F).
All these results indicate that transcriptomic modulation to evade
the effectiveness of radiation treatment could activate pathways
to favor the efficacy of chemotherapy. Our work suggests that af-
ter radiotherapy failure it may be important to evaluate different
combinations of chemotherapy agents according to the expres-
sion of genes associate to radioresistance, including STAT1 gene
in luminal subtypes and TP53, C3, and RPS6 genes for TNBC
subtypes.

3. Discussion

Resistance to radiation reduces the effectiveness of antitumor
therapy leading to poor outcome for breast cancer treatment.l”]
Thus, unveiling genes and biological processes related to radiore-
sistance of breast tumor subtypes may support the selection of
the patients that may not benefit with radiation therapy.’! In this
study, we identified genes associated to radioresistance that were
also related to better chemo-response. Cross-resistance to chemo
and radiotherapy has been extensively studied,!**-?!] however the
collateral sensitivity to chemotherapy of the radioresistant cells is
still unknown.

To explore the transcriptomic background of the radiation-
resistant breast cancer cells, isogenic models of acquired
radioresistance were used. MCF-7RR and MDA-MB-231RR
cell lines comprise a validated in vitro model that mimics the
biological behavior of radiation-resistant luminal and radiation-
resistance TNBC.I'] RR cells showed a higher survival fraction
compared to parental cell lines under radiation treatment ev-
idencing radioresistant phenotype. Radiation resistance is the
result of complex cellular mechanisms enabling the acquisi-
tion of hallmark capabilities of cancer cells to promote tumor
growth and metastasis. MDA-MB-231RR cell line showed a
significant increase in migration rate. It has been reported that
the parental MDA-MB-231 cell line shows selective advantages
of clonogenicity and migration, and is characterized by being
highly aggressive and proliferative.?”] In MDA-MB-231RR cells,
the result of an adaptive process to radiotherapy was inclined
to enhance cell migration, contrary to MCF-7 cells, which are
not migratory cells. In MCF-7RR cells, it seems radioresistance

www.advtherap.com

could favor other biological condition as proliferation, survival,
or evasion of apoptosis.[2*%°]

In this regard, we assess the response to chemotherapeutic
agents commonly used in the treatment of breast cancer to de-
termine whether phenotypic plasticity produced by radiation was
enough to also escape from the cytotoxic effect of doxorubicin, cy-
clophosphamide, and docetaxel. Surprisingly, chemotherapy sig-
nificantly decreased cell viability favoring the apoptosis rates in
RR cells, suggesting that radioresistant breast cancer cells might
develop collateral sensitivity to chemotherapy aimed to block
DNA replication and microtubule-targeting agents. In relation
to this finding, it has been reported that some chemotherapeu-
tic drugs promote the effectiveness of radiation.[?®! Similarly, we
suggested that radiotherapy might promote chemo-sensitivity.
Interestingly, the sensitivity of MCF-7RR cells seems to be spe-
cific to doxorubicin, cyclophosphamide, and docetaxel, but not
to cisplatin. MDA-MB-231RR cells were sensitive to doxorubicin,
cyclophosphamide, and cisplatin, but not to docetaxel. Remark-
ably, cisplatin might be an alternative treatment additional to dox-
orubicin and cyclophosphamide for TNBC that develop radiore-
sistance.

The process of acquired resistance to radiotherapy comprise
global transcriptional changes.[*”] We evaluated the transcrip-
tome of the RR cells to identify DEGs relative to parental cells.
DEGs in MCF-7RR were mainly enriched to favor apoptosis
and survival processes. While, in MDA-MB-231RR cells, DEGs
were principally associated with inflammatory and migration
cell processes. These results were according to previous stud-
ies related to the evaluation of the radio-sensitivity pathways of
breast tumors.[?®! Several authors have demonstrated that inhibi-
tion of proteins that activate survival pathways in luminal breast
tumors(?*l and inflammatory proteins in TNBC[?*/ may enhance
the cytotoxic effect of radiation promoting radio-sensitivity.[?!
Survival and cell death seem strongly related to control radioresis-
tance in breast cancer luminal subtype, whilst immune pathways
and migration processes are mostly related to radioresistance in
TNBC tumors.[?>%]

Although MCF-7RR and MDA-MB-231RR cells share a bi-
ological radioresistance phenotype, transcriptomic signatures,
and biological pathways differ markedly. We explored gene inter-
connections by constructing gene co-expression networks highly
correlated to radioresistant phenotype. Highly interconnected
genes in MCF-7RR cells were enriched for DNA repair and
metabolic processes, while MDA-MB-231RR cells were highly
related to immune response and cell differentiation. These
results were similar to those obtained in the analysis of DEGs,
suggesting that these biological pathways could play a role in
the specific regulation of radioresistant phenotype in luminal
and TNBC subtypes respectively.’35] Regarding the top 10 hub
genes identified in the gene co-expression networks, we high-
lighted classical oncogenes in cancer as JUN, STAT1, and EGFR
genes in luminal breast cancer®%¢l and RPS27A, MAPK1, C3,
TNF, and GNB2L1 genes in TNBC tumors.?’~#} All these genes

Figure 6. Hub genes expression in luminal and TNBC tumors of breast cancer patients with pCR or pPR/pNR after chemotherapy. A) The box plots show
the expression of hub genes identified in MCF-7RR cells (RPS27A, UBA52, JUN, PTPN11, MAPK1, UGT1A6, SRC, RACKT, STATT and EGFR) evaluated
in patients with luminal tumors who reported pCR or pPR/pNR after chemotherapy treatment. B) The expression of hub genes identified in MDA-MB-
231RR cells (RPS27A, UBA52, NHP2L1, TP5 APK1, RPS27, C3, TNF, RPS6, and GNB2L1) evaluated in patients with TNBC tumors who reported pCR
or pPR/pNR after chemotherapy treatment. “**p < 0.0001, *p < 0.001, *0.05 by Wilcoxon test. p < 0.05 was considered statistically significant.
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showed prognostic value in breast cancer patients submitted to
radiotherapy. JUN and EGFR have not been reported in breast
cancer radioresistance, however STAT1 is one of the better stud-
ied genes in the regulation of radiation response in cancer.l**! In-
terestingly, STAT1 in luminal tumors and C3 in TNBC were also
associated with pCR after chemotherapy, which suggested that
these genes might activate signaling that converge in antagonist
pathways to radioresistance and chemosensitivity.[“5 All these
hypotheses must be deciphered by functional analysis. In addi-
tion, loss of expression of MAPK1 and up-regulation of RPS27A,
JUN, PTPN11, SRC, and STAT1 in luminal breast tumors, and
loss of expression of TP53 and overexpression of C3 and RPS6
genes in TNBC could be biomarkers for pCR after chemotherapy.
It is relevant that MAPK expression decreased in RR cells as
a common factor, however only in the luminal breast tumors
was associated with pCR. Proteins coding by hub genes have
been reported in the regulation of response to chemotherapy
in breast cancer.3%#042-8346-8] Qur results revealed hub genes
highly interconnected in biological networks related to radiation
resistant phenotype in luminal and TNBC subtypes, some genes
also play a role as prognostic biomarkers.

4. Conclusion

This study revealed DEGs and hub genes highly interconnected
in the biological networks related to radioresistant phenotype
that could conditioning the better response to chemotherapy. Ra-
dioresistant luminal breast cancer cells could favor survival path-
ways and evasion of apoptosis; while radioresistant TNBC sub-
type could promote pathways related to immune response, mi-
gration and cell differentiation. Clinically, the differential expres-
sion of EGFR, STAT1, JUN, HERCS5 and CCL5 gene in luminal
tumors, and RPS27A, GNB2L1, MAPK1, and CEACAM]1 genes
in TNBC were associated to prognosis of patients treated with
radiotherapy. This work demonstrates that radioresistance path-
ways might converge to develop collateral chemo-sensitivity in
breast cancer. All these findings provide new biomarkers for re-
sponse to chemotherapy after radiotherapy relapsed.

5. Experimental Section

Cell Lines: Human breast cancer cell line MCF-7 and MDA-MB-231
were obtained from ATCC (# HTB-22 and HTB-26). MCF-7, MCF-7RR,
MDA-MB-231, and MDA-MB-231RR cell lines were routinely cultured in
Dulbecco Modified Eagle Medium (DMEM) (Gibco) supplemented with
10% fetal bovine serum and penicillin and streptomycin at 37 °Cin a 5%
CO, atmosphere.

Establishment of Radioresistant Breast Cancer Cells: MCF-7RR and
MDA-MB-231RR breast cancer cells were established from the parental
MCF-7 and MDA-MB-231 cells lines as was described above by.[”]

Clonogenic Assay: Clonogenic assays were performed as described
above.l'8] Briefly, parental and RR cells were seeded in T-25 flasks and
irradiated with 4 Gy of ionizing radiation as a lethal median dose.["7] After
24 h, cells were harvested, counted, and seeded at 1000 cells per well in the
6-well plates. Cells were growing for 10 to 12 days. The surviving fraction
(SF) was calculated as described.l3]

Cell Migration: Cell migration was determined by real-time cell analy-
sis migration assay with xCELLigence system (CIM- 12-well plates). A total
of 6 X 10* parental or RR cells were seeded in the upper chamber in each
well of the plates in serum-free media. Fresh DMEM was added to each
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well of the lower chamber and the impedance value of the cells were ana-
lyzed for 72 h and expressed as a Cl value.

Cytotoxicity Assay: Parental and RR cells were seeded at 1 x 10*
cells/well in 96-well culture plates and were exposed to 2, 4, 6, 8, and 10 uM
of doxorubicin (Sigma-Aldrich; St. Louis, MO, USA); 20, 25, 30, 35, and
40 mM of cyclophosphamide (Sigma-Aldrich; St. Louis, MO, USA) or 5,
10, 20, 50 and 100 uM of docetaxel (Enzo Life Sciences; Farmingdale, NY,
USA) for 24 h. Parental and RR cells were seeded at 1 x 10° cells/well in 6-
well culture plates and were irradiated with 2, 4, 6, 8, and 10 Gy of ionizing
radiation.[’7] After 24 h of radiation, cells were detached, and seeded at
1 x 10* cells/well in 96-well culture plates for 24 h to evaluated cytotoxi-
city. After all treatment, cytotoxicity was evaluated by MTT assay (Merck,
USA) following the manufacturer’s instructions.

Apoptosis Assay: Parental and RR cells were exposed to doxorubicin
(10 uM), cyclophosphamide (40 mM), docetaxel (50 uM) or cisplatin
(25 pg/mL) as a positive control by 24 h. After that, apoptotic cells were
analyzed by annexin V assay (Annexin-V-FLUOS staining kit; Roche) and
flow cytometry according to manufacturer’s instructions. Annexin V pos-
itive cells were identified as early apoptotic cells, annexin V and propid-
ium iodide (PI) positive cells were considered as late-stage apoptotic cells,
whereas Pl-positive cells as necrotic cells.

Microarray-Based Gene Expression Analysis: Total RNA was obtained
from parental and MCF-7RR and MDA-MB-231RR cells. Equimolar con-
centrations of total RNA from 3 independent clones were mixed and hy-
bridized to an Affymetrix st1 array for the analysis of 29 834 genes. The
gene expression profiles of each group were derived from two indepen-
dent experiments. The arrays were analyzed by Transcriptome Analysis
Console (TAC) through a not supervised analysis. DEGs was obtained ac-
cording to statistical significance by ANOVA (p <0.05). Up-regulated and
down-regulated genes were considered from a fold change of >2.0 and
<2.0 respectively. Accession number to Genbank (GEO accession num-
ber: GSE210306).

Co-Expression Network Construction and Module Eigengenes Detection:
Gene co-expression networks were obtained from the weighted and signed
correlation matrices following the protocols of WGCNA. The software R
(version 4.0.2) with the “wgcna” R package (version 1.70-3) was used
for WGCNA. A blockwiseModules R function was implemented using the
following parameters: power = 20, minModuleSize = 30, deepSplit = 0,
neworkType = “signed.” Briefly, Pearson correlation coefficients were cal-
culated for all pair-wise comparisons of the genes across all samples.
The resulting Pearson correlation matrix was transformed into a matrix of
connection strengths by a power function [connection strength = (0.5 +
0.5"correlation)], which resulted in a weighted network. Topological over-
lap measure (TOM), a biologically meaningful measure of node similarity
was then calculated using a dynamic tree-cutting algorithm. Genes were
hierarchically clustered using 1-TOM as the distance measure. Modules
were determined by choosing a height cutoff 0.90 for the resulting dendro-
gram. Highly similar modules were identified by clustering and merged
together. The module eigengene (ME) corresponds to the first principal
component of a given module. Correlations between ME and radioresis-
tance and chemosensitivity were calculated to identify a module that was
highly related to radioresistance and chemosensitivity in both MCF-7RR
and MDA-MB-231RR cells.

Functional Annotation of Co-Expression Modules: The genes of the
brown modules related to radioresistance and chemosensitivity in both
MCF-7RR and MDA-MB-231RR cell lines were used to conduct func-
tional enrichment analysis. The GO and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analyses were performed with the
“fgsa” R package (version 1.14.0). If there were more than 10 GO annota-
tion and pathway enrichments, only the top 10 terms with a p <0.05 were
extracted.

Identification of Hub Genes and Construction of PPl Network: A network
of screening functions based on gene significance and module member-
ship was used to screen hub-genes using Cytoscape software (version
3.8.2). Betweenness centrality of nodes was calculated using the “cyto-
Hubba” tool in Cytoscape. Colors of the top 10% of the network were ad-
justed based on centrality value (green = top 10 hub-genes).
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The Cancer Genome Atlas Data Analysis:  The predictive value of the
hub genes was evaluated in a cohort of breast cancer patients received pri-
marily radiotherapy or additional radiotherapy after surgery. The relapse-
free survival (RFS) was assessed by the Kaplan-Meier method and the Log-
Rank test. The expression of hub genes was associated to pCR or pPR/pNR
in a second cohort of breast cancer patients received primarily chemother-
apy. RNA Seq data were used for all assays. The expression levels of genes
were referred to as reads per million (RPM).

Statistical Analysis:  All results were derived from two or three inde-
pendent experiments which were plotted as mean + standard deviation
(SD). The comparison between the groups was performed using ANOVA
test. For all analyses, statistically significant p < 0.05 values. Wilcoxon test
was used for expression genes between tumors. All statistical analyses
were performed using the statistical software package SPSS 17.0.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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