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Editorial on the Research Topic

Drug resistance in breast cancer – mechanisms and approaches to
overcome chemoresistance
According to the GLOBOCAN program 2020, breast cancer (BC) had the highest

incidence among women worldwide, with an estimated 2.3 million new cases, corresponding

to 11.7% of all cancer cases. It is the fifth leading cause of cancer mortality in the world, with

685.000 deaths (1). Conventional therapeutic approaches for BC include radical surgical
frontiersin.org01
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resection, radiotherapy, chemotherapy, and endocrine therapies,

which induce cancer cell death. Recently, immunotherapy and

targeted therapies have altered the prognoses of patients with BC,

improving their life quality and survival (2), (3). Despite significant

improvement in the outcomes of BC patients, many of them

present intrinsic drug resistance, while others are initially drug-

sensitive but acquire resistance to anticancer drugs, and frequently

multidrug resistance, leading to recurrence and/or metastasis (4–6).

Furthermore, growing evidence revealed that patients with the same

BC molecular subtype can have different responses to treatment,

strongly supporting the high BC heterogeneity. Currently, drug

resistance is a major reason for poor prognosis, reducing survival in

BC patients (7). If drug resistance could be defeated the impact on

BC patient survival would be significant.

Multiple mechanisms linked to drug resistance have been

explained in BC treatment, including somatic mutations or

epigenetic changes within drug targets, cancer cell heterogeneity,

cancer stem cells, cancer-associated macrophages and immune cells

modulation, metabolic reprogramming, and interactions among

cancer cells and tumor microenvironment (8). Substantial evidence

linked therapy resistance to aberrations inmiRNA (microRNA, small,

single-stranded, non-coding RNA molecules containing 21 to 23

nucleotides) expression levels, which in turn cause dysregulation of

gene expression (9). Alyami argued that the main rationale for

targeting miRNA is how their involvement in miRNA-mRNA

complex networks can manipulate cell apoptosis, cell cycle,

epithelial-mesenchymal transition (EMT), and drug resistance,

making it an exclusive therapeutic target.

Tian et al. summarized the mechanisms of ncRNAs (non-

coding RNA) in chemotherapeutic, endocrine, and targeted drug

resistance in BC patients. They described ncRNAs as a target gene

of drugs influencing its effects by acting as ceRNAs (competing

endogenous RNA that regulate other RNA transcripts by

competing for shared miRNAs). This mechanism modulated

neoplastic cell sensitivity and drug resistance, regulating cancer

apoptosis and cell cycle transfer, and inducing modulation of

various signaling pathways. Moreover, Tian et al. suggested that

targeting ncRNAs could be a novel strategy for achieving improved

treatment outcomes for BC patients.

Recently, the PARP inhibitor Olaparib was approved for the

treatment of triple- negative breast cancer (TNBC) with BRCA

mutations (10), although differences in the sensitivity of

individual patients and resistance to Olaparib have been

shown (11). Interesting results of Zhao et al. showed that the

sensitivity of TNBC cells to Olaparib can be increased by

inducing overexpression in neoplastic cells miR-27-3p, which

targets sPSEN-1, the catalytic subunit of g-secretase, and blocks

the activation of the Notch pathway via the inhibition of the

cleavage of the Notch protein.

The failure of current therapies and the consequent high

mortality in BC patients is greatly ascribed to the therapy-

resistant cancer stem cells (CSCs) present in the bulk of the

tumor. Often, CSCs increase the drug efflux transporters and
Frontiers in Oncology 02
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mostly stay in the non-dividing cell-cycle phase (G0) to escape

conventional therapeutics, and the induced residual disease is

responsible for tumor progression (12). As summarized by Saha

et al., the recognition of deregulated miRNAs/ncRNAs/mRNAs

signatures in CSCs and their crosstalk with multiple pathways

uncovered potential therapeutic targets in drug-resistant BC.

Moreover, therapies that can induce alternative mechanisms of

cell death, such as ferroptosis, pyroptosis, immunotherapy, drugs

targeting CSC metabolism, and nanoparticle therapy, are the

upcoming approaches to target the CSCs and overcome

drug resistance.

The leading cause of BC death is disease progression due to

metastases. Because of this challenge, the identification of

unambiguous molecular biomarkers to predict the disease

response is needed. Biomarkers are independent and measurable

assessments of biological states or diseases that can be critical for

the appropriate management of BC during treatment (Saha et al.).

Li et al. identified STAT5a as a key promoter of doxorubicin

(DOX)-resistance in BC, inducing overexpression of the

multidrug resistance protein ABCB1. Moreover, the use of the

STAT5 inhibitor Pimozide, initially approved by the FDA as a

psychotropic diseases drug, significantly increased BC cells’

sensitivity to DOX both in vitro and in vivo. STAT5a could be

a promising therapeutic target for the treatment of

chemoresistant BC, with Pimozide being a likely candidate to

reduce chemoresistance. Zhang et al. provided evidence that

complement component C7 expression (a 93-kDa serum

glycoprotein encoded by the C7 gene, one of the main

components of Membrane Attacking Complex-MAC) was an

independent poor prognostic factor in triple- negative and

luminal B BC subtypes. Furthermore, patients with high C7

expression were insensitive to taxane-anthracycline (TE)-based

chemotherapy. These findings highlighted the importance of C7

in BC progression and set a foundation to help clinicians

improve the identification of patients for TE chemotherapy by

determining C7 expression in the era of precision medicine.

Extracellular adenosine triphosphate (eATP) is abundant in

the tumor microenvironment. eATP is highly toxic to BC cells

despite being easily degraded by eATPases. Chemotherapy

induces further increases in eATP through P2RX channels of

cancer cells. Interesting results obtained by Manouchehri et al.,

demonstrated that eATP is toxic to several TNBC cell lines, and

that the purinergic channels P2RX4 and P2RX7 are necessary for

this effect. Chemotherapy exposure induced the release of eATP

from TNBC cell lines, and inhibitors of eATP metabolism

augmented chemotherapy-induced loss of TNBC cell viability.

Cyclin-dependent kinases 4 and 6 (CDK4 and CDK6) are

enzymes important in cell division. For ER-positive and HER2-

negative metastatic BC, endocrine therapy (ET) combined with

CDK4/6 inhibitors is the gold standard for first- and second-line

treatment (13). Nevertheless, resistance to this combination

therapy frequently develops in this BC subtype. Kim et al.

developed a prediction model based on five clinical and
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preclinical factors: (i) primary resistance to adjuvant ET; (ii) liver

metastasis; (iii) initial CA-15-3 elevation; (iv) weak ER expression,

and (v) BRCA2 mutations. Based on this prediction model,

patients with ER-positive and HER2-negative metastatic BC may

benefit from an initial examination to help identify subgroups at

risk of developing primary resistance to the first-line treatment of

Palbociclib with Letrozole. In ER-positive and HER2-negative

metastatic BC patients, this prediction model-based first

evaluation may aid oncologists in the early identification of a

group at high risk of acquiring primary resistance to combined

therapy with Palbociclib and Letrozole. This group of individuals

has a significant propensity for acquiring medication resistance,

thus additional treatment options should be considered.

Furthermore, Mao et al. showed that PR-negativity was a

significant prognostic factor for total pathological complete

response (pCR) or breast pCR rate in HER2 positive BC

subtype treated with pyrotinib-containing neoadjuvant therapy.

More frequently, anticancer drug candidates result in

translational failures in clinical trials and the main reason for

this failure can be attributed to non-accurate preclinical models.

Law et al. summarized that to ensure drug efficacy and its

mechanism of action has clinical translatability, the complexity

of the tumor microenvironment needs to be appropriately

modeled. 3D culture models are emerging as powerful
Frontiers in Oncology 03
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research tools that recapitulate in vivo characteristics.

Technological advancements in this field show promising

applications in improving drug discovery, pre-clinical

validation, and precision medicine.
Conclusions

Breast cancer remains one of the most challenging diseases,

with unexpected behavior even after several years of remission.

Breast cancer molecular classification represented a big step in

the elucidation of this malignant heterogeneity, but it seems

that it is not enough to explain some hidden sides of the

disease, especially the development of therapy resistance. The

papers published in the Research Topic -Drug Resistance in

Breast Cancer – Mechanisms and Approaches to Overcome

Chemoresistance in Frontiers in Oncology (Figure 1)

suggested that molecular classification needs to be improved

by adding new criteria derived from more accurate

experimental and clinical data. Also, this Research Topic

highlighted the invasion ability and metastasis of breast

cancer stem cells and their response and resistance to

current therapies. This Research Topic contains a well-

balanced proportion of valuable clinical and experimental
FIGURE 1

Overview illustration of the Research Topic Special Issue. Centered on patients and respecting them, authors, Frontiers in Oncology Editorial
Board, guest editors, and reviewers worked together to build a successful and useful issue. All papers submitted to this issue were valuable but
14 of them (inserted in the picture) were the most valuable for patients, doctors, and researchers.
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studies in the field of breast cancer, which are extremely useful

for both clinicians and academic researchers.
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Olaparib has been used in the treatment of triple-negative breast cancer (TNBC) with
BRCAmutations. In the present study, we demonstrated the effect of miR-27-3p on the g-
secretase pathway by regulating the sensitivity of TNBC cells to olaparib. miR-27-3p, a
microRNA with the potential to target PSEN-1, the catalytic subunit of g-secretase
mediating the second step of the cleavage of the Notch protein, was identified by the
online tool miRDB and found to inhibit the expression of PSEN-1 by directly targeting the
3’-untranslated region (3’-UTR) of PSEN-1. The overexpression of miR-27-3p inhibited
the activation of the Notch pathway via the inhibition of the cleavage of the Notch protein,
mediated by g-secretase, and, in turn, enhanced the sensitivity of TNBC cells to the
antitumor agent olaparib. Transfection with PSEN-1 containing mutated targeting sites for
miR-27-3p or the expression vector of the Notch protein intracellular domain (NICD)
almost completely blocked the effect of miR-27-3p on the Notch pathway or the sensitivity
of TNBC cells to olaparib, respectively. Therefore, our results suggest that the miR-27-3p/
g-secretase axis participates in the regulation of TNBC and that the overexpression of
miR-27-3p represents a potential approach to enhancing the sensitivity of TNBC
to olaparib.

Keywords: microRNA-27-3p, Notch pathway, triple-negative breast cancer, olaparib, g-secretase, PSEN-1
INTRODUCTION

At present, breast cancer (BC) is the most important malignancy threatening female health (1, 2).
The main pathological subtypes of BC are endocrine-dependent BC (treated with estrogen receptor-
a [ERa] antagonists, including tamoxifen and fulvestrant) and HER2-positive BC (treated with
therapeutic antibodies, such as trastuzumab, and small molecules, such as lapatinib) (3–5). The
overall prognosis has been significantly improved by the widespread application of effective
antitumor drug therapy, but the heterogeneous overall prognosis of triple-negative breast cancer
June 2021 | Volume 11 | Article 69449119
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(TNBC) remains unsatisfactory (6, 7). Recently, the PARP
inhibitor olaparib was approved for the treatment of TNBC
with BRCAmutations (8–10). Although olaparib is considered to
have a beneficial effect on patients with TNBC and prolong the
survival of patients, there are differences in the sensitivity of
individual patients to olaparib, and there are also reports of
olaparib resistance (11, 12). Therefore, research and
development regarding strategies to achieve more effective
olaparib treatment is of great importance.

The Notch pathway not only functions as the key regulator of
the cell-fate decision but also induces the resistance of cancerous
cells to antitumor strategies, such as radiation therapy and
antitumor agents (13, 14). Increasing data have confirmed that
the activation of the Notch pathway relates to the occurrence and
progress of human cancers (15, 16). Until now, a total of four types
of Notch receptors (Notch protein) has been identified: Notch-1,
Notch-2, Notch-3 and Notch-4 (17). Five kinds of Notch’s ligands,
DLL1, DLL3, DLL4, Jagged1 and Jagged2 bind to Notch protein to
activate Notch pathway (18, 19). The Notch-protein is featured as
single trans-transmembrane with an extracellular ligand-binding
domain and an intracellular domains (NICD) (20). In cancerous
cells, the Notch pathway is activated via a two-step cleavage process
in the presence of ligand-binding (21). ADAMs (a disintegrin and
metalloproteinase), including ADAM17 and ADAM10, mediate the
first cleavage of Notch, and g-secretase mediates the second cleavage
of Notch; finally, the notch intracellular domain (NICD) is released
and translocated to the nucleus to mediate the transcription of
certain genes related to drug resistance (22, 23). These genes often
encode cellular pro-survival, anti-apoptotic, and epithelial-
mesenchymal transition-related factors (24, 25). The activation of
the Notch pathway ultimately induces cancerous cells to resist
therapeutic strategies (26, 27). Because there are two ADAMs
(ADAM17 and ADAM10) that mediate the first cleavage of
Notch, the two proteins show mutual compensation in this
process, so the second cleavage of Notch, mediated by g-secretase
alone, is an important target for the inhibition Notch
pathway activity.

The g-secretase is considered as an intramembrane aspartate-
lyase with multi-subunits, including the PSEN-1, nicastrin
subunit (NCSTN), anterior pharynx-defective subunit (APH-1)
and presenilin enhancer subunit (PEN-2) (28, 29). Among these
subunits, PSEN-1 functions as the catalytic core/subunit for the
g-secretase (30). Inhibition of g-secretase’s activation has the
important anti-tumor properties by blocking of the Notch
pathway’s activation and repressing the expression of PSEN-1
is a promising approach for g-secretase inhibition.

MicroRNA is a type of small non-coding RNA transcribed by
RNA polymerase II (31, 32). It can recognize and bind to the
3’UTR of the target mRNA and degrade the mRNA to achieve
gene silencing (33, 34). The use of miRNA to inhibit the
expression of tumor-related genes has emerged as an
important strategy for antitumor therapy (35). The g-Secretase
is a complex containing multiple protein subunits, including
PSEN-1, the catalytic center; Pen-2, the activity regulator
subunit; and NCSTN, to stabilize the complex (21). In the
present study, miR-27-3p was found to inhibit the activation of
Frontiers in Oncology | www.frontiersin.org 210
g-secretase. The overexpression of miR-27-3p enhanced the
sensitivity of TNBC cells, MDA-MB-436 or HCC1937, to
olaparib by targeting the 3’UTR of PESN-1.
MATERIALS AND METHODS

Clinical Specimens and Ethical Approval
The use of clinical specimens was approved by the ethics
committee of the Beijing Tian Tan Hospital, Capital Medical
University. The 30 clinical TNBC specimens (the BRCA
mutation subtype) and paired non-tumor tissues were
described in our previous publication (35). The usage of the
clinical specimens were with the written consent from patients
and all the experiments related to the human-derived materials,
including clinical specimens and cell lines, were used in
accordance with the Helsinki Declaration with the approval
from medical ethic committee of Beijing Tiantan Hospital or
the/the Hebei Key Laboratory of the Cancer Radiotherapy and
Chemotherapy. The sample size used in the present study was
adequately powered to detect a pre-specified effect size (1–b: 0.8;
a/2: 0.025; P<0.05). The original hypothesis was that the
expression of miR-27-3p was not significantly different in
healthy tissues as compared with tumor tissue; the alternative
hypothesis was that the expression of the targeting gene was
significantly different in the healthy tissue as compared with the
tumor tissue.

Vectors, Cell Lines, and Reagents
The full-length sequences of PSEN-1, PSEN-1 with mutated
miR-27-3p binding sites, and pre-miR-27 were obtained via
chemical synthesis. These sequences were cloned and prepared
as lentivirus vectors. The vector containing the NICD sequence
was a gift from Prof. and Dr. Yingshi Zhang of Shenyang
Pharmaceutical University (36). The TNBC cell lines with
BRCA mutations, HCC1937 (Cat. No.: 3111C0001CCC
000352) or MDA-MB-436 (Cat. No.: 3111C0001CCC 000471),
were purchased from the National Infrastructure of Cell
Resources, Chinese Academy of Medical Sciences/Peking
Union Medical College, a Chinese government center for
biological sample collection. The cells were cultured in DMEM
(Dulbecco’s modification of Eagle’s medium) supplemented with
10% FBS. The antitumor agent, olaparib (Cat. No.: S1060), was
purchased from Selleck Corporation, Houston, Texas, US. The
formulations of olaparib used in the cell-based experiments
or animal experiments were described in our previous
publication (35).

Quantitative Real-Time Polymerase Chain
Reaction
The Notch pathway-related factors in TNBC tissues, including the
clinical specimens and the subcutaneous tumors, or TNBC cells
were quantitatively examined using previously established qPCR
methods (10, 37). Ribonucleic acid was extracted from the TNBC
cells or clinical tissues and reverse transcribed into cDNA. The
June 2021 | Volume 11 | Article 694491
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mRNA expression of these factors was measured via qPCR, and b-
actin was chosen as the loading control. The primers used in qPCR
(37) were (1) CDH1 (E-cadherin), forward primer 5’-
CTCCTGAAAAGAGAGTGGAAGTGT-3’, reverse primer 5’-
CCGGATTAATCTCCAGCCAGTT-3’; (2) CDH2 (N-cadherin),
forward primer 5’-CCTGGATCGCGAGCAGATA-3’, reverse
primer 5’-CCATTCCAAACCTGGTGTAAGAAC-3’; (3)
vimentin, forward primer 5’-ACCGCACACAGCAAGGCGAT-3’,
reverse primer 5’-CGATTGAGGGCTCCTAGCGGTT-3’; (4)
ZEB1, forward primer 5’-GATGACCTGCCAACAGACCA-3’,
reverse primer: 5’-CCCCAGGATTTCTTGCCCTT-3’; (5)
fi b r o n e c t i n , f o r w a r d p r im e r 5 ’ - CAGGATCAC
TTACGGAGAAACAG-3’, reverse primer 5’-GCCAGTGAC
AGCATACACAGTG-3’; (6) SLUG, forward primer 5’-
CTTCCTGGTCAAGAAGCA-3 ’ , r everse pr imer 5 ’ -
GGGAAATAATCACTGTATGTGTG-3’; (7) TWIST, forward
primer 5’-GTACATCGACTTCCTCTACCAG-3’, reverse primer
5’-CATCCTCCAGACCGAGAAG-3’; (8) BCL2, forward primer
5’-GATCGTTGCCTTATGCATTTGTTTTG-3’; reverse primer, 5’-
CGGATCTTTATTTCATGAGGCACGTTA-3’; (9) BIRC2,
forward primer 5’-ACATGCAGCTCGAATGAGAACAT-3’;
reverse primer 5’-GATTCCCAACACCTCAAGCCA-3’; (10)
B I R C 3 , f o r w a r d p r i m e r 5 ’ - G T G T T C T A G T
TAATCCTGAGCAGCTT-3’; reverse primer 5’-TGGAAACCA
CTTGGCATGTTGA-3’; (11) BIRC5, forward primer 5’-
CAAGGACCACCGCATCTCT-3 ’ , reverse primer 5 ’-
AGCTCCTTGAAGCAGAAGAAACA-3’; (12) NICD, forward
primer 5’-CCGACGCACAAGGTGTCTT-3’, reverse primer 5’-
GTCGGCGTGTGAGTTGATGA-3’; (13) PSEN-1, forward
primer 5’-CCATATTGATCGGCCTGTG-4’, reverse primer 5’-
GAAGGGCTGCACGAGATAAT-3’; and (14) b-actin, forward
primer 5’-CACCATTGGCAATGAGCGGTTC-3’, reverse primer
5’-AGGTCTTTGCGGATGTCCACGT-3’. The qPCR results were
presented as a heat map of mRNA expression and obtained via the
method of Ma et al. (19).

Cell Survival Analysis
The MDA-MB-436 and HCC1937 cells were cultured and
transfected with the indicated vectors. The cells were
harvested, seeded into 96-well plates, and treated with the
indicated concentrations of olaparib (3 mmol/L, 1 mmol/L, 0.3
mmol/L, 0.1 mmol/L, 0.03 mmol/L, 0.01 mmol/L, or 0.003 mmol/L)
for 48 h. The number of cells was examined via MTT (3-(4,5)-
dimethylthiahiazo (-z-y1) -3,5-di- phenytetrazoliumromide)
assay. The inhibition rates were calculated based on the optical
density (OD) of cell samples at 490 nm. The IC50 values were
calculated based on the rate of inhibition (31, 38).

Subcutaneous Tumor Model and Ethical
Approval
All animal experiments were approved by the Animal Care and
Ethics Committee of the Beijing Tian Tan Hospital, Capital
Medical University (n=10 for each group, with animals randomly
allocated into two groups) and were performed in accordance with
the UK Animals (Scientific Procedures) Act, 1986, and associated
guidelines. The HCC-1937 or MDA-MB-231 cells were cultured
Frontiers in Oncology | www.frontiersin.org 311
and transfected with the indicated vectors. The cells were
injected into nude mice subcutaneously. Then, the mice
received olaparib via oral administration in accordance with
the methods described by Sun HW et al. (39) and Feng et al. (40–
42). After olaparib treatment, the samples were harvested from
the mice, and the expression of Notch pathway-related factors in
tissues was examined by qPCR. The tumor volume was
calculated from following equation: (tumor length × tumor
width × tumor width)/2 (41, 42). The tumor weight was
measured using a precision balance. The heat-map of qPCR
results was produced following the method described by Ma
et al. (25).

The Statistical Analysis
The statistical analysis in the presence work were performed by
the Bonferroni’s correction with two-way ANOVA methods
using SPSS software (Version No. 8.0; IBM Corporation,
Armonk, NY, USA). The IC50 values of olaparib were
calculated by using the Origin Software (version 6.1,
OriginLab, Northampton, Massachusetts, USA). The P<0.05
was considered as statistically significant between the results
from indicated two groups.
RESULTS

miR-27-3p Targets the 3’UTR of PSEN-1
miR-27-3p was predicted as a microRNA that was potentially
able to target the 3’UTR of PSEN-1 and inhibit the activation of
the g-secretase/Notch pathway (Figure 1A). As shown in
Figure 1, miR-27-3p could bind the 3’UTR of PSEN-1. The
expression of miR-27-3p was lower in the TNBC specimens than
in the paired non-tumor tissues (Figure 1B), and the expression
of miR-27-3p was negatively correlated with PSEN-1 in TNBC
tissues (Figure 1C). To confirm the effect of miR-27-3p on
PSEN-1, both Western blots of nuclear or cytoplasmic cellular
sub-fractions and qPCR assays were performed. As shown in
Figures 1D, E, the overexpression of miR-27-3p decreased the
expression of PSEN-1 but not that of PSEN-1 with a mutated
miR-27-3p binding site (PSEN-1Mut) in the cytoplasm or the
accumulation of NICD in the nucleus of HCC-1937 (Figure 1D)
and MDA-MB-436 (Figure 1E) TNBC cells. The overexpression
of NICD almost blocked the effect of miR-27-3p on NICD but
not the suppressive effect on PSEN-1 (Figures 1D, E). Therefore,
miR-27-3p was confirmed to target the 3’UTR of PSEN-1 and
thus suppress Notch cleavage.

miR-27-3p Suppresses the Activation of
the Notch Pathway by Targeting the 3’UTR
of PSEN-1
The effect of miR-27-3p on the Notch pathway was examined via
qPCR. As shown in Figures 1F, G, the overexpression of miR-
27-3p suppressed the expression of pro-survival/anti-apoptosis-
or epithelial to mesenchymal transition (EMT)-related
downstream genes in the Notch pathway in HCC-1937
(Figure 1G) and MDA-MB-436 (Figure 1H) cells. Moreover,
June 2021 | Volume 11 | Article 694491
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to further elucidate the roles of the g-secretase/Notch axis in
TNBC, the expression of ADAM17 and ADAM10 was also
examined. As shown in Figure 1H, the mRNA expression of
ADAM17 and ADAM10 was much higher in TNBC as
compared with non-tumor tissues (Figure 1H). The expression
of ADAM10 was higher than ADAM17 in TNBC cells
(Figure 1H). Therefore, the elucidation of the roles of miR-27-
3p and the g-secretase/Notch pathway in TNBC is of
great significance.

miR-27-3p Enhances the Sensitivity of
TNBC Cells to Olaparib by Targeting to the
3’UTR of PSEN-1
The ability of miR-27-3p to enhance the sensitivity of TNBC cells
to olaparib was examined by multiple assays. As shown in
Figure 2 and Table 1, the antitumor effect of olaparib on the
survival of TNBC cells and in vitro invasion/migration was
enhanced in the presence of miR-27-3p. The overexpression of
miR-27-3p also inhibited the expression of downstream genes in
the Notch pathway (Figure 2). Moreover, the overexpression of
PSEN-1Mut or NICD almost blocked the effect of miR-27-3p on
the survival of TNBC cells, in vitro invasion/migration, and
downstream genes of the Notch pathway (Figure 2). The in
vivo growth of TNBC was further examined in a subcutaneous
Frontiers in Oncology | www.frontiersin.org 412
tumor model (Figure 3). The results showed that TNBC cells
formed a tumor in the subcutaneous tissue of nude mice
(Figures 3A–D). The antitumor effect of olaparib on the
subcutaneous growth of TNBC cells was enhanced in the
presence of miR-27-3p (Figures 3A–D). The overexpression of
miR-27-3p also inhibited the expression of downstream genes of
the Notch pathway in the tumor tissue (Figure 3B). Moreover,
the overexpression of PSEN-1Mut or NICD almost blocked the
effect of miR-27-3p on the survival of TNBC cells, in vitro
invasion/migration, and the downstream genes of the Notch
pathway in the tumor (Figure 3B). Therefore, miR-27-3p
enhanced the sensitivity of TNBC cells to olaparib by targeting
the 3’UTR of PSEN-1.
DISCUSSION

The first antitumor treatment strategies were mainly cytotoxic
chemotherapy drugs, such as paclitaxel or doxorubicin (43, 44).
However, recent studies have shown that TNBC is heterogeneous
and has multiple pathological subtypes (45). The molecularly
targeted drug olaparib (a PARP inhibitor) has been approved for
the treatment of BRCA-mutated TNBC (46, 47). Given the broad
applications of olaparib in clinical treatment, patients with
A B

D E

F G

H

C

FIGURE 1 | miR-27-3p targets the 3’UTR of PSEN-1. (A) miR-27-3p has the potential to target the 3’UTR of PSEN-1. (B) The expression of miR-27-3p in TNBC or
the paired non-tumor tissues, as determined by qPCR, is presented as a scatterplot. (C) The correlation between miR-27-3p and PSEN-1 in TNBC tissues is
presented as a scatterplot. (D, E) HCC1937 (D) or MDA-MB-436 (E) TNBC cells were transfected with plasmids, and the subcellular fraction was harvested. The
protein expression of PSEN-1 or NICD was examined via western blotting. Lamin A was used to indicate the nuclear material, and b-actin was used to indicate the
cytoplasm. (F, G) HCC1937 (F) or MDA-MB-436 (G) TNBC cells were transfected with plasmids and harvested for qPCR. The expression of the downstream genes
of the Notch pathway are presented as a heat map. (H) The expression of ADAM-17 or ADAM-10 in TNBC tissues was examined by qPCR and is presented as a
heat map. *P < 0.05.
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TNBC have also exhibited resistance to olaparib (48). Therefore,
it would be of great significance to reverse the resistance of
TNBC to olaparib and increase the sensitivity of TNBC cells to
olaparib. The results obtained in this study offer several benefits
in terms of treatment. Compared with ADAMs, g-secretase is a
better intervention target for the inhibition of the Notch
pathway. This will not only help to expand our understanding
of the regulation of Notch in TNBC but also provide more
options for TNBC treatment.

The g-Secretase has three main subunits (21). In this study,
transfecting TNBC cells with miR-27-3p, which targets PSEN-1,
the catalytic subunit of g-secretase, inhibited the activity of the
Notch pathway and upregulated the sensitivity of cells to the
molecularly targeted drug olaparib. Preparing miRNAs as
lentiviral vectors to interfere with the expression of specific
oncogenes and proto-oncogenes has been confirmed as an
effective antitumor treatment strategy (49). The effect of miR-
27-3p on PSEN-1 was also examined in target-confirmation
Frontiers in Oncology | www.frontiersin.org 513
studies. The construction of a mutant 3’UTR confirmed the
effect of miR-27-3p and the fact that the overexpression of miR-
27-3p inhibited the activation of the Notch pathway by targeting
PSEN-1. There are four subtypes of Notch protein; these have
different extracellular segments (i.e., the N-terminus), but the
intracellular segments are highly conserved. Therefore, we
prepared nuclear and cytoplasmic sub-fractions and detected the
accumulation of the Notch NICD in the nuclear fraction of TNBC
cells. Finally, it was confirmed that miR-27-3p regulated Notch
protein cleavage, and the influence of miR-27-3p on the Notch
pathway was determined by analyzing the EMT, cell pro-survival/
anti-apoptosis factors, and other factors downstream of Notch.

Our results mainly focused on the effect of miR-27-3p on
Notch pathway in TNBC cells, and miR-27-3p could also regulate
some other pathways important for the survival of cancer cells, e.g.
MMP13, PPARg, Wnt3a, BTG2 or NOVA1 (50–55). In addition
to regulating the survival of malignant tumor cells, miR-27-3p
may alsomodify cancermicroenvironment by inhibiting fibroblast
viability by targeting NOVA1 (55). Moreover, the effect of miR-
27-3p by far not limited to the breast cancer and it has been
demonstrated that miR-27-3p may also play an important roles in
hepatocellular cancer, gastric cancer or osteosarcoma (54–56).
Therefore, our results extended our knowledge about the miR-
27-3p. Moreover, the presence work concentrate on the usage of
miR-27-3p to inhibit the expression of PSEN-1 to inhibit Notch
protein cleavage. In addition, there are other miRs that can inhibit
the activity of the Notch pathway through other strategies. For
June 2021 | Volume 11 | Article 694491
TABLE 1 | miR-27-3p enhances the sensitivity of TNBC cells to Olaparib.

Groups HCC-1937 MDA-MB-436

IC50 values (mmol/L)

control 0.60 ± 0.20 0.74 ± 0.45
miR-27-3p 0.10 ± 0.06 0.17 ± 0.03
miR-27-3p + PSEN-1Mut 0.77 ± 0.28 0.96 ± 0.40
miR-27-3p + NICD 1.05 ± 0.69 0.79 ± 0.08
A

B

FIGURE 2 | miR-27-3p suppresses the in vitro survival or invasion/migration of TNBC cells by targeting the 3’UTR of PSEN-1. (A, B) HCC1937 (A) or MDA-MB-436
(B) TNBC cells were transfected with plasmids or treated with 0.5 mmol/L of olaparib and harvested for colony-formation and Transwell assays. The results are
presented as images and quantitative analysis. (A, B) The expression of the genes downstream of the Notch pathway in TNBC cells is presented as a heat map.
*P < 0.05.
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example, miR-3163 can inhibit the expression of ADAM17 by
acting on the 3’UTRofADAM17, and finally inhibit the cleavage of
Notch protein in HCC cells (49); miR-34a and others can down-
regulate the expression level ofNotch-1protein (26). Someprevious
Frontiers in Oncology | www.frontiersin.org 614
publications indicated that miR-27-3p may also interacted with
other miRs, e.g. miR-34a-5p (56, 57). These results further confirm
the significance of miR-27-3p. In addition to TNBC, Olaparib was
also approved for the treatment of ovarian cancer (58, 59). For this
A B

D

E F

G H

C

FIGURE 3 | miR-27-3p suppresses the in vivo growth of TNBC cells by targeting the 3’UTR of PSEN-1. HCC1937 (A–D) or MDA-MB-436 (E–H) TNBC cells were
transfected with plasmids and injected subcutaneously into nude mice. The mice received a 0.5 mg/kg dose of olaparib via oral administration. The results are
presented as images or the quantitative analysis of tumor tissues (A, C–E, G, H). (B, F) The expression of genes downstream of the Notch pathway in TNBC tissues
is presented as a heat map. *P < 0.05.
June 2021 | Volume 11 | Article 694491
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reason, the expression levels of miR-27-3p and PSEN-1 in ovarian
cancer tissue samples will be further tested in the future, and
whether miR-27-3p can upregulate ovarian cancer cells’
sensitivity to Olparib.
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STAT5a Confers Doxorubicin
Resistance to Breast Cancer
by Regulating ABCB1
Zhaoqing Li1,2,3†, Cong Chen2,3†, Lini Chen2,3†, Dengdi Hu2,3,4, Xiqian Yang2,3,5,
Wenying Zhuo2,3,4, Yongxia Chen2,3, Jingjing Yang2,3, Yulu Zhou2,3, Misha Mao2,3,
Xun Zhang2,3, Ling Xu2,3, Siwei Ju2,3, Jun Shen2,3, Qinchuan Wang2,3, Minjun Dong2,3,
Shuduo Xie2,3, Qun Wei2,3, Yunlu Jia6, Jichun Zhou2,3* and Linbo Wang2,3*

1 Cancer Institute (Key Laboratory of Cancer Prevention and Intervention, China National Ministry of Education), 2nd Affiliated
Hospital, School of Medicine, Zhejiang University, Hangzhou, China, 2 Sir Run Run Shaw Hospital, Zhejiang University,
Hangzhou, China, 3 Biomedical Research Center and Key Laboratory of Biotherapy of Zhejiang Province, Hangzhou, China,
4 Affiliated Cixi Hospital, Wenzhou Medical University, Ningbo, China, 5 Breast Surgical Department, Shaoxing Maternity and
Child Health Care Hospital, Shaoxing, China, 6 The First Affiliated Hospital, Zhejiang University School of Medicine,
Hangzhou, China

Chemoresistance is a daunting challenge to the prognosis of patients with breast cancer.
Signal transducer and activator of transcription (STAT) 5a plays vital roles in the
development of various cancers, but its function in breast cancer is controversial, and
its role in chemoresistance in breast cancer remains unexplored. Here we identified
STAT5a as a chemoresistance inducer that regulates the expression of ABCB1 in breast
cancer and can be targeted by pimozide, an FDA-approved psychotropic drug. First, we
found that STAT5a and ABCB1 were expressed at higher levels in doxorubicin-resistant
cell lines and chemoresistant patients, and their expression was positively correlated.
Then, we confirmed the essential roles of STAT5a and ABCB1 in doxorubicin resistance in
breast cancer cells and the regulation of ABCB1 transcription by STAT5a. Subsequently,
the efficacy of pimozide in inhibiting STAT5a and sensitizing doxorubicin-resistant breast
cancer cells was tested. Finally, we verified the role of STAT5a in doxorubicin resistance in
breast cancer and the efficacy of pimozide in reversing this resistance in vivo. Our study
demonstrated the vital role of STAT5a in doxorubicin resistance in breast cancer.
Targeting STAT5a might be a promising strategy for treating doxorubicin-resistant
breast cancer. Moreover, repurposing pimozide for doxorubicin resensitization is
attractive due to the safety profile of pimozide.

Keywords: breast cancer, STAT5A, ABCB1, pimozide, doxorubicin resistance
Abbreviations: STAT, signal transducer and activator of transcription; DOX, doxorubicin; AC, cyclophosphamide; pCR,
pathologic complete response.
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INTRODUCTION

Breast cancer is the most common malignant tumor in women.
Every year, 1.7 million people are diagnosed worldwide, and
approximately half a million people die from this disease (1).
Chemoresistance is a main cause of breast cancer-related death,
as it results in recurrence and metastasis. Thus, overcoming this
issue is critical to improving the prognosis of patients with
breast cancer.

Signal transducer and activator of transcription (STAT) 5a
belongs to the STAT family, which consists of seven members
(STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b and
STAT6) and participates in essential biological behaviors in
cells. Similar to other STATs, STAT5 consists of a helical
N-terminal domain (ND), a coiled-coil (CC) domain, a DNA-
binding domain (DBD), a helical linker (LK), a Src homology 2
(SH2) domain, and a transactivation domain (TAD) located in
the C-terminal region (2). STAT5 is mostly present in the
cytoplasm in an inactivated state (3). Upon stimulation by a
spectrum of cytokines, STAT5 molecules are recruited to the
JAK/receptor complex and phosphorylated at tyrosine (Tyr) 694
(STAT5a) or Tyr 699 (STAT5b). Subsequently, STAT5
translocates to the nucleus in the form of dimers and/or
tetramers to function as a transcription factor. Stat5a and
stat5b derived from distinct but chromosome-linked genes that
map to chromosome 17 (bands q11-1 to q22) (4). These two
proteins share 94% identity in their amino acid sequences, with
the greatest difference in the C-terminal phosphotyrosyl tail and
transactivation domain (5). Although STAT5a and STAT5b have
some common target genes, they exert nonredundant functions,
resulting in unique target gene activation patterns (6, 7). While
STAT5a is mainly present in mammary tissue, STAT5b
expression is more enriched in muscle and the liver (8).
STAT5a plays a vital role in the promotion of cancers,
including lung cancer (9), prostate cancer (10), and gastric
cancer (11); is involved in chemoresistance in esophageal
cancer by negatively regulating miR-29c (12); and is
overexpressed in gemcitabine-resistant pancreatic cancer cell
lines (13). STAT5 is also activated and localized to the nucleus
in a high proportion of breast cancers (14) and promotes cancer
progression (15). DNA-damaging agents such as doxorubicin are
reported to induce STAT5a expression in breast cancer (16);
however, the exact role of STAT5a in chemoresistance in breast
cancer remains unknown.

ABCB1 is one of 49 putative members of the superfamily of
human adenosine triphosphate (ATP)-binding cassette (ABC)
transporters within subfamily B (MDR/TAP) (17). This
membrane transporter is known to promote chemoresistance
by exporting antitumor drugs out of cancer cells in various
cancers, including breast cancer (18–21).

Here, we identified STAT5a as a key promoter of doxorubicin
(DOX) resistance in breast cancer via upregulation of the
expression of ABCB1. An inhibitor of STAT5, pimozide, which
is an FDA-approved drug for treatment of psychotropic diseases,
significantly sensitized breast cancer cells to DOX both in vitro
and in vivo.
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MATERIALS & METHODS

Patient Specimens
Breast cancer specimens were obtained from patients (n = 67)
with breast cancer at the Department of Surgical Oncology, Sir
Run Run Shaw Hospital. The patient population included people
with the luminal A (n=10), luminal B (n=22), HER2-positive
(n=15) or triple-negative (n=20) subtype, and the patients
received doxorubicin-containing neoadjuvant chemotherapy
including doxorubicin plus cyclophosphamide (AC), AC-
paclitaxel (T) or AC-T plus Herceptin (H). No residual
invasive carcinoma in the breast or lymph nodes (noninvasive
breast residuals were allowed) assessed by surgical pathological
evaluation was defined as a pathologic complete response (pCR).
Patients with pCR were defined as chemosensitive, while those
with non-pCR were defined as chemoresistant.

Cell Lines and Regents
The MCF7 cell line was purchased from Cell Bank of the Chinese
Academy of Sciences (Shanghai, China) where they were
characterized by STR analysis and detection of isozyme,
mycoplasma and cell vitality. The cells were maintained in
Eagle’s Minimum Essential Medium supplemented with 0.01
mg/ml insulin. DOX-resistant MCF7 cells (MCF7/DOX) were
established by DOX (D1515, Sigma-Aldrich, St. Louis, MO,
USA) challenge at a starting concentration of 1 ng/ml. The
concentration of DOX was gradually increased to 1 mg/ml.
Cells were cultured in medium containing 10% FBS in a
humidified incubator at 37°C.

Western Blotting
Protein samples were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (Bio-Rad, Hercules, CA,
USA) and transferred to a polyvinylidene difluoride membrane
(Millipore, Billerica, MA, USA) that was blocked in 0.1% Tween-
20 in Tris-buffered saline (TBS) containing 5% skim milk (BD
Biosciences, Chicago, IL, USA) for 1 h at room temperature and
incubated overnight with primary antibodies against STAT5a
(ab32043, Abcam, Cambridge, MA, USA), STAT5b (ab178941;
Abcam), p-STAT5 (Tyr694) (ab32364, Abcam), cleaved PARP
(9541, Cell Signaling Technology, CST, Danvers, MA, USA),
cleaved caspase 7 (9491, CST), cleaved caspase 3 (9664, CST),
ABCB1 (13978, CST) and b-actin (sc-477748, Santa Cruz, CA,
USA). After three 5-min washes with 0.1% Tween-20 in TBS, the
membrane was incubated with a diluted horseradish peroxidase
(HRP)-conjugated secondary antibody (1:2000, CST). After three
5-min washes with 0.1% Tween-20 in TBS, the membrane was
treated with a Pico ECL kit (FDbio, Hangzhou, Zhejiang, China)
and imaged with an Amersham Imager 600 (GE Healthcare,
Piscataway, NJ, USA).

RNA Isolation and Quantitative
Real-Time PCR
Total RNA was extracted using TRIzol Reagent (Invitrogen,
Carlsbad, CA, USA), and the isolated RNA (1 mg) was reverse
transcribed with the HiFiScript cDNA Synthesis Kit (CW2569M,
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CWBIO, Beijing, China). Quantitative real-time PCR was
performed using Ultra SYBR Mixture (CW0957H, CWBIO).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as the reference gene. The following primers were used:

STAT5a: 5′-ATGCTGTTGCCCACGTTTC-3′ (sense),
5′-TGTCCACCCACCATATCCTAGAC-3′ (anti-sense);
ABCB1: 5′-CGAGGTCGGAATGGATCTTGA-3′ (sense),
5′-CCAAAGTTCCCACCACCATATAC-3′ (anti-sense); and
GAPDH: 5′-TGACTTCAACAGCGACACCCA-3′ (sense),
5′-CACCCTGTTGCTGTAGCCAAA-3′ (anti-sense).

Results were calculated using the 2^-△△Ct method.

Transfection of Plasmids and siRNAs and
Infection With a Lentivirus
STAT5a- or ABCB1-overexpressing or negative control vectors
were designed and synthesized commercially by GeneChem
(Shanghai, China). Short interfering RNAs (siRNAs) targeting
STAT5a or ABCB1 (si-STAT5a and si-ABCB1) and a scrambled
control siRNA were designed and synthesized commercially by
RiboBio (Guangzhou, China). The target sequences of the 3
STAT5a-specific siRNAs were as follows:

sequence 1, 5’-TGATGGAGGTGTTGAAGAA-3’;

sequence 2, 5’-GCAATGAGCTTGTGTTCCA-3’;

sequence 3, 5’-GAGAATTCGACCTGGATGA-3’.

The target sequences of the 3 ABCB1-specific siRNAs were
as follows:

sequence 1, 5’-CACTGTTACTCTTAGCAAT-3’;

sequence 2, 5’-GAGCTTAACACCCGACTTA-3’;

sequence 3, 5’-GTGATAGCTCATCGTTTGT-3’.

Transfection of the plasmids and siRNAs into cells was
conducted using Lipofectamine 3000 (Invitrogen) transfection
reagents following the manufacturer’s instructions. Cells were
harvested for total RNA and protein extraction 48 h after
transfection and processed for functional assays.

To construct a STAT5a-knockdown MCF7/DOX cell line
(MCF7/DOX sh-STAT5a) and corresponding negative control
cell line (MCF7/DOX sh-NC), cells were seeded in 6-well plates
and incubated for 24 h with lentiviruses (OOBIO, Shanghai,
China) carrying shRNA sequences targeting STAT5a
(NM_001288718.2, 5’-TGATGGAGGTGTTGAAGAA-3’) or a
scrambled sequence (5’-CCTAAGGTTAAGTCGCCCTCG-3’).
Seventy-two hours after renewal of the medium, 1 mg/ml
puromycin was applied to kill uninfected cells.

Immunohistochemical (IHC) Staining
Breast tumor samples were collected from breast cancer patients
at Sir Run Run Shaw Hospital. For immunohistochemical
analysis, slides were heated in a pressure cooker containing 10
mM sodium citrate (pH 6.5) for 10 min. Endogenous peroxidases
were deactivated by treatment with 3% H2O2 for 5 min, and the
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slides were blocked with 10% normal goat serum for 30 min at
room temperature and probed with primary antibodies against
STAT5a (sc-271542X, Santa Cruz), p-STAT5 (Tyr694) (ab32364,
Abcam) or ABCB1 (13978, CST) for 1 h at room temperature.
The slides were incubated with poly-HRP secondary antibodies
for 1 h in the dark at room temperature, and immunodetection
was performed using a 3,3′-diaminobenzidine substrate kit. The
sections were counterstained with hematoxylin to visualize
nuclei. Staining intensity was scored by blinded observers
according to intensity and percentage of positive cells. The
staining intensity was ranged in four grades: 0 (no staining), 1
(weak staining), 2 (intermediate staining), or 3 (strong staining).
The product (percentage of positive cells and respective intensity
scores) was used as the final staining score (ranging from 0
to 300).

DOX Efflux Experiment
To assess the accumulation of DOX in cells, pretreated MCF7 or
MCF7/DOX cells were treated with the indicated concentration
of DOX for 24 h and then imaged under a microscope (ZEISS,
Jena, Germany). The mean and total fluorescence intensities
were analyzed with ImageJ software (National Institutes of
Health, Bethesda, MD, USA).

Chemotherapy Sensitivity Assay
Cells were seeded in 96-well plates at a density of 5×103 cells per
well in the appropriate medium. The cells were then treated with
DOX (at concentrations of 0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, and
2 mg/ml) for 24 h. After the incubation, viability was assessed by a
CCK8 (APExBio, Houston, TX, USA) assay according to the
supplier’s instructions. The absorbance of each well at 450 nm
was measured, and survival rate curves were plotted.

Flow Cytometry
To determine the proportion of apoptotic cells, pretreated cells
were collected, washed twice with PBS, and double stained with
fluorescein isothiocyanate (FITC)-Annexin V and propidium
iodide (PI) (556547, BD Biosciences) according to the supplier’s
instructions. The apoptosis rate was measured by flow cytometry
on a FACScan (BD Bioscience).

Colony Formation Assay
To evaluate colony-forming capacity, 2000 pretreated cells per
well were seeded in 6-well plates in medium containing an
appropriate concentration of DOX, and the medium was
replaced as necessary. After 14 days, the cells were washed
with PBS 3 times, fixed in 4% paraformaldehyde (Solarbio,
Beijing, China) and stained with 0.1% crystal violet (Solarbio).
Colonies were counted, and the results were analyzed.

Luciferase Reporter Assay
A full-length ABCB1 promoter vector was constructed by and
purchased from GeneCopoeia (Hangzhou, China). The indicated
cells were seeded in 6-well plates and transfected with an ABCB1
reporter plasmid and a STAT5a-overexpressing vector, a
negative control vector, STAT5a-specific siRNA, or control
siRNA. Forty-eight hours after transfection, the activities of
July 2021 | Volume 11 | Article 697950
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Gaussia luciferase and secreted alkaline phosphatase were
assessed using the Secrete-Pair Gaussia Luciferase Assay Kit
(LF031, GeneCopoeia) following the manufacturer ’s
instructions and a 20/20 luminometer (Promega, Madison,
WI, USA).

Chromatin Immunoprecipitation (ChIP)
Assay
A ChIP assay was performed using the SimpleChIP® Enzymatic
Chromatin IP Kit (Magnetic Beads) (9003, CST) as described
previously (22). Chromatin was used for immunoprecipitation
with an anti-STAT5a, an anti-histone 3, or a normal rabbit IgG
antibody. ChIP-enriched DNA was assessed using real-time
PCR, and the primer sets for the ABCB1 promoter were
designed as follows:

primer 1, 5′-GCGGTCAGGGAGGTTTCACATCAC-3′
(forward),

5′-CCCATGCATCCGTTTATAGGCTCT-3′ (reverse);
primer 2, 5′-GCTCTTCTACACCTCTTTAGGGT-3′ (forward),
5′-GTAACAGTTGCAACAAAAGCTGG-3′ (reverse);
primer 3, 5′-CTAATTATTTTTTAGCCAGTGGATAAAGAG-

3′ (forward),
5 ′-GCCAGAATAGGCAGAATGAAGATTAGAATC-3 ′

(reverse); and

primer 4, 5′-CTACTTTATTCAGATATTCTCCAGATTCC-3′
(forward),

5′-CCTTACCTTTTATCTGGTTGCTTCCTG-3′ (reverse).
Tumor Xenograft Assay
To prove the role of STAT5a in DOX resistance in vivo, mice
were randomly divided into 2 groups (n=7) and subcutaneously
injected with 2 × 106 sh-NC MCF7/DOX or sh-STAT5a MCF7/
DOX cells, which were resuspended in 0.1 ml PBS containing
50% Matrigel (Corning, Kennebunk, ME, USA). After one week,
the mice were treated with DOX (4 mg/kg, every 3 days, i.p.). To
determine the effect of pimozide on STAT5 inhibition and
sensitization to DOX, mice were subcutaneously injected with
2 × 106 MCF7/DOX cells as previously described and randomly
divided into 4 groups (n=5). After one week, the mice in each
group were treated with PBS, pimozide (25 mg/kg, daily, i.p.),
DOX (4 mg/kg, every 3 days, i.p.) or both pimozide (25 mg/kg,
daily, i.p.) and DOX (4 mg/kg, every 3 days, i.p.). The animals
were maintained in laminar flow cabinets under specific
pathogen-free conditions. Tumor volumes and mouse body
weights were recorded every 3 days. After 21 days, tumor
tissue was collected, measured, weighed, fixed in 10% formalin,
embedded in paraffin, and processed for hematoxylin and eosin
(H&E) and IHC staining.

Statistical Analysis
Quantitative data from at least three independent experiments
are expressed as the mean ± SD. All experimental values were
evaluated using GraphPad Prism 9.0.0 (GraphPad Software, Inc.,
La Jolla, CA, USA). An unpaired t-test was used for statistical
Frontiers in Oncology | www.frontiersin.org 420
analysis of two experimental groups. The relationships between
STAT5a or ABCB1 expression and the pCR rate were tested by
Fisher’s exact test. Gene expression data obtained from GEO
(accession code: GSE87455) were analyzed with GEO2R (23).
Patients were divided into STAT5a-low and STAT5a-high
groups using the median expression of STAT5a as the cutoff.
In all cases, p < 0.05 was considered statistically significant.
RESULTS

STAT5a Is Involved in Chemotherapy
Resistance in Breast Cancer
Data mining based on GSE87455 was conducted to explore
whether STAT5a is involved in chemoresistance in breast
cancer (23). STAT5a expression was potently upregulated in
the postchemotherapy group, while STAT5b showed no
significant difference, implying a role for STAT5a but not
STAT5b in chemoresistance (Figure 1A). Then, we verified the
data mining results in vitro and in vivo. First, we compared the
IC50 values of wild-type MCF7 and our DOX-resistant MCF7
(MCF7/DOX) cells, which were maintained in medium
containing 1 mg/ml DOX for more than 6 months, by a CCK8
assay. A 32-fold increase in the IC50 of DOX was observed in
MCF7/DOX cells compared with MCF7 cells (Figure 1B). The
mRNA and protein expression of STAT5a but not that of
STAT5b was upregulated in the MCF7/DOX cell line, and the
level of STAT5a phosphorylation at Tyr694 was also higher in
MCF7/DOX cells (Figures 1C, D). Additionally, we observed
activation of STAT5a upon stimulation of MCF7 cells with DOX,
implying a role for STAT5a in the response to chemotherapy
stress (Figure 1E). Given that STAT5a but not STAT5b was
upregulated and activated in chemoresistant patients and cell
lines, we focused on STAT5a in the rest of the study. We applied
our clinical data to verify the data mining result. IHC was applied
to assess the level of STAT5a in breast tumor specimens collected
from patients before neoadjuvant treatment. Patients diagnosed
as pCR after operation were defined chemo-sensitive, while
others chemoresistant. Statistical analysis suggested that
patients with STAT5a-positive breast cancer had a lower pCR
rate than STAT5a-negative patients (Figure 1F). Representative
IHC results of STAT5a expression in chemosensitive and
chemoresistant patients were shown in Figure 1G.

To investigate whether STAT5a can regulate the sensitivity of
breast cancer cells to DOX, we knocked down and overexpressed
STAT5a via siRNA and a plasmid in MCF7/DOX and MCF7
cells, respectively (Figure 1H). Si-1 siRNA was selected for
subsequent experiments due to its knockdown efficiency. An
increased apoptosis rate was observed in STAT5a-knockdown
MCF7/DOX cells (Figures 1I, J), suggesting a role for STAT5a in
cell survival. When STAT5a was overexpressed, MCF7 cells
became more resistant to DOX, with the IC50 increasing from
0.7522 mg/ml to 3.373 mg/ml (Figure 1K). STAT5a knockdown also
sensitizedMCF7/DOX cells to DOX, decreasing the IC50 from 24.93
mg/ml to 4.2 mg/ml, as assessed by CCK8 assays (Figure 1L).
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FIGURE 1 | STAT5a is involved in chemoresistance in breast cancer. (A) Expression of STAT5a and STAT5b in breast cancer samples collected pre- and
postchemotherapy in the dataset GSE87455. (B) Survival rates of MCF7 and MCF7/DOX cells after treatment with DOX for 48 h determined by a CCK8 assay.
(C) mRNA levels of STAT5a and STAT5b in MCF7 and MCF7/DOX cells assessed via qPCR. (D) Protein levels of STAT5a, p-STAT5a (Tyr694) and STAT5b in
MCF7 and MCF7/DOX cells determined by Western blotting. (E) Western blotting was performed to examine the expression of STAT5a and p-STAT5 (Tyr694) in
MCF7 cells upon treatment with DOX. (F) Correlation between the pCR rate and STAT5a expression in breast cancer samples obtained from 67 patients.
(G) Representative images of IHC staining for STAT5a in chemoresistant and chemosensitive breast cancer samples. (H) Efficiency of vector transfection for
overexpression of STAT5a in MCF7 cells and siRNA transfection for knockdown of STAT5a in MCF7/DOX cells determined by Western blotting. (I, J) Flow cytometry
was performed to assess apoptosis in MCF7/DOX cells after knocking down STAT5a or control treatment (I). Bar graphs showing the percentage of apoptotic cells
(J). (K) Survival rate and IC50 of MCF7 cells transfected with an empty vector or a STAT5a vector after treatment with DOX for 48 h determined by a CCK8 assay.
(L) Survival rate and IC50 of MCF7/DOX cells transfected with scramble siRNA or STAT5a-targeting siRNA after treatment with DOX for 48 h determined by a CCK8
assay. (M, N) Representative images and quantification of colonies formed by MCF7 cells transfected with the empty vector or STAT5a vector (M) and MCF7/DOX
cells transfected with scramble siRNA or STAT5a-targeting siRNA (N) in medium containing the indicated concentration of DOX. (O) The expression levels of
apoptosis markers in MCF7 cells transfected with the empty vector or STAT5a vector and MCF7/DOX cells transfected with scramble siRNA or STAT5a-targeting
siRNA under treatment with the indicated concentration of DOX determined by Western blotting. ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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The capacity to form colonies in the presence of DOX was
enhanced by STAT5a upregulation in MCF7 cells and attenuated
by STAT5a knockdown in MCF7/DOX cells (Figures 1M, N).
Treatment with DOX induced less apoptosis in STAT5a-
overexpressing MCF7 cells and more apoptosis in STAT5a-
knockdown MCF7/DOX cells, as indicated by analysis of
biomarkers of apoptosis, such as cleaved PARP and cleaved
caspase 3/7 (Figure 1O). These data suggested that STAT5a
could confer DOX resistance in breast cancer.

ABCB1 Is Essential to Chemoresistance in
Breast Cancer
ABCB1, a well-known multidrug resistance protein, plays a vital
role in chemoresistance in various types of cancers (18–21).
ABCB1 expression was significantly increased in patients who
received 2 cycles of chemotherapy (“Cycle 2”) compared to
prechemotherapy (“Baseline”) expression in the dataset
GSE87455 (Figure 2A), suggesting the development of
chemoresistance after chemotherapy (23). We also investigated
the role of ABCB1 in chemoresistance in our study. First, the
level of ABCB1 was significantly higher in tumor tissues from
patients with chemoresistant breast cancer than in those from
chemosensitive patients (Figure 2B). Statistical analysis showed
that patients with ABCB1-positive breast cancer had a
significantly lower pCR rate than those with ABCB1-negative
breast cancer (Figure 2C). Furthermore, qPCR and Western blot
results showed that the mRNA and protein levels of ABCB1 were
significantly higher in the MCF7/DOX cell line than in the MCF7
cell line (Figures 2D, E). Then, we overexpressed and knocked
down ABCB1 via a plasmid and siRNA in MCF7 and MCF7/
DOX cells, respectively (Figures 2F, G, J, K). Si-1 siRNA was
selected for subsequent experiments. When the expression of
ABCB1 was upregulated, resistance of MCF7 cell to DOX was
increased, with the IC50 elevated from 0.59 mg/ml to 2.385 mg/ml
(Figure 2H), and the colony-forming ability in the presence of
DOX was also increased (Figure 2I). The expression of
biomarkers of apoptosis was significantly reduced in ABCB1-
overexpressing MCF7 cells upon treatment with DOX
(Figure 2N). On the other hand, ABCB1 knockdown in
MCF7/DOX cells showed the opposite effects. When ABCB1
was downregulated, MCF7/DOX cells became less resistant to
DOX, with the IC50 decreasing from 32.17 mg/ml to 3.32 mg/ml
(Figure 2L), and fewer colonies formed in the presence of DOX
(Figure 2M). DOX-induced apoptosis was increased in ABCB1-
silenced MCF7/DOX cells, as indicated by assessment of
biomarkers of apoptosis (Figure 2O). Since ABCB1 confers
cell chemoresistance by pumping drugs out of cells, we
compared the amount of DOX in MCF7 and MCF7/DOX cells
and explored whether the expression of ABCB1 alters the
amount of DOX in cells. DOX was monitored via fluorescence
microscopy due to its intrinsic fluorescence (24). As shown in
Figures 2P, Q, the amount of DOX in MCF7/DOX cells was
significantly lower than that in MCF7 cells, implying that MCF7/
DOX cells had a more potent ability to pump out drugs. When
ABCB1 was knocked down, the amount of DOX in cells was
significantly elevated (Figures 2R, S), implying an impaired
Frontiers in Oncology | www.frontiersin.org 622
ability to pump out drugs. Thus, ABCB1 is essential to
chemoresistance in breast cancer cells by pumping drugs out
of cancer cells.

STAT5a Modulates Chemoresistance in
Breast Cancer by Regulating the
Transcription of ABCB1
Data from GSE87455 also showed that the expression level of
ABCB1 was significantly higher in the STAT5a-high group
(STAT5a level higher than the median) than in the STAT5a-
low group (STAT5a level lower than the median) and positively
correlated with the expression level of STAT5a (Figure 3A). IHC
results for our clinical specimens also suggested a significant
relationship between STAT5a and ABCB1, with a p value of
0.0006 (Figure 3B). Breast cancer specimens with high STAT5a
expression showed high ABCB1 expression levels (Figure 3C).
When STAT5a was knocked down, the ability of MCF7/DOX
cells to pump out DOX was attenuated (Figures 3D, E). To
explore the relationship between STAT5a and ABCB1, we tested
whether STAT5a could regulate the expression of ABCB1. The
results showed that overexpressing STAT5a in MCF7 cells
significantly increased the expression of ABCB1 at both the
protein and mRNA levels, and STAT5a knockdown in MCF7/
DOX cells had the opposite effect (Figures 3F–H).

To further explore how STAT5a modulates ABCB1
expression in breast cancer cells, a 2012-bp fragment of DNA
containing ABCB1 sequences from −1686 to 326 relative to the
transcription initiation site was subcloned into the Pezx-PG04.1
vector. We cotransfected the ABCB1 promoter vector with a
STAT5a expression vector into MCF7 cells or with STAT5a-
targeting siRNAs into MCF7/DOX cells. The results in Figure 3I
indicate that STAT5a overexpression increased ABCB1
promoter activity, while knocking down STAT5a expression
attenuated ABCB1 promoter activity. To verify the interactions
between STAT5a and five potential STAT5a-binding sites in the
ABCB1 promoter region (Figure 3J) , a chromatin
immunoprecipitation (ChIP) assay was performed with MCF7/
DOX cells and an anti-STAT5a antibody (Figure 3K). The
results suggested that STAT5a could promote the transcription
of ABCB1 by binding to its promoter region.

Subsequently, a rescue experiment was performed to confirm
whether STAT5amodulates chemoresistance in breast cancer cells
by regulating ABCB1. As shown in Figures 3L, M, upregulation of
STAT5a increased resistance to DOX in MCF7 cells, and
additional downregulation of ABCB1 significantly suppressed
resistance. Similar results are shown in Figures 3L, N, where
knockdown of STAT5a attenuated the resistance of MCF7/DOX
cells to DOX, while additional overexpression of ABCB1
significantly recovered DOX resistance. Taken together, these
results suggested that STAT5a conferred DOX resistance to
breast cancer cells by regulating the transcription of ABCB1.

STAT5 Inhibitor Pimozide Sensitizes
Breast Cancer Cells to DOX
Pimozide, an FDA-approved drug for treatment of psychotropic
diseases, has been applied as a potent inhibitor of STAT5 in
July 2021 | Volume 11 | Article 697950
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FIGURE 2 | ABCB1 is essential to chemoresistance in breast cancer. (A) Expression of ABCB1 in breast cancer samples collected pre- and postchemotherapy in
the dataset GSE87455. (B) Representative images of IHC staining for ABCB1 in chemoresistant and chemosensitive breast cancer samples. (C) Correlation between
the pCR rate and ABCB1 expression in breast cancer samples obtained from 67 patients. (D, E) Protein (D) and mRNA (E) levels of ABCB1 in MCF7 and MCF7/
DOX cells determined by Western blotting and qPCR. (F, G) Protein (F) and mRNA (G) levels of ABCB1 in MCF7 cells transfected with an empty vector or ABCB1
vector determined by Western blotting and qPCR. (H) Survival rate and IC50 of MCF7 cells transfected with an empty vector or a STAT5a vector after treatment with
DOX for 48 h determined by a CCK8 assay. (I) Representative images and quantification of colonies formed by MCF7 cells transfected with the empty vector or
ABCB1 vector in medium containing DOX. (J, K) Protein (J) and mRNA (K) levels of ABCB1 in MCF7/DOX cells transfected with scramble siRNA or ABCB1-
targeting siRNA detected by Western blotting and qPCR. (L) Survival rate and IC50 of MCF7/DOX cells transfected with scramble siRNA or ABCB1-targeting siRNA
after treatment with DOX for 48 h determined by a CCK8 assay. (M) Representative images and quantification of colonies formed by MCF7/DOX cells transfected
with scramble siRNA or ABCB1-targeting siRNA in medium containing DOX. (N, O) Expression of apoptosis markers in MCF7 cells transfected with the empty
vector or ABCB1 vector (N) and in MCF7/DOX cells transfected with scramble siRNA or ABCB1-targeting siRNA in the presence of DOX (O). (P, Q) Representative
images (P) and quantification (Q) of the accumulation of DOX in MCF7 and MCF7/DOX cells after treatment with DOX. (R, S) Representative images (R) and
quantification (S) of the accumulation of DOX in MCF7/DOX cells transfected with scramble siRNA or ABCB1-targeting siRNA after DOX treatment. *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.
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numerous studies (25–27). We also applied pimozide in our
study to inhibit the activation of STAT5a and tested whether this
treatment sensitizes MCF7/DOX cells to DOX. First, we
determined the IC50 of pimozide in MCF7/DOX cells via a
CCK8 assay. The results showed that the IC50 of pimozide in
MCF7/DOX cells was 14.79 mM and that pimozide exhibited
negligible cytotoxicity below a concentration of 5 mM
(Figure 4A). WB results showed that pimozide also inhibited
STAT5a in MCF7/DOX ce l l s by suppre s s ing the
phosphorylation of STAT5a at Tyr694 in a time- and
concentration (1 mM, 2 mM and 5 mM)-dependent manner and
that the expression of STAT5a and ABCB1 was also repressed by
the administration of pimozide (Figures 4B, C). Subsequently,
we compared the anticancer effects of DOX and a combination of
DOX and pimozide. The results showed that pimozide could
significantly sensitize MCF7/DOX cells to DOX in a dose-
dependent manner (Figure 4D). Flow cytometry experiments
indicated that the addition of pimozide significantly increased
the apoptosis rate of MCF7/DOX cells treated with DOX in a
dose-dependent manner (Figures 4E, F). The addition of
pimozide also increased the levels of apoptosis biomarkers,
such as cleaved PARP and cleaved caspase 3/7, as indicated by
Western blot analysis (Figure 4G). We also analyzed the
influence of pimozide on the ability of breast cancer cells to
pump out drugs. The results showed that when pimozide was
administered, the accumulation of DOX within cells was
remarkably increased in MCF7/DOX cells (Figures 4H, I). To
confirm that pimozide sensitized breast cancer cells by
suppressing the STAT5a/ABCB1 pathway, a rescue experiment
was conducted. As shown in Figures 4J, K, the addition of
pimozide to DOX treatment significantly elevated the expression
of cleaved PARP and cleaved caspase 3/7 in MCF7/DOX cells,
whereas overexpression of STAT5a or ABCB1 restored the
expression to low levels. These data suggested that the STAT5
inhibitor pimozide attenuated the ability of cells to pump out
drugs and sensitized DOX-resistant breast cancer cells to DOX
by suppressing the STAT5a/ABCB1 pathway.

STAT5a Knockdown Sensitizes Breast
Cancer Cells to DOX In Vivo
To validate our findings in vivo, MCF7/DOX sh-NC and MCF7/
DOX sh-STAT5a cell lines were constructed, and their
Frontiers in Oncology | www.frontiersin.org 824
expression of STAT5a and ABCB1 and sensitivity to DOX
were validated. The expression of STAT5a and ABCB1 was
significantly downregulated in MCF7/DOX sh-STAT5a cells
(Figure 5A), and these cells showed significantly less resistance
to DOX than MCF7/DOX sh-NC cells (Figure 5B). These two
cell lines were used to establish a xenograft tumor model in nude
mice (n=7). The results showed that DOX negligibly suppressed
the growth of MCF7/DOX sh-NC tumors due to resistance,
while MCF7/DOX sh-STAT5a tumors showed a significantly
greater response to DOX (Figures 5C–E and Supplementary
Figure 1). There was no difference in mouse body weight
between the 2 groups during the treatment period (Figure 5F).
IHC results showed decreased expression of STAT5a, p-STAT5a
and ABCB1 in MCF7/DOX shSTAT5a tumors (Figure 5G).
These data suggested that knocking down STAT5a decreased the
expression of ABCB1 and sensitized chemoresistant breast
cancer cells to DOX in vivo.

Pimozide Sensitizes Breast Cancer Cells
to DOX In Vivo
To verify the efficacy of pimozide in the sensitization of breast
cancer cells to chemotherapy in vivo, an MCF7/DOX xenograft
tumor model was established in nude mice. Mice with xenograft
tumors were divided into 4 groups (n=5) and received PBS,
DOX, pimozide or a combination of DOX and pimozide as
described in the methods. As shown in Figures 6A–C and
Supplementary Figure 2, the volume, growth rate, and weight
of tumors in the DOX group were not different from those of
tumors in the PBS group, while those of tumors in the pimozide
group were significantly lower, and those of tumors in the
combination group were the lowest. DOX failed to suppress
tumor growth due to resistance, while pimozide exhibited both
antitumor activity and efficient sensitization to DOX. Mouse
body weights were recorded, and no significant differences were
observed among the four groups of mice, implying the drug dose
was tolerated (Figure 6D). The expression of STAT5a,
p-STAT5a and ABCB1 detected by IHC was significantly
decreased in tumor tissues from the pimozide group and
combination group but did not vary between the DOX group
and PBS group (Figure 6E), suggesting the potent effect of
pimozide on suppressing STAT5a and downstream ABCB1.
These results demonstrated that a minimally toxic dose of
July 2021 | Volume 11 | Article 697950
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FIGURE 3 | STAT5a modulates chemoresistance in breast cancer by regulating the transcription of ABCB1. (A) Data from GSE87455 showed that the expression
of ABCB1 was higher in the STAT5a-high group than in the STAT5a-low group in breast cancer, and the expression of STAT5a and ABCB1 was positively
correlated. (B) Correlation between STAT5a expression and ABCB1 expression in breast cancer samples obtained from 67 patients. (C) Representative images of
STAT5a and ABCB1 expression levels in breast cancer samples. (D, E) Representative images (D) and quantification (E) of the accumulation of DOX in MCF7/DOX
cells transfected with scramble siRNA or STAT5a-targeting siRNA after treatment with DOX. (F) Expression levels of STAT5a and ABCB1 in MCF7 cells transfected
with an empty vector or a STAT5a vector determined by Western blotting and MCF7/DOX cells transfected with scramble siRNA or STAT5a-targeting siRNA. (G, H)
mRNA levels of STAT5a and ABCB1 in MCF7/DOX cells transfected with scramble siRNA or STAT5a-targeting siRNA (G) and in MCF7/DOX cells transfected with
scramble siRNA or STAT5a-targeting siRNA (H) determined by qPCR. (I) Relative promoter activity in MCF7 cells transfected with the empty vector or STAT5a
vector and in MCF7/DOX cells transfected with scramble siRNA or STAT5a-targeting siRNA. (J) Four pairs of primers were designed to detect sequences covering
five predicted binding sites for STAT5a in the ABCB1 promoter region. (K) Binding between STAT5a and the ABCB1 promoter region in sequence 1 was determined
by ChIP. (L) Levels of STAT5a and ABCB1 in MCF7 cells transfected with the indicated vector or siRNA and in MCF7/DOX cells transfected with the indicated
targeting siRNA or vectors. (M, N) Survival rates and IC50 of MCF7 (M) and MCF7/DOX (N) cells transfected with the indicated vector or siRNA after treatment with
DOX for 48 h determined by a CCK8 assay. ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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FIGURE 4 | Pimozide sensitizes DOX-resistant cells to DOX by suppressing STAT5a. (A) Survival rate of MCF/DOX cells after treatment with pimozide for 48 h, with
the IC50 calculated to be 14.79 mM. (B, C) Expression of p-STAT5 (Try 694), STAT5a and ABCB1 in MCF7/DOX cells after treatment with 0, 1, 2, or 5 mM DOX for
48 h (B) or with 5 mM DOX for 0, 12, 24, 48 or 72 h (C). (D) Survival rate of MCF/DOX cells after treatment with a combination of 0, 1, 2 or 5 mM pimozide and the
indicated concentration of DOX for 48 h. (E, F) Apoptosis rate of MCF7/DOX cells after the indicated treatment assessed by flow cytometry (E); bar graphs showing
the percentage of apoptotic cells (F). (G) Expression of apoptosis markers in MCF7/DOX cells given the indicated treatments determined by Western blotting. (H, I)
Accumulation of DOX in MCF7/DOX cells after treatment with DOX or a combination of DOX and pimozide (H) and quantification (I). (J, K) Western blotting was
performed to determine the expression of STAT5a, ABCB1, cleaved PARP, cleaved caspase 7 and cleaved caspase 3 in MCF7/DOX cells treated with DOX and
transfected with the indicated vectors. ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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pimozide had an antitumor effect on breast cancer and was able
to sensitize breast cancer to DOX in vitro and in vivo.
DISCUSSION

Chemoresistance is the leading cause of therapy failure and
mortality in breast cancer (28). The drug efflux pump ABCB1
plays a key role in chemoresistance by effluxing various
chemotherapeutic agents from tumor cells (21, 28, 29), and its
expression is negatively correlated with the prognosis of cancers,
including that of breast cancer (30, 31). We verified the function
of ABCB1 in chemoresistance in breast cancer cells in our study
and proved its regulation by STAT5a.

STAT5a is a member of the STAT family and is highly
homologous to STAT5b. STAT5a is mainly present in
mammary tissue, while STAT5b is generally expressed in
muscle and the liver (8). The role of STAT5a in hematopoietic
neoplasms, especially in myeloid cell transformation, is broadly
accepted (32), and STAT5a also promotes the development of
several other cancers (9–11, 33). However, the role of STAT5a in
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the development of breast cancer is controversial (34). On the
one hand, STAT5a promotes transformation of mammary
epithelial cells and survival of breast cancer cells (35, 36); on
the other hand, STAT5a is associated with a relatively good
prognosis for patient survival since it promotes mammary
epithelial cell differentiation (37–40). The results of our study
showed that STAT5a was overexpressed and persistently
activated in a chemoresistant breast cancer cell line and
upregulated ABCB1 expression by promoting its transcription.
The interaction of STAT5a and the promoter of ABCB1 was
verified by ChIP in our study, and the interaction of STAT5 with
a nearby region was also implied by a previous study (41). The
roles of STAT5a and ABCB1 in chemoresistance in breast cancer
and their regulation were further confirmed by IHC analysis of
breast cancer tissues from 67 patients who received DOX-
containing neoadjuvant treatment. The pCR rate was used to
measure the sensitivity of patients to chemotherapy. We found
that STAT5a- or ABCB1-expressing patients exhibited a
significantly lower pCR rate, implying the vital roles of
STAT5a and ABCB1 in chemoresistance in breast cancer.
Moreover, the expression of STAT5a and ABCB1 was
A B

D E F

G

C

FIGURE 5 | STAT5a knockdown sensitizes breast cancer cells to DOX in vivo. (A) Expression of STAT5a and ABCB1 in MCF7/DOX sh-NC cells and MCF7/DOX
sh-STAT5a cells determined by Western blotting. (B) Survival rates of MCF7/DOX sh-NC and MCF7/DOX sh-STAT5a cells after treatment with DOX for 48 h.
(C) Isolated subcutaneous tumors. (D) Tumor growth curves. (E) Weights of isolated tumors. (F) Nude mouse weight curves. (G) Expression of STAT5a, p-STAT5a
and ABCB1 in MCF7/DOX sh-NC and MCF7/DOX sh-STAT5a tumors determined by IHC analysis. ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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FIGURE 6 | Pimozide sensitizes breast cancer cells to DOX in vivo. (A) Isolated subcutaneous tumors of each group. (B) Growth curves of tumors in each group.
(C) Weights of isolated tumors in each group. (D) Nude mouse weight curves. (E) Expression of STAT5a, p-STAT5a and ABCB1 in each group of tumors
determined by IHC analysis. ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
FIGURE 7 | A schematic showing the involvement of STAT5a in DOX resistance in breast cancer. ABCB1 transports DOX out of breast cancer cells to reduce its
cellular accumula\tion. STAT5a promotes the transcription of ABCB1 to confer DOX resistance to cells. Pimozide overcomes this resistance by inhibiting the STAT5a/
ABCB1 axis.
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positively correlated, which was consistent with our in
vitro studies.

Pimozide, an FDA-approved psychotropic drug, inactivated
STAT5a and downregulated the expression of ABCB1, thus
sensitizing MCF7/DOX cells to DOX in vitro and in vivo,
providing a promising strategy for treating patients with
chemoresistant breast cancer in the clinic. In fact, pimozide
has been found to have antitumor activity mediated by
suppressing STAT5 in various types of cancer (25, 42–44). In
breast cancer, pimozide has also been proven to promote
apoptosis by inhibiting RAN GTPase and AKT and to inhibit
epithelial-mesenchymal transition and cell migration (45).
Pimozide also acts as a STAT5 inhibitor (46) or STAT3
inhibitor (47) to kill breast cancer cells or sensitize cancer cells
to other drugs (48). Additionally, pimozide was found to inhibit
ABCB1 in drug-resistant KBV20C oral cancer cells, but the
authors did not explain the mechanism (49). Thus, the exact
mechanism by which pimozide exerts its anticancer activity
remains unclear. In our study, pimozide inhibited STAT5a and
ABCB1 in a dose-dependent manner and sensitized breast cancer
cells to DOX, which could be rescued by overexpression of
STAT5a or ABCB1. The results suggested that the STAT5a/
ABCB1 pathway was at least one, if not the main, mechanism by
which pimozide functions in drug-resistant breast cancer.
CONCLUSIONS

STAT5a confers breast cancer chemoresistance by upregulating the
transcription of ABCB1. Pimozide sensitizes breast cancer cells to
DOXby suppressing the activation of STAT5a and downregulating
ABCB1(Figure7).Our study established thevital role ofSTAT5a in
chemoresistance in breast cancer and verified the mechanism. We
also identified STAT5a as a therapeutic target for treatment of
chemoresistant breast cancer and pimozide as a promising
candidate to reduce chemoresistance.
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FIGURE 1 | STAT5a is involved in chemoresistance in breast cancer. (A) Expression of STAT5a and STAT5b in breast cancer samples collected pre- and
postchemotherapy in the dataset GSE87455. (B) Survival rates of MCF7 and MCF7/DOX cells after treatment with DOX for 48 h determined by a CCK8 assay. (C)
mRNA levels of STAT5a and STAT5b in MCF7 and MCF7/DOX cells assessed via qPCR. (d) Protein levels of STAT5a, p-STAT5a (Tyr694) and STAT5b in MCF7 and
MCF7/DOX cells determined by Western blotting. (E) Western blotting was performed to examine the expression of STAT5a and p-STAT5 (Tyr694) in CF7 cells upon
treatment with DOX. (F) Correlation between the pCR rate and STAT5a expression in breast cancer samples obtained from 67 patients. (G) Representative images
of IHC staining for STAT5a in chemoresistant and chemosensitive breast cancer samples. (H) Efficiency of vector transfection for overexpression of STAT5a in MCF7
cells and siRNA transfection for knockdown of STAT5a in MCF7/DOX cells determined by Western blotting. (I, J) Flow cytometry was performed to assess
apoptosis in MCF7/DOX cells after knocking down STAT5a or control treatment (I). Bar graphs showing the percentage of apoptotic cells (J, K) Survival rate and
IC50 of MCF7 cells transfected with an empty vector or a STAT5a vector after treatment with DOX for 48 h determined by a CCK8 assay. (L) Survival rate and IC50
of MCF7/DOX cells transfected with scramble siRNA or STAT5a-targeting siRNA after treatment with DOX for 48 h determined by a CCK8 assay. (M, N)
Representative images and quantification of colonies formed by MCF7 cells transfected with the empty vector or STAT5a vector (M) and MCF7/DOX cells transfected
with scramble siRNA or STAT5a-targeting siRNA (N) in medium containing the indicated concentration of DOX. (O) The expression levels of apoptosis markers in
MCF7 cells transfected with the empty vector or STAT5a vector and MCF7/DOX cells transfected with scramble siRNA or STAT5a-targeting siRNA under treatment
with the indicated concentration of DOX determined by Western blotting. ns, p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Development of new therapeutic strategies for breast cancer is urgently needed due to the
sustained emergence of drug resistance, tumor recurrence and metastasis. To gain a
novel insight into therapeutic approaches to fight against breast cancer, the cytocidal
effects of hellebrigenin (Helle) and arenobufagin (Areno) were investigated in human
estrogen receptor (ER)-positive breast cancer cell line MCF-7 and triple-negative breast
cancer cell line MDA-MB-231. Helle exhibited more potent cytotoxicity than Areno in both
cancer cells, and MCF-7 cells were more susceptible to both drugs in comparison with
MDA-MB-231 cells. Apoptotic-like morphological characteristics, along with the
downregulation of the expression level of Bcl-2 and Bcl-xL and the upregulation of the
expression level of Bad, were observed in Helle-treated MCF-7 cells. Helle also caused the
activation of caspase-8, caspase-9, along with the cleavage of poly(ADP-ribose)
polymerase in MCF-7 cells. Helle-mediated necrosis-like phenotype, as evidenced by
the increased propidium iodide (PI)-positive cells was further observed. G2/M cell cycle
arrest was also induced by Helle in the cells. Upregulation of the expression level of p21
and downregulation of the expression level of cyclin D1, cyclin E1, cdc25C and survivin
were observed in MCF-7 cells treated with Helle and occurred in parallel with G2/M arrest.
Autophagy was triggered in MCF-7 cells and the addition of wortmannin or 3-MA, two
well-known autophagy inhibitors, slightly but significantly rescued the cells. Furthermore,
similar alterations of some key molecules associated with the aforementioned biological
phenomena were observed in MDA-MB-231 cells. Intriguingly, the numbers of PI-positive
cells in Helle-treated MCF-7 cells were significantly reduced by wortmannin and 3-MA,
respectively. In addition, Helle-triggered G2/M arrest was significantly corrected by
wortmannin, suggesting autophagy induction contributed to Helle-induced cytotoxicity
of breast cancer cells by modulating necrosis and cell cycle arrest. Collectively, our results
suggested potential usefulness of both Helle and Areno in developing therapeutic
strategies to treat patients with different types of breast cancer, especially ER-positive
breast cancer.
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INTRODUCTION

According to estimates from the World Health Organization
(WHO) in 2020, female breast cancer has surpassed other cancer
types as the most commonly diagnosed cancer, with an estimated
2.3 million new cases (1). Estrogen receptor (ER), progesterone
receptor (PR) and human epidermal growth factor receptor-2
(HER2) are the most important prognostic and predictive
markers for determining the appropriate breast cancer
treatment (2, 3). Despite recent advances in early detection,
diagnosis, and targeted treatment options such as Herceptin
(trastuzumab), breast cancer remains a major health problem
and is still the leading cause of cancer death in women worldwide
(1, 2). Thus, the development of new therapeutic strategies is
urgently needed for the treatment of breast cancer.

Given inseparable relationship between cancer development
and inflammation, many anticancer agents have been well
characterized by their anti-inflammatory and anticancer
activity (4–6). Cinobufacini (also known as Huachansu), a
well-known traditional Chinese medicine that comes from the
dried skin of Bufo bufo gargarizans Cantor, has long been
successfully used in clinic as anti-inflammatory and anticancer
agents in China (7–9). In line with previous reports, we recently
demonstrated that indolealkylamines, a kind of important
hydrophilic ingredients of cinobufacini, exhibited protective
effect on LPS-induced inflammation in zebrafish (10, 11).
Bufadienolides are another kind of important effective
constituents of cinobufacini, and we also demonstrated that
active bufadienolide compounds such as gamabufotalin,
hellebrigenin (Helle) and arenobufagin (Areno) exhibited
selective cytocidal effects against intractable cancer cells (12–
14). Furthermore, we recently demonstrated that clinically
achieved concentrations of trivalent arsenic derivative (AsIII)
combined with gamabufotalin exhibited synergistic cytotoxicity
against glioblastoma cell line U-87, whereas showed much less
cytotoxicity to human normal peripheral blood mononuclear
cells (PBMCs) (15). These findings thus provide fundamental
insight into the mechanisms underlying the anti-inflammatory
and anticancer activity of cinobufacini. Although Deng et al.
have demonstrated that Areno inhibits the growth of a human
breast cancer cell line MCF-7 by inducing apoptosis associated
with JNK signaling pathway (16), the cytocidal effects of Helle
and Areno against breast cancer cells as well as the underlying
molecular mechanisms remain largely unexplored.

Apoptosis has been characterized by several morphologic
features including cell shrinkage and chromatin condensation,
all of which are linked to the activation of caspases and their
downstream molecules such as poly(ADP-ribose) polymerase
(PARP) (17, 18). The activation of caspase-8 and caspase-9 has
been closely linked to two major apoptotic machinery, known as
the extrinsic and intrinsic apoptotic pathway, respectively (17,
18). A series of Bcl-2 family members, including anti-apoptotic
effectors such as Bcl-2/Bcl-xL, and pro-apoptotic effectors such
as Bax/Bad, have been demonstrated to regulate apoptosis by
modulating mitochondrial membrane permeabilization (18, 19).
On the other hand, necrosis has also linked to anticancer activity
of chemotherapeutic agents, and has received considerable
Frontiers in Oncology | www.frontiersin.org 235
attention for the treatment of apoptosis-resistant cancer cells,
in which apoptotic pathway is suppressed or absent (20). Cell
cycle arrest has been viewed as one of major underlying
mechanisms for the cytotoxicity of various anticancer drugs.
Cell cycle is known to be sophisticatedly controlled by cyclin-
dependent kinases (CDK) paired with their respective cyclin
binding partners (CDK/Cyclin complexes) (14, 21, 22). The
alteration of p21 Waf1/Cip1 (p21) and p27 Kip1 (p27), known
as inhibitors for CDK/Cyclin complexes, also closely links to cell
cycle arrest (21–24). Cdc25C, a member of cdc25 family, is
known to be associated with cell cycle transition by modulating
cdc2/Cyclin B1 (14, 25). Moreover, survivin is highly expressed
in most human cancer cells and implicated in cell cycle
transitions (12, 14, 26). Besides, induction of autophagic cell
death has emerged as a critical mechanism underlying cytocidal
effect of various anticancer drugs (12, 14, 15). Although previous
studies have demonstrated that the cytotoxicity of some
bufadienolide compounds such as Helle and Areno are
attributed to the induction of either of apoptosis/necrosis, cell
cycle arrest and autophagy in hepatoma and glioblastoma cells
(12, 27, 28), whether and how these biological phenomena
contribute to the cytocidal effects of Helle and Areno in
human breast cancer cells remain to be seen.

In this study, cytocidal effects of Helle and Areno were
investigated in the human ER-positive breast cancer cell line
MCF-7 and triple-negative breast cancer cell line MDA-MB-231,
by focusing on growth inhibition associated with apoptosis/
necrosis, cell cycle arrest and autophagic cell death. Key
regulatory molecules involved in the above-mentioned
biological phenomena were evaluated to further elucidate the
underlying mechanisms. Wortmannin and 3-methyladenine (3-
MA), two well-known autophagy inhibitors, were also employed
to evaluate the correlation between autophagy and apoptosis/
necrosis as well as cell cycle transition.
MATERIALS AND METHODS

Materials
Hellebrigenin (Helle) (≥98% purity) and arenobufagin (Areno)
(≥98% purity) were purchased from Baoji Herbest Bio-Tech Co.,
Ltd. (Baoji, China). Fetal bovine serum (FBS) and HEPES were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).
RPMI-1640 and DMEM medium, 3-methyladenine (3-MA) and
wortmannin were obtained from Wako Pure Chemical
Industries (Osaka, Japan). 25% glutaraldehyde solution were
purchased from Kanto chemical CO., INC. (Tokyo, Japan).
WST-1 and 1-Methoxy PMS were obtained from Dojindo
Molecular Technologies, Inc. (Tokyo, Japan). Propidium iodide
(PI), ribonuclease A (RNaseA), crystal violet (C.I. 42555)
Certistain® were purchased from Merck KGaA (Sigma-
Aldrich; Darmstadt, Germany).

Cell Culture and Treatment
Human breast cancer cell line MCF-7 and MDA-MB-231 were
obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). MCF-7 and MDA-MB-231 were cultured
August 2021 | Volume 11 | Article 711220
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in RPMI-1640 and DMEM medium (high glucose)
supplemented with 10% heat-inactivated FBS and antibiotics
(100 U/ml of penicillin and 100 mg/ml of streptomycin (Wako
Pure Chemical Industries)) in a humidified 5% CO2 atmosphere
at 37°C, respectively. In experiments using inhibitors, MCF-7
and MDA-MB-231 cells were treated with respective inhibitor at
the indicated concentrations for 30 min prior to treatment with
indicated concentrations of Helle, in the presence or absence of
respective inhibitor for an additional 48 h. Helle and Areno were
dissolved in dimethyl sulfoxide (DMSO), and no cytotoxicity of
the final concentrations of DMSO (0.02%) was observed in the
current experimental system.

Cell Viability and Clonogenic Survival
Following treatment for 48 h with various concentrations of
Helle, cell viability was measured by the WST-1 assay as
described previously (29). The relative cell viability was
expressed as the ratio of the absorbance of each treatment group
against those of the corresponding untreated control group. The
IC50 values of the drugs were calculated using GraphPad Prism®7
software. With respect to the morphological alterations of U-87
cells, the cells were imaged using an inverted microscope (CKX53;
Olympus Corporation, Tokyo, Japan) fitted with a digital camera
following treatment with various concentrations (3, 10, 30 and 100
nM) of Helle for 48 h. Clonogenic survival assays were performed
according to the methods previously described with slight
modifications (12, 14, 24). Briefly, MCF-7 and MDA-MB-231
cells were seeded at 2,000 cells/well in 12-well plates, and treated
for 24 h with various concentrations (1, 3, 10, 30, 100, 300 and 1000
nM) of Helle and Areno, respectively. The medium was then
replaced with fresh media and the cells were allowed to grow for
7–10 days in a humidified 5% CO2 atmosphere at 37°C. Then, the
cells were fixed with 0.25% glutaraldehyde/PBS for 15 min prior to
staining with 0.2% crystal violet/PBS for 10 min at room
temperature. Following washout of extra crystal violet with water
to get an adequate staining pattern, the images of crystal violet-
stained cells were scanned into a computer, followed by dissolution
of the violet-stained cells in 1% SDS. The absorbance of the cell
lysates was determined at 550 nm. The relative colony formation
rate was expressed as the ratio of the absorbance at 550 nm of each
treatment group against those of the corresponding untreated
control group.

Hoechst33342/PI Double Staining Assay
The phenotypic features of cell death were evaluated by use of
Hoechst33342/PI double staining assay. After treatment for 48 h
with different concentrations (3, 10, 30 and 100 nM) of Helle,
MCF-7 cells were washed twice with cold PBS, followed by
incubation with 100 ml of staining solution (3 ml/ml of PI and
0.05% Hoechst in PBS) for 15 min at room temperature. The
staining images were captured using a BZ-X800 Keyence
fluorescence microscope (Keyence, Osaka, Japan) and Leica X
software at 100×magnification (Leica, Tokyo, Japan).

Cell Cycle Analysis
After treatment of MCF-7 cells with various concentrations of
Helle (10, 30 and 100 nM) for 48 h, cell cycle analysis was
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performed using a FACS Canto™ flow cytometer (Becton
Dickinson, CA, USA) according to the methods reported
previously (14, 15, 30). Briefly, cells were washed twice with
cold PBS, fixed with 1% paraformaldehyde/PBS on ice for 30
min, washed twice again with cold PBS, permeabilized in 70% (v/
v) cold ethanol and kept at -20°C for at least 4 h. The cell were
then incubated with 0.25% Triton-X 100 for 5 min on ice. After
centrifugation (430×g for 5 min at 4°C) and washing with PBS,
cells were resuspended in 500 ml of PI/RNase A/PBS (5 mg/ml of
PI and 0.1% RNase A in PBS) and incubated for 30 min in the
dark at room temperature. A total of 10,000 events were
acquired, and FACSDiva™ software (v6.0; BD Biosciences)
and ModFit LT™ v3.0 (Verity Software House, Inc., Topsham,
ME, USA) were used to calculate the number of cells at each G0/
G1, S and G2/M phase fraction.

Western Blot Analysis
For preparation of the protein samples, cell pellets (1-2×106 cells
per 110 ml buffer) were suspended in Laemmli buffer containing
protease inhibitor cocktail tablets (Roche Diagnostics Co.,
Mannheim, Germany). Protein concentrations of the
supernatant were determined according to Bradford’s method
using the Protein Assay Dye Reagent Concentrate (Bio-Rad
Laboratories, Inc.), according to the manufacturer’s instructions,
using BSA as the standard. Western blot analysis was carried out
according to the method previously described (14, 15). Protein
bands were detected using the following primary antibodies:
Mouse anti-human b-actin (cat. no. A-5441; Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany), mouse anti-human Bcl-2
(cat. no. 12741), rabbit anti-human Bcl-xL (cat. no. 2764), rabbit
anti-human Bax (cat. no. 2772), rabbit anti-human Bad (cat. no.
9292), mouse anti-human caspase 8 (cat. no. 9746), rabbit anti-
human caspase 9 (cat. no. 9502), rabbit anti-human PARP (cat.
no. 9542), mouse anti-human p21 (cat. no. 2946), rabbit anti-
human p27 (cat. no. 2552), rabbit anti-human cyclin B1 (cat. no.
4135), rabbit anti-human cyclin D1 (cat. no. 2978), rabbit anti-
human cyclin E1 (cat. no. 20808), rabbit anti-human Cdc25c (cat.
no. 4688), mouse anti-human survivin (cat. no. 2802), rabbit anti-
human LC3A/B (cat. no. 12741), rabbit anti-human p-AMPK a
(cat. no. 2537), rabbit anti-human AMPKa (cat. no. 2532; all from
Cell Signaling Technology, Inc., Danvers, MA, USA)). Blotted
protein bands were detected with respective horseradish
peroxidase-conjugated secondary antibody (anti-mouse IgG, cat.
no. A5906; anti-rabbit IgG, cat. no. A0545; both from Sigma-
Aldrich; Merck KGaA) and an appropriate enhanced
chemiluminescence (ECL) Western Blot detection kits
[(ImmunoStar basic and ImmunoStar zeta (FUJIFILM Wako,
Osaka, Japan) or West Femto (Pierce Biotechnology, Thermo
Fisher, MA, USA)]. Relative amounts of the immunoreactive
proteins obtained were subsequently quantitatively analyzed
with the ImageJ software program (Rasband, W.S., ImageJ, U. S.
National Institutes of Health, Bethesda, Maryland, USA, http://rsb.
info.nih.gov/ij/).

Statistical Analysis
Experiments were independently repeated three times, and the
results were shown as the means ± standard deviation (SD) of
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three assays. The Student’s t-test was used to compare sample
means from two groups, and one-way ANOVA followed by
Dunnett’s post hoc test was used to compare sample means from
more than three groups. A probability level of p<0.05 was
considered to indicate a statistically significant difference.
RESULTS

Cytotoxic Effects of Helle and Areno
Against Human Breast Cancer Cell
Lines MCF-7 and MDA-MB-231
A significant decrease in cell viability was observed in a dose-
dependent manner in MCF-7 and MDA-MB-231 cells after
treatment with various concentrations of Helle for 48 h, and its
IC50 value was 34.9 ± 4.2 nM and 61.3 ± 9.7 nM, respectively
(Figures 1B, C). A similar dose-dependent growth inhibition
was also observed in both cells after treatment with various
concentrations of Areno for 48 h, and its IC50 value was 48.5 ±
6.9 nM and 81.2 ± 10.3 nM, respectively (Figures 1B, C). These
results indicated that the cytotoxicity of Helle was more potent
than Areno, and that MCF-7 cells were more sensitive to the
cytotoxicity of both Helle and Areno, compared to MDA-MB-
231 cells.

Inhibition of Colony Formation of
MCF-7 and MDA-MB-231 Cells by
Helle and Areno
A colony formation assay was conducted to evaluate whether
exposure to Helle and Areno suppressed the surviving fraction of
MCF-7 and MDA-MB-231 cells. As shown in Figure 2,
significant suppression of the colony numbers of MCF-7 and
Frontiers in Oncology | www.frontiersin.org 437
MDA-MB-231 cells was observed after long-term treatment with
Helle at concentrations starting from 30 nM and 10 nM,
respectively. In comparison, an inhibitory activity against
colony formation of both cells was observed in Areno even at
the concentrations as low as 10 nM. These results indicated the
superior potency of Helle and Areno against the survival of both
MCF-7 and MDA-MB-231 cells.

Phenotypic Features of Cell Death in
MCF-7 Cells Treated by Helle
Due to the potent cytotoxic effect of Helle and higher
susceptibility of MCF-7 cells to the drug (Figure 1), the
mechanism underlying its cytotoxicity was thus further
evaluated in the cells. Following treatment for 48 h with
various concentrations of Helle (3, 10, 30 and 100 nM), which
were determined according to its IC50 value, the phenotypic
features of cell death were evaluated by use of Hoechst33342/PI
staining assay. As shown in Figure 3 and Supplementary
Figure 1, following exposure to 10 nM Helle, a non-negligible
number of MCF-7 cells showing exclusively apoptotic-like
morphology, characterized by cell shrinkage, chromatin
condensation as evidenced by a clear increase in the
fluorescence intensity of Hoechst33342 in comparison with
control group, were observed, although a clear alteration was
not recognized after treatment with 3 nM Helle. Intriguingly, a
small portion of PI-positive cells were observed after treatment
with Helle even at the concentrations as low as 3 nM, indicating
that Helle-triggered cytotoxicity was also associated with a
necrosis-like phenotype in the cells. Furthermore, these
phenomena associated with apoptosis and/or necrosis-like
phenotype became more evident when the concentrations were
greater than 30 nM.
A B

C

FIGURE 1 | Cytotoxic effects of Helle and Areno against human breast cancer cell lines MCF-7 and MDA-MB-231. Chemical structures of Helle and Areno (A). Cell
viability was determined by WST-1 assay after treatment of MCF-7 or MDA-MB-231 (B) with various concentrations of Helle and Areno (1, 3, 10, 30, 100, 300 and
1000 nM) for 48 h. Relative cell viability was calculated as the ratio of the absorbance at 450 nm of each treatment group against those of the corresponding
untreated control group. The IC50 values of the drugs were calculated using GraphPad Prism®7 software (C). Data are shown as the means ± SD from more than
three independent experiments.
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Helle-Mediated Activation of Apoptosis
Signaling Pathway in MCF-7 Cells
Commitment of cells to apoptosis is closely regulated by Bcl-2
(B-cell leukemia/lymphoma) family, including anti-apoptotic
effectors such as Bcl-2/Bcl-xL, and pro-apoptotic effectors such as
Bax/Bad (19). As shown in Figure 4, in comparison to control
Frontiers in Oncology | www.frontiersin.org 538
group, a dose-dependent downregulation of the expression level of
Bcl-2 and Bcl-xL was induced by Helle. Coincidentally, a dose-
dependent upregulation of the expression level of Bad was observed
in Helle-treated MCF-7 cells, although almost no significant
alteration in the expression level of Bax was detected. At the same
time, the exposure to Helle caused a significant downregulation of
A B

FIGURE 2 | Inhibition of colony formation of MCF-7 and MDA-MB-231 cells by Helle and Areno. The cells were seeded at 2,000 cells/well in 12-well plates following
treatment with indicated concentrations (1, 3, 10, 30, 100, 300 and 1000 nM) of Helle and Areno for 24 h. Representative images of the clonogenic assays are
shown from three independent experiments (A). The relative colony formation rate was expressed as the ratio of the absorbance at 550 nm of each treatment group
against those of the corresponding untreated control group as described in Materials and methods (B). Data are shown as means ± SD from three independent
experiments. *p < 0.05; ┼p < 0.01; ╪p<0.0001 vs. control. Helle, hellebrigenin; Areno, arenobufagin.
FIGURE 3 | Phenotypic features of cell death in MCF-7 cells treated by Helle. After treatment with various concentrations of Helle (3, 10, 30 and 100 nM) for 48 h, the
phenotypic features of cell death were evaluated using the Hoechst 33342 (blue)/PI (red) staining as described in Materials and methods. Cells with condensed nuclei
(arrows) and red fluorescence were identified as those undergoing apoptosis and necrosis, respectively. The pink fluorescence represents the merged images of Hoechst
33342 and PI. Images were captured using a BZ-X800 Keyence fluorescence microscope and Leica X software at 100 × magnification. Helle, hellebrigenin.
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the expression of pro-caspase-8, which was accompanied by a trend
towards downregulation of the expression of pro-caspase-9,
indicating the activation of caspase-8 and caspase-9. Furthermore,
cleavage of PARP, known as an early marker of chemotherapy-
induced apoptosis (31), was observed concomitantly, indicating the
onset of apoptosis. In addition, similar downregulation of the
expression levels of Bcl-2, Bcl-xL, as well as pro-caspase-8 and -9
was also observed in MDA-MB-231 cells treated by Helle
(Supplementary Figure 2).

Effect of Helle on the Cell Cycle Profiling
and the Expression Level of Cell Cycle
Related-Proteins in MCF-7 Cells
To investigate whether cell cycle arrest is implicated in the
cytocidal effect of Helle, cell cycle analyses were carried out
using flow cytometry following treatment with various
concentrations of Helle for 48 h. As shown in Figure 5, in
comparison to control group, a modest increase in the number of
cells in the G2/M phase along with a significant decrease in the
number of cells in the S phase was observed in MCF-7 cells
treated with Helle at the concentration starting from 30 nM. An
increase in the number of cells in the G2/M phase was further
strengthened following exposure to 100 nMHelle. Concomitantly, a
Frontiers in Oncology | www.frontiersin.org 639
significant decrease in the number of cells in G0/G1 and S phase was
also observed. In addition, similar G2/M arrest was also observed in
MDA-MB-231 cells following treatment for 48 h with 60 nM Helle,
which was almost equal to its IC50 value of the cells
(Supplementary Figure 3).

Upregulation of p21 and p27 has been demonstrated to be
involved in G2/M arrest induced by anticancer agents in different
types of cancer cells including breast cancer (23, 24, 30). As shown
in Figure 6, in line with these previous reports, a significant increase
in the expression level of p21 was observed in MCF-7 cells treated
with Helle at the concentration starting from 10 nM, although the
magnitude of increase was different according to different drug
doses. Surprisingly, downregulation of the expression level of p27
was observed in the treated cells, indicating its little involvement in
Helle-mediated G2/M arrest. In addition, downregulation of the
expression level of cyclin D1, cyclin E1 and cdc25C was observed in
Helle-treated MCF-7 cells in a dose-dependent manner, whereas
almost no alteration of cyclin B1 expression was detected. Of note,
the exposure to Helle at the concentrations greater than 10 nM
potently downregulated the expression level of survivin.
Furthermore, similar downregulation of the expression level of
cyclin D1, cyclin E1 as well as cdc25C was observed in Helle-
treated MDA-MB-231 cells (Supplementary Figure 4).
FIGURE 4 | Helle-mediated activation of apoptosis signaling pathway in MCF-7 cells. After treatment with various concentrations of Helle (3, 10, 30 and 100 nM) for
48 h, the expression profile of apoptosis−related proteins was analyzed using western blotting. The relative expression levels were expressed as the ratios between
each target gene protein and b-actin protein expression levels, and compared with those of untreated control group, respectively. Data are presented as the means
± SD from three independent experiments. *p < 0.05; ┼p < 0.01; §p < 0.001 vs. control.
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Involvement of Autophagic Cell
Death in Helle-Triggered Cytotoxicity
in MCF-7 Cells
Many anticancer agents have been characterized as inducers of
autophagy (14, 24, 30), and LC3 has been well known as an
established autophagy marker (32, 33). As shown in Figure 7A, a
modest upregulation of the expression level of LC3 was clearly
induced by the treatment with 10 nM Helle compared to control
group. Furthermore, exposure to 30 nM Helle significantly
upregulated the expression level of LC3. Surprisingly, the
magnitude expression level of LC3 dropped when the
concentrations of Helle increased up to 100 nM. The drop
might be due to the degradation of LC3, as a result of intensive
cytotoxicity of 100 nM Helle, although further investigation is
obviously needed. Additionally, a similar upregulation of the
expression level of LC3 was also observed in MDA-MB-231 cells
treated by Helle (Supplementary Figure 5). AMP-activated
protein kinase (AMPK), a key energy sensor, has been shown
to be an upstream promoter of autophagy induction (32, 34). In
this regard, a dose-dependent increase in the expression level of
phospho-AMPK over the endogenous level was detected in the
treated cells, and a statistically significant increase in its
expression was further observed in 100 nM Helle-treated cells
(Figure 7B). Moreover, almost no change in the expression level
of total AMPK expression was observed (Figure 7B).

Next, two well-known autophagy inhibitor, wortmannin and
3-methyladenine (3-MA) were employed to evaluated whether
the induction of autophagy contributed to Helle-mediated cell
Frontiers in Oncology | www.frontiersin.org 740
growth inhibition. Consistent with Figure 1, Helle-triggered
dose-dependent growth inhibition was reconfirmed in MCF-7
cells (Figures 7C, D). In comparison with control group, the
addition of wortmannin significantly abrogated the cytotoxicity
of 100 nM Helle, although similar abrogation was not observed
when treated with 30 nM Helle (Figure 7C). Moreover, the
addition of 3-MA rescued the cell from Helle-triggered toxicity,
as evidenced by a modest but statistically significant increase in
cell viability in the presence of 3-MA, although a slight growth
inhibition was induced by 3-MA itself (Figure 7D).

Correlation Between Autophagy and
Apoptosis, Necrosis as Well as Cell Cycle
Arrest in MCF-7 Cells Treated With Helle
Therapeutic effects of anticancer drugs have been attributed to
the crosstalk between apoptosis, necrosis and autophagy (17, 35).
Wortmannin and 3-MA were thus employed to clarify whether
there was a link between autophagy and apoptosis/necrosis as
well as G2/M arrest in Helle-treated MCF-7. Consistent with
Figure 3, apoptosis and necrosis, as evidenced by chromatin
condensation and/or nuclei fragmentation, and the existence of
PI-positive cells, were reconfirmed respectively in MCF-7 cells
following the exposure to 30 nM Helle for 48 h (Figure 8A). In
comparison, the numbers of PI-positive cells were significantly
reduced by the addition of either wortmannin or 3-MA. On the
other hand, almost no alteration was observed in the
morphological changes associated with apoptosis regardless of
the presence of wortmannin or 3-MA, indicating little relation
FIGURE 5 | Effect of Helle on the cell cycle profiling in MCF-7 cells. After treatment with various concentrations of Helle (10, 30 and 100 nM) for 48 h, cell cycle
analysis was performed using a FACS Canto flow cytometer as described in Materials and methods. A representative FACS histogram from three independent

experiments is shown. ModFit LT™ v3.0 was used to calculate the number of cells at each G0/G1, S and G2/M phase fraction. Results are shown as the means ±
SD from three independent experiments. *p < 0.05; §p < 0.001; ╪p < 0.0001 vs. control. Helle, hellebrigenin.
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between autophagy and apoptosis in Helle-treated MCF-7 cells.
With respect to cell cycle arrest, G2/M phase arrest was
confirmed in MCF-7 cells treated by 100 nM Helle,
accompanied by a significant decrease in the number of cells in
G0/G1 and S phases (Figure 8B and Supplementary Figure 6).
Again, Helle-triggered G2/M-phase arrest was also successfully
corrected by the addition of wortmannin.
DISCUSSION

Results from this study clearly demonstrated the cytotoxicity of
Helle and Areno against human breast cancer cells, and further
clarified that MCF-7 cells were more sensitive to the cytotoxicity
of both compounds, compared to MDA-MB-231 cells. We have
previously demonstrated that both Helle and Areno exhibit
selective cytocidal effects against intractable cancer cells such as
glioblastoma cell line U-87 and pancreatic cancer cell line
SW1990, rather than noncancerous cells including human
normal PBMCs (12–14), suggesting their broad-spectrum
utility across different types of cancer cells. Given a clear
difference between MCF-7 and MDA-MB-231 cells in terms of
Frontiers in Oncology | www.frontiersin.org 841
the expression level of ER (24, 30), our results further suggested
potential usefulness of both Helle and Areno in developing
therapeutic strategies to treat patients with different types of
breast cancer, especially ER-positive breast cancer.

It has been demonstrated that high expression of steroid
receptor coactivator 3 (SRC-3), known to play a critical role in
mammary tumor development and metastasis (36, 37), is
correlated with poor survival in ER-positive breast cancer
patients (38, 39). A previous study has clarified that bufalin,
one of active bufadienolide compounds with similar chemical
structure with Helle and Areno, can function as a SRC-3
inhibitor by directly binding to SRC-3 in its receptor
interacting domain and selectively promoting SRC-3 protein
degradation in ER-positive breast cancer cell lines (40).
Intriguingly, both bufalin and Areno have been demonstrated
to suppress the proliferation and survival of HER2
overexpressing breast cancer cells, along with the declination of
SRC-3 (41), although the effect of Helle on the expression level of
SRC-3 still remains unknown. Taking these previous results and
our observations into account, we thus suggest that the
differential sensitivity of MCF-7 and MDA-MB-231 to both
Helle and Areno could be attributed to the inhibitive effect of
FIGURE 6 | Effect of Helle on the expression level of cell cycle related-proteins in MCF-7 cells. After treatment with various concentrations of Helle (3, 10, 30 and
100 nM) for 48 h, the expression levels of cell cycle-related proteins were analyzed by western blotting. The relative expression levels were expressed as the ratios
between each target gene protein and b-actin protein expression levels, and compared with those of untreated control group, respectively. Data are presented as
the means ± SD from three independent experiments. *p < 0.05; ┼p < 0.01; §p < 0.001; ╪p < 0.0001 vs. control.
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FIGURE 7 | Involvement of autophagic cell death in the cytotoxicity of MCF-7 cells treated with Helle. After treatment with various concentrations of Helle (3, 10, 30
and 100 nM) for 48 h, the expression levels of autophagy induction−related proteins were analyzed by western blotting (A, B). Cell viability was determined by WST-
1 assay after treatment for 48 h with Helle at the concentrations of 30 or 100 nM in the absence or presence of 2 mM wortmannin (C) and 1 mM 3-MA (D),
respectively. Data are presented as the means ± SD from three independent experiments. *p < 0.05; ┼p < 0.01; ╪p < 0.0001 vs. control. Helle, hellebrigenin.
A
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FIGURE 8 | Correlation between autophagy and apoptosis, necrosis as well as cell cycle arrest in MCF-7 cells treated with Helle. (A) After treatment for 48 h with
30 nM Helle in the absence or presence of 2 mM wortmannin or 1 mM 3-MA, the phenotypic features of cell death were evaluated using the Hoechst 33342 (blue)/PI
(red) staining as described in Materials and methods. The pink fluorescence represents the merged images of Hoechst 33342 and PI. Images were captured using a
BZ-X800 Keyence fluorescence microscope and Leica X software at 100×magnification. (B) After treatment for 48 h with 100 nM Helle in the absence or presence
of 2 mM wortmannin, cell cycle analysis was performed by the same manner as described in the legend of Figure 5. Data are presented as the means ± SD from
three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001. Helle, hellebrigenin; Wort, wortmannin.
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both two compounds on SRC-3, although the alteration of the
expression and activity of SRC-3 in breast cancer in vitro and in
vivo obviously warrants further investigation to draw a
solid conclusion.

The induction of apoptosis and/or necrosis in cancer cells has
been closely linked to the cytocidal effect of anticancer reagents
including bufadienolide compounds such as Helle and Areno
(12–14, 16, 27). In line with these previous reports, apoptotic-like
morphological characteristics, along with the downregulation of
Bcl-2 and Bcl-xL expression and the upregulation of Bad
expression, were observed in MCF-7 cells treated with Helle.
Similar alterations were also observed in MDA-MB-231 cells.
The activation of caspase-8 and -9 as well as their downstream
molecule, PARP, was further confirmed. Caspase-8 and -9 have
been established as key regulators of intrinsic and extrinsic
apoptosis pathway, respectively (18, 22). Collectively, we
suggested that apoptosis induction via the activation of
intrinsic/extrinsic apoptotic signaling pathway contributed to
Helle-triggered cytotoxicity of breast cancer cells. Additionally,
in agreement with our previous reports showing the necrosis-
inducing activities of Helle against glioblastoma and pancreatic
cancer cell lines (12, 13), induction of necrosis was also observed
in MCF-7 cells. Given that tumor cells can evolve diverse
strategies to evade apoptosis during tumor development (20,
42), the potential necrosis-inducing activities of Helle should be
beneficial to treat cancer cells harboring the innate and/or
adaptive resistance to apoptosis induced by anticancer reagents.

We further demonstrated that Helle-mediated G2/M arrest
was observed in not only MCF-7 but also MDA-MB-231 cells.
Similarly, G2/M arrest of hepatocellular carcinoma HepG2 cells
and glioblastoma U-87 cells was also induced by Helle (12, 27),
suggesting the generality of the mechanism underlying the
cytotoxicity of Helle against different types of cancer cells.
Furthermore, upregulation of p21 along with the downregulation
of cyclin D1, cyclin E1 and cdc25C was observed in Helle-treated
MCF-7 cells. Similar alterations of some aforementioned key
molecules in the regulation of cell cycle were also confirmed in
Helle-treated MDA-MB-231 cells. Upregulation of p21, a central
player in the regulation of cell cycle, has been involved in the G2/M
arrest of various cancer cells induced by diverse anticancer agents
including active bufadienolide compounds (12, 14, 22, 24, 43). In
addition, previous reports have demonstrated that downregulation
of cdc25C occurred in parallel with G2/M arrest of hepatoma and
glioblastoma cells induced by Helle and Areno (12, 27, 44).
Downregulation of cyclin D1 and cyclin E1 has also been
involved in the G2/M arrest of prostate cancer cell lines C4-2B
and DU145 induced by resveratrol combined with docetaxel (23).
Moreover, an ethanol extract of a traditional Chinese medicine,
Eupolyphaga sinensis Walker induced G2/M arrest of a chronic
myeloid leukemia cell line K562 accompanying through
downregulation of cyclin D1, cyclin E1 and cdc25C (21). Besides,
the fact that the suppression of survivin expression by Helle in
MCF-7 cells was in good agreement with our previous report, in
which Helle induced significant downregulation of survivin along
with G2/M arrest of U-87 cells (12). Of note, Li et al. have also
demonstrated that silencing of survivin expression causes reduced
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proliferation and G2/M cell cycle arrest in human cancer cells,
including HeLa and MCF-7 cells (26). Collectively, our results
suggested that Helle triggered G2/M arrest by modulating
aforementioned key players in mitotic progression, and
consequently resulted in growth inhibition of cancer cells.

A growing body of evidence has linked autophagic cell death
to therapeutic efficacy of various anticancer drugs, and LC3 has
been used ubiquitously as autophagy marker (14, 24, 30, 32, 33,
45). In agreement with these previous reports, we demonstrated
the activation of AMPK, an upstream promoter of autophagy
induction, and the upregulation of LC3 expression in MCF-7
cells treated with Helle. Our results also showed similar
upregulation of LC3 expression in Helle-treated MDA-MB-231
cells. We further clarified that the addition of wortmannin and 3-
MA slightly but significantly rescued MCF-7 cells. Intriguingly,
natural products, which harbor anticancer properties related to
their autophagy-inducing activity, have been recently
demonstrated to sensitize breast cancer cells such as MDA-
MB-231 cells to Taxol by inducing autophagic cell death (46,
47). Magnoflorine, a quaternary alkaloid isolated from Chinese
herb, has also been demonstrated to improve the sensitivity of
both MCF-7 and MDA-MB-231 cells to doxorubicin via
inducing apoptosis and autophagy (48). Our results thus
suggested that Helle could serve as a promising candidate of
potent inducer of apoptosis and/or autophagic cell death,
sensitizing breast cancer cells to conventional anticancer drugs
such as Taxol and doxorubicin, although further studies will be
needed to clarify the molecular details of Helle-triggered
cytotoxicity in both cells.

The crosstalk between autophagy, necrosis and cell cycle
arrest has received increasing attention to develop new
therapeutic approaches for treatment of cancer patients (17,
35, 49, 50). In this regard, we demonstrated a close relation
between autophagy and necrosis, as evidenced by a significant
reduction of the numbers of PI-positive cells in MCF-7 cells
when treated with Helle in the presence of wortmannin or 3-MA.
We also demonstrated that Helle-triggered G2/M arrest was
significantly corrected by wortmannin. Taking the previous
findings and our results into account, we suggested that
autophagy induction contributed to Helle-induced cytotoxicity
of breast cancer cells by modulating necrosis induction and cell
cycle arrest. Of note, we recently clarified that autophagy
induction linked to S-phase arrest, rather than apoptosis and
necrosis, in MDA-MB-231 cells treated with the combination of
arsenite and tetrandrine, a Chinese plant-derived alkaloid (30,
51). Collectively, whether a correlation exists between autophagy,
apoptosis/necrosis and cell cycle arrest seems to be highly
dependent on different types of cancer cells and external stimuli.
CONCLUSION

Our results suggest that the generality of the mechanism
underlying the cytotoxicity of Helle against both breast cancer
cells is linked to its apoptosis-, G2/M arrest- and autophagy-
inducing activity. We further suggest potential usefulness of both
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Helle and Areno, two active bufadienolide compounds, in
developing therapeutic strategies to fight against different types
of breast cancer, especially ER-positive breast cancer. In addition
to apoptosis induction, autophagy appeared to contribute to the
cytotoxicity of Helle by modulating both necrosis and cell cycle
arrest. Combined treatment has been widely used for cancer
chemotherapy, aiming to maximize efficacy of anticancer drugs
and minimize their undesirable side effects. In fact, Dong et al.
have demonstrated that bufadienolide compounds such as
gamabufotalin and bufalin sensitize human breast cancer cells
to TRAIL-induced apoptosis (52). We also recently suggested
that gamabufotalin could serve as a promising adjuvant
therapeutic agent to potentiate therapeutic effect of arsenite in
glioblastoma cells (15). The studies on cytocidal effects of
conventional anticancer drugs in combination of Helle or
Areno are ongoing in our laboratory.
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Breast cancer (BC) is one of the commonly occurring malignancies in females worldwide.
Despite significant advances in therapeutics, the mortality and morbidity of BC still lead to
low survival and poor prognosis due to the drug resistance. There are certain
chemotherapeutic, endocrine, and target medicines often used for BC patients,
including anthracyclines, taxanes, docetaxel, cisplatin, and fluorouracil. The drug
resistance mechanisms of these medicines are complicated and have not been fully
elucidated. It was reported that non-coding RNAs (ncRNAs), such as micro RNAs
(miRNA), long-chain non-coding RNAs (lncRNAs), and circular RNAs (circRNAs)
performed key roles in regulating tumor development and mediating therapy resistance.
However, the mechanism of these ncRNAs in BC chemotherapeutic, endocrine, and
targeted drug resistance was different. This review aims to reveal the mechanism and
potential functions of ncRNAs in BC drug resistance and to highlight the ncRNAs as a
novel target for achieving improved treatment outcomes for BC patients.

Keywords: breast cancer, drug resistance, non-coding RNA, micro RNA, long-chain non-coding RNA
INTRODUCTION

Breast cancer (BC), a complicated and heterogeneous disease which has high metastasis and
recurrence rate, is a diverse hormone-dependent malignancy carcinoma and is leading in cancer
mortality and morbidity globally. More than 20 million BC patients are newly diagnosed in women
worldwide (1). Because of the heterogeneity of BC, drug resistance has become one of the major
challenges. Although certain advances in research have been applied, the drug resistance of BC is
still responsible for the poor prognosis and quite low survival (2). There are certain
chemotherapeutic, endocrine, and targeted drugs available which have significantly improved the
life quality and overall survival of patients, including anthracyclines, taxanes, cisplatin, and
fluorouracil. For these therapeutic drugs, the mechanisms of drug resistance are complicated and
have not been fully elucidated.

Non-coding RNAs (ncRNAs), including microRNAs (miRNAs), long-chain non-coding RNAs
(LncRNAs), piRNAs, and circle RNAs (circRNAs), a group of RNAs which lack protein-coding
regions, only account for about 1% of total genome RNA (3). Although these ncRNAs are less
abundant, they exhibited essential performance in transcription, posttranscription, translation, and
regulation of cellular processes and signaling pathways in the development and pathology of
September 2021 | Volume 11 | Article 702082146
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different cancer cells (4, 5). Besides, ncRNAs also have a
significant influence on the exon gene coding via a different
mechanism. The ability of ncRNAs to control gene expression
makes them as targets or the key regulating genes for the tumor
drug resistance (6).

Previous research reported that ncRNAs have the ability to
modulate the sensitivity of cancer cell therapy. This ability
contributed to the cancer cell drug resistance acquisition. This
review summarizes the possible roles of ncRNAs in drug
resistance following different mechanisms, highlighting the
therapeutic and diagnostic application of ncRNAs for
overcoming the BC resistance.
NCRNAS AND ANTHRACYCLINE
CHEMORESISTANCE

Anthracyclines are a group of antibiotics that are among the
most active chemotherapeutic agents. The commonly used
anthracycline antibiotics include doxorubicin, daunorubicin,
and epirubicin (7). Anthracyclines exhibited a critical role in
treating BC and can be used at all BC stages (8). Unfortunately,
these agents also exhibited a well-recognized cardiotoxic profile
that limits its clinical application (9). Several studies reported the
mechanism of the chemoresistance of anthracycline and showed
that ncRNAs exhibited high possibility in regulating
BC resistance.

miRNA and Anthracycline
Chemoresistance
Chen et al. (10) found that the expression of miR-200c was
related to doxorubicin-resistant BC. Upregulation of miR-200c
could improve the epirubicin chemoselectivity and is also
capable of decreasing the expression of P-glycoprotein (P-gp)
and multidrug resistance mRNA in the human MCF-7/ADR cell
line. Kopp et al. (11) found that decreased miR-200c expression
in doxorubicin-resistant epithelial BC cell line BT474 could make
the cells display the mesenchymal cell characteristics. Inhibition
and overexpression miR-200c in the cells enhanced its resistance
to doxorubicin treatment. Li et al. (12) and Park et al. (13)
reported that miR-34a was down-expressed in MCF-7/ADR cells
as compared to MCF-7 cells. Overexpression of miR-34a could
increase the sensitivity of MCF-7/ADR cells to doxorubicin
treatment by targeting NOTCH1. Zheng et al. (14) found that
miR-181b performed the function of oncogenes during the
development of BC and chemoresistance. Zhao et al. (15)
found that downregulation of the miR-302S family genes miR-
302d, miR-302c, miR-302b, and miR-302a could increase P-gp
expression and enhance the chemoresistance of MCF-7/ADR
cells. The enhanced expression of miR-302 facilitated the ADM
agglomeration at extracellular and increased the sensitivity of BC
cells for ADM. Spindlin1 (SPIN1) is an extremely expressed
protein in various cancer types and is also associated with tumor
development and genesis. Chen et al. (16) found that SPIN1 was
a novel target of the miR-148/152 family; upregulation of miR-
148/152 inhibited the SPIN1 expression and induced UGT2B4,
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CYP2C8, UGT2B17, and ABCB4 increase. The increase of
UGT2B4, CYP2C8, UGT2B17, and ABCB4 is thereby involved
in drug metabolism and transport along with enhancement in
ADM resistance in BC. Hu et al. (17) reported the abrupt
expression of ABCC4 and miR-124-3p in BC and MCF-7/ADR
cells. After inhibiting the expression of ABCC4 and miR-124-3p,
the sensitivity of the cells toward ADM was significantly
increased. Doxorubicin was located in the cytoplasm rather
than the nuclei of resistant cells due to the increased nuclear
expression of MDR1/P-gp. Bao et al. (18) found that
overexpression of miR-298 could inhibit P-gp and increase the
P-gp nuclear accumulation and cytotoxicity in doxorubicin-
resistant BC cells. The results suggested that miR-298 directly
affects P-gp expression and influenced metastatic BC
chemoresistance. Shen et al. (19) reported that miR-29a could
play an important role in ADM resistance by inhibiting the
PTEN/AKT/GSK3b signaling pathway in BC cells.

Miao et al. (20) revealed that miR-130b induced BC cell
chemoresistance and promoted its proliferation through
targeting PTEN and PI3K/Akt signaling pathway. Besides, the
Wang group showed that miR-222 was capable of decreasing the
sensitivity of BC cells to ADM through the PTEN/Akt/p27kip1
signaling pathway (21). The major cause of chemoresistance in
BC was the overexpression of multidrug resistance-associated
protein 1 (MRP1). Gao et al. (22) found that miR-145 could
directly target MRP1 3′-untranslated regions and suppression of
MRP1 expression. Overexpression of miR-145 could inhibit MRP1
expression and improve the extracellular doxorubicin accumulation.
Jiang et al. (23) illustrated that the EMT-related chemoresistance in
BC cells was mediated by miR-489. In their report, the EMT
features and chemoresistance of ADM resistance cells (MCF-7/
ADM) were reversed by overexpression of miR-489 through
targeting Smad3. Meanwhile, Hu et al. (24) observed that
overexpression of miR-760 increased the sensitivity of BC cells for
certain anticancer agents via improved EMT transfer. The results
proved that miR-760 was capable of modulating the chemoresistance
of BC cells through EMT. Zhang et al. (25) explored the role of
miRNA-192-5p in doxorubicin-resistant BC cells. They found that
miR-192-5p overexpression was capable of activating JNK,
augmenting Bad and caspase9, and suppressing the expression of
Bcl-2 and PPIA. Zhao et al. (26) reported the correlation between
miR-221 expression and the status of the hormone receptor (HR). In
the research, they found that the patients with an increased miR-221
level in the plasma were considered to be HR-negative, and miR-221
can be a biomarker for evaluating the sensitivity of BC patients who
previously received neoadjuvant chemotherapy.

LncRNAs in Anthracycline
Chemoresistance
LncRNAs comprise a group of over 200 nucleotides containing
non-coding RNA molecules, while microRNAs include almost
21 nucleotides containing non-coding regulatory transcripts. It
was reported that lncRNAs are involved in various drug
resistance- and carcinogenesis-related genomics and cellular
processes. The significance of lncRNAs was also discussed in
the BC resistance against multiple drugs. For example, the
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expression of lnc00518 and multidrug resistance protein 1
(MRP1) was observed in MDR breast cells (MCF-7/ADR)
compared with the normal MCF-7 line (27). lnc00518 was
capable of reducing the apoptosis through inhibiting the miR-
199a/MRP1 axis and increasing the resistance of MCF-7/ADR
cells to VCR and ADM. Liang et al. (28) suggested that
overexpression of lncLINP1 was positively related to the
proliferation, chemoresistance, and metastasis of BC cells.
Knockdown of LINP1 promoted BC cell metastasis and
increased its resistance to 5-Fu by decreasing the effects of P53.
Yao et al. (29) found that lncRNA NONHSAT101069 acted as
ceRNA with miR-129-5p and targeted Twist1 in BC cells. The
expression of lncRNA NONHSAT101069 promoted the
resistance of BC cells to epirubicin and induced the cell EMT
and migration process through the lncRNA NONHSAT101069/
miR-129-5p/Twist1 axis. Gooding et al. (30) reported that
lncRNABORG promoted the triple-negative BC (TNBC) cell
chemoresistance to doxorubicin by activating the NF-kB
signaling pathway. Chen et al. (31) found that LncRNAGAS5
significantly reversed the BC cell drug resistance by suppressing
the Wnt/b-catenin signaling pathway through the miR-221-3p/
DKK2 axis (Table 1, Supplement Figure 1).
NCRNA AND TAMOXIFEN RESISTANCE

Tamoxifen is the most commonly used chemotherapeutic agent
in the treatment of BC, specifically the estrogen receptor (ER)-
positive BC subtype (32). Tamoxifen is considered a pioneering
drug due to its ubiquitous use, cost-effectiveness, lifesaving
properties, and being devoid of major side effects in the
majority of BC patients (33). The ER-positive BC accounted
for more than 70% of all breast cancers (34). However, ER-
positive patients with metastatic disease poorly responded to
tamoxifen therapy, and often with increased dose- and time-
developed resistance to tamoxifen (35). For most ER-positive/
Frontiers in Oncology | www.frontiersin.org 348
progesterone receptor (PR)-negative BC subtypes, the 5-year
survival was still quite low (∼20%) (36). The increased
intrinsic and extrinsic factors are also responsible for the
resistance toward chemotherapy in BC cells (37). It is quite
urgent to better understand the mechanism of tamoxifen
resistance and developed new therapies for BC.

miRNAs in Tamoxifen Resistance
Tamoxifen is often used for ER-positive BC treatment. However,
the tumor cells could develop resistance to tamoxifen and limit
its application. Gene regulation by miRNAs often leads to
activation or dysregulation of various pathways responsible for
the development of drug resistance (38). Different miRNAs have
been reported to be potential indicators for drug sensitivity in BC
cell lines (39). Many miRNAs associated with tamoxifen
resistance have been identified and offer new targets for BC
therapy (40). Gao et al. (41) reported that the decrease of miR-
200b and miR-200c reduced the expression of c-MYB and
therefore elevated EMT marker vimentin and ZEB1/2 in
tamoxifen-resistant ER-positive MCF-7 cells. Epiregulin
(EREG), an EGFR agonist, plays a vital role in enhancing the
process of glycolysis by activation of EGFR signaling and its
downstream glycolytic genes in tamoxifen-resistant BC cells (42,
43). He et al. (44) found that in tamoxifen-resistant BC cells,
EREG as a target of miR-186-3p and miR-186-3p is involved in
BC cell resistance to tamoxifen. In HER2-positive tamoxifen-
resistant primary human breast tumors, miR-221 and miR-222
directly targeted p27Kip1 and are responsible for increasing cell
apoptosis upon exposure with tamoxifen (45). Li et al. (46)
reported that miR-449a performed its function by targeting
ADAM22 and took part in the underlying mechanism of
tamoxifen resistance in BC. Another research reported that
overexpression of miR-451a promoted the sensitivity of
tamoxifen in BC by regulating the macrophage migration
inhibitory factor and 14-3-3z ERa (47, 48). Ye et al. (49)
examined the differential miRNA expression profiles between
TABLE 1 | Breast cancer anthracycline chemoresistance-related ncRNAs.

ncRNA Drugs Function Targets/mechanisms References

miR-200c Doxorubicin Sensitivity Inhibition P-gp Chen et al. (10) and Kopp et al. (11)
miR-34a Adriamycin Sensitivity Inhibition Notch1 Li et al. (12) and Park et al. (13)
miR-302a/b/c/d Adriamycin Sensitivity Activation P-gp MAPK/ERK Zhao et al. (15)
miR-148/152 Adriamycin Resistance Inhibition SPIN1 Chen et al. (16)
miR-124-3p Adriamycin Sensitivity Inhibition ABCC4 Hu et al. (17)
miR-298 Adriamycin Resistance Inhibition P-gp Bao et al. (18)
miR-29a Adriamycin Resistance Inhibition PTEN/AKT/GSK3b Shen et al. (19)
miR-130b Adriamycin Resistance Inhibition PI3K/AKT Miao et al. (20)
miR-222 Adriamycin Resistance Inhibition PTEN/AKT/p27 KIP1 Wang et al. (21)
miR-145 Doxorubicin Sensitivity Inhibition MRP1 Gao et al. (22)
miR-489 Adriamycin Sensitivity Inhibition EMT/Smad3 Jiang et al. (23)
miR-760 Doxorubicin Resistance Inhibition EMT/Nanog Hu et al. (24)
miR-192-5p Doxorubicin Sensitivity Activation JNK/Bad/Caspase9, inhibition Bcl-2/PPIA Zhang et al. (25)
miR-221 Adriamycin Sensitivity Inhibition hormone receptor(HR) Zhao et al. (26)
LncRNA-00518 Adriamycin Resistance Inhibition miR-199a/MRP1 axis Chang et al. (27)
LncRNA-LINP1 Doxorubicin Resistance Inhibition P53 Liang et al. (28)
LncRNA-NONHSAT101069 Epirubicin Resistance Inhibition miR-129-5p/Twist1/EMT Yao et al. (29)
LncRNA-BORG Doxorubicin Resistance Activation NF-kB signaling pathway Gooding et al. (30)
LncRNA-GAS5 Adriamycin Resistance Inhibition Wnt/b-Catenin Chen et al. (31)
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tamoxifen-resistant (MCF-7C and MCF-7T) and tamoxifen-
sensitive (MCF-7) BC cell lines and showed that miR-21, miR-
27a, miR-146a, miR-148a, and miR-34a performed a major role
in tamoxifen resistance in BC.

LncRNAs in Tamoxifen Resistance
Approximately 70% of BC patients have luminal A/ER-positive
(ER+) BC which consists of genes with low proliferation rates
and low levels of HER2 (50). A previous study showed that
several lncRNAs demonstrated important roles in tamoxifen
resistance (51). Li et al. (52) revealed that long non-coding
RNA UCA1 conferred tamoxifen resistance in BC endocrine
therapy through activation of the EZH2/p21 axis and the PI3K/
AKT signaling pathway. Liu et al. (53) reported that lncRNA
CYTOR has the function of promoting tamoxifen resistance in
BC cells via sponging miR-125a-5p. Xue et al. (54) observed that
LncRNAHOTAIR was upregulated in tamoxifen-resistant breast
cancer tissues compared to their primary counterparts.
Overexpression of HOTAIR increased the proliferation BC
cells and enhanced their tamoxifen resistance. Ma et al. (55)
determined that the expression of lncRNA LINP1 (non-
homologous end joining pathway 1) was increased in
tamoxifen-resistant BC cells. Knockdown of lncRNA LINP1
significantly attenuated the tamoxifen resistance in vitro and in
vivo. lncRNA HOTAIRM1 has been proved to be involved in
myelopoiesis as well as transcription regulation of HOXA genes
in embryonic stem cells. In BC cells, lncRNA HOTAIRM1 and
HOXA1 are upregulated in tamoxifen-resistant MCF7 (TAMR)
cel l s , and the knockdown of lncRNA HOTAIRM1
downregulated the HOXA1 expression and restored the
sensitivity to tamoxifen (56). Cyclin D1 is one of the most
important cancer proteins that drive cancer cell proliferation
and associate with tamoxifen resistance in BC. Shi et al. (57)
proved that LncRNA DILA1 inhibits Cyclin D1 degradation and
contributes to tamoxifen resistance in breast cancer. Qu et al.
(58) reported that lncRNA BLACAT1 was significantly
upregulated in tamoxifen-resistant BC cells MCF-7/TR and
T47D/TR, and knockdown of lncRNA BLACAT1 reduced the
tamoxifen resistance in the cells. Further study revealed that
lncRNA BLACAT1 induced tamoxifen resistance through
regulating the miR-503/Bcl-2 axis in BC. Ma et al. (59)
reported that LncRNA DSCAM-AS1 enhanced BC cell
tamoxifen resistance through acting as a sponge of miR-137.
Xu et al. (60) found that tamoxifen-resistant BC cell-derived
exosomes contain lncRNA urothelial cancer-associated 1
(UCA1), and the expression of lncRNA UCA1 increased
tamoxifen resistance in BC. LncRNA UCA1 was also found to
be involved in causing tamoxifen resistance in BC cell lines
MCF7 and T47D by activating the Wnt/b-Catenin signaling
pathway (61) and mTOR signaling pathway (62). Shi et al. (63)
identified that lncRNA ADAMTS9-AS2 has a lower expression
in BC tissues and tamoxifen-resistant BC cells. A low expression
of lncRNA ADAMTS9-AS2 inhibited PTEN expression and
enhanced tamoxifen resistance through targeting miRNA-
130a-5p. Zhang et al. (64) revealed that downregulation of
lncRNA ROR inhibited the BC cell EMT and enhanced the cell
sensibility to tamoxifen through increasing miR-205 expression.
Frontiers in Oncology | www.frontiersin.org 449
CircRNAs in Tamoxifen Resistance
CircRNAs are a group of ncRNAs which contributed to the gene
regulation by competing the combination with endogenous RNA
(ceRNA) mechanisms (65). CircRNAs often serve as
transcription regulators, acting as microRNA sponges and
expressing peptides under rare circumstances and sequestering
RNA-binding proteins (RBPs) (66). Sang et al. (67) found that
the expression of hsa_circ_0025202 enhanced tamoxifen efficacy
and inhibited the progression of BC cells via regulating the miR-
182-5p/FOXO3a axis. Liang et al. (68) reported that knockdown
of CircBMPR2 promoted tamoxifen resistance and inhibited
apoptosis of BC cells via the circBMPR2/miR-553/USP4 axis.
Hu et al. (69) showed that circ_UBE2D2 isolated from exosomes
enhanced the resistance of BC cells to tamoxifen by binding to
miR-200a-3p. Uhr et al. (70) revealed that miR-7 is connected
with tamoxifen treatment outcomes in an adjuvant hormone-
naïve cohort, and circRNA CDR1-AS regulated miR-7 function
in BC. However, circRNA CDR1-AS has negative relevant
outcomes in the cohort (Table 2, Supplement Figure 2).
ncRNAs AND TAXANE RESISTANCE

Taxanes are an important class of antineoplastic agents often
used for treatment of a wide variety of cancers. Paclitaxel and
docetaxel are the most commonly used taxanes, which elicit
immediate hypersensitivity reactions (HSRs) in 5% to 10% of
patients (71). Almost all patients that experience HSRs can be
safely reexposed to taxanes. Taxanes not only strengthen BC
treatment but also are capable of developing resistance following
mortality and metastatic disease (72). Taxanes are cytotoxic
because they inhibit the depolymerization of tubulin
microtubules and affect the process of mitosis in the M or G1
phase. Furthermore, it is also reported that the antineoplastic
activity of taxanes is significantly involved in certain biological
processes including angiogenesis, apoptosis, cell motility,
invasiveness, and metalloproteinase production (73). Triple-
negative breast cancer (TNBC) is a heterogeneous disease with
various prognoses and chemosensitivity profiles, and the
standard therapy includes the mainstay treatment with
anthracyclines and taxanes (74). Although there have been
many studies for exploring the cause of taxane resistance in
BC, the mechanism of the process is still unknown. ncRNAs
could regulate the expression of drug resistance gene and thereby
influence the BC cell progression and development of
chemotherapy resistance (75).

ncRNAs in Paclitaxel Resistance
miRNAs in Paclitaxel Resistance
Various miRNAs have been reported to be related to different
cancers (76). In BC cells, Lin28/let-7 is related to paclitaxel
resistance and the Lin28 miRNA level is intensely improved in
tissues of tumors following neoadjuvant chemotherapy (77).
Lin28 has conferred specified cancer stem cells to BC cells and
help the cells to gain the properties of “stemness” so that they can
escape from the effect of chemotherapy. Overexpression of Lin28
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is capable of inducing Rb and p21 expression and decreasing the
level of let-7a (78). Tsang also reported that let-7a directly
targeted caspase 3 and promoted the resistance in paclitaxel-
induced apoptosis (79). Tao et al. (80) proved that
downregulation of let-7f was associated with its target
thrombospondin-1 (TSP-1) and thus influenced the cell
sensibility to paclitaxel in MCF-7 cells. With the help of the
miRNA array, Zhou et al. (81) observed the upregulation of miR-
125b, miR-221, miR-222, and miR-923 in paclitaxel-resistant BC
cells. They also proved that miR-125b can inhibit the paclitaxel-
induced apoptosis and cytotoxicity by suppressing the expression
of pro-apoptotic Bcl2 antagonist killer 1 (BAK1) in BC cells.

Another miRNA involved in paclitaxel resistance was miR-
520h; the increased expression of miR-520h was correlated with
negligible prognosis and lymph node metastasis in human BC
patients. The expression of miR-520h promoted paclitaxel
resistance of human breast cancer cells through suppressing
death-associated protein kinase 2 (DAPK2) expression and
protecting the cells from paclitaxel-induced apoptosis (82). Gu
et al. (83) reported that miR-451 possesses a significant influence
to the sensibility of neoadjuvant chemotherapy by inhibiting the
expression of Bcl-2 and the process of apoptosis induced by
paclitaxel. The luminal A subtype was a special type of BC which
exhibited ER+/PR+ and HER2 (84). In luminal A BC cells,
miR100 proved to sensitize the cells to paclitaxel treatment in
part by targeting the mTOR signaling pathway. The results
showed that microRNA 100 plays important roles for luminal
A subtype BC cell resistance to paclitaxel (85). In TNBC cells,
overexpression of miR-18a was reported to reduce the expression
of DICER and enhance autophagy and paclitaxel resistance by
inhibiting the mTOR signaling pathway (86). Liu et al. (87)
illustrated that the expression of miR-101 in TNBC cells
significantly inhibited the effects of tumorigenesis in vivo and
growth and apoptosis in vitro. Besides, miR-101 also increased
Frontiers in Oncology | www.frontiersin.org 550
paclitaxel sensitivity by suppressing myeloid cell leukemia-1
(MCL-1) expression in TNBC cells.

LncRNAs in Paclitaxel Resistance
Arun et al. (88) reviewed the function and mechanism of lnc-
MALAT1 (MALAT1) in BC and proved that the patients with
elevated MALAT1 showed worse prognosis. Yu et al. (89) used
MCF-7/Tax (taxane-resistant MCF-7 cells) and MCF-7/Adr
(adriamycin-resistant MCF-7 cells) cells as research objects.
They found that MALAT1 exhibited a significantly high level
in the cells, and knockdown of MALAT1 decreased the
sensitivity of the cells to taxane and adriamycin. Zheng et al.
(90) found that long non-coding RNA CASC2 (CASC2)
regulated the expression of miR-18a-5p/CDK19 and activated
paclitaxel resistance in BC. Thus, they highlighted the
significance of the CASC2/miR-18a-5p/CDK19 axis in the
chemoresistance of BC and provided potential aims to improve
the chemotherapy of BC.

Unlike ER+ and HER2+ BC, TNBC patients are primarily
treated with chemotherapy. Paclitaxel is the first-line taxane-
based chemotherapeutic agent that is used for the treatment of
TNBC patients (91). Si et al. showed that lncRNAH19 was one of
the downstream target molecules of ERa. Altered ERa
expression could change H19 levels and modulate the
apoptosis response to chemotherapy in BC cells. They also
suggested that the ERa-H19-BIK signaling axis plays an
important role in promoting chemoresistance for Era+ BC to
paclitaxel (92). Raveh et al. (93) found that lncRNA-H19 was
elevated in TNBC paclitaxel-resistant cell lines compared to
parental cells. LncRNA-H19 was highly expressed during
embryonic development but decreased after birth, specifically
in mammary tissue. Knockdown of lncRNA-H19 in paclitaxel-
resistant TNBC cell lines increased paclitaxel sensitivity by
reducing p-AKT (Ser473) and decreasing the apoptotic rate
TABLE 2 | Breast cancer tamoxifen chemoresistance-related ncRNAs.

ncRNA Drugs Function Targets/mechanisms References

miR-200b/c Tamoxifen Sensitivity Activation of vimentin/ZEB/EMT Gao et al. (41)
miR-186-3p Tamoxifen Resistance Activation of EREG/EGFR He et al. (44)
miR-221/222 Tamoxifen Resistance Inhibition of p27Kip1 Miller et al. (45)
miR-449a Tamoxifen Sensitivity Inhibition of ADAM22 Li et al. (46)
miR-451a Tamoxifen Sensitivity Inhibition of MIF Liu and Liu et al. (47, 48)
lncRNA-UCA1 Tamoxifen Resistance Activation of PI3K/AKT Li et al. (52)
lncRNA-CYTOR Tamoxifen Resistance Activation of SRF and Hippo signaling pathway Liu et al. (53)
lncRNA-HOTAIR Tamoxifen Resistance Activation of ER signaling Xue et al. (54)
lncRNA-LINP1 Tamoxifen Sensitivity Inhibition of ER and EMT Ma et al. (55)
lncRNA-HOTAIRM1 Tamoxifen Resistance Inhibition of HOXA1 Kim et al. (56)
lncRNA-DILA1 Tamoxifen Sensitivity Inhibition of Cyclin D1 Shi et al. (57)
lncRNA-BLACAT1 Tamoxifen Resistance Activation of miR-503/Bcl-2 axis Qu et al. (58)
lncRNA-DSCAM-AS1 Tamoxifen Resistance Activation of EPS8 Ma et al. (59)
lncRNA-UCA1 Tamoxifen Resistance Xu et al. (60)
lncRNA-UCA1 Tamoxifen Resistance Activation of Wnt/beta-Catenin signaling pathway Liu et al. (61)
lncRNA-UCA1 Tamoxifen Resistance Inhibition of mTOR signaling pathway Wu et al. (62)
lncRNA-ADAMTS9-AS2 Tamoxifen Sensitivity Inhibition of PTEN Shi et al. (63)
lncRNA-ROR Tamoxifen Resistance Inhibition of EMT Zhang et al. (64)
circRNA-0025202 Tamoxifen Sensitivity Inhibition of FOXA3a Sang et al. (67)
circRNA-BMPR2 Tamoxifen Sensitivity Inhibition of the miR-553/USP4 axis Liang et al. (68)
circRNA-UBE2D2 Tamoxifen Resistance Inhibited of miR-200a-3p Hu et al. (69)
circRNA-CDR1-AS Tamoxifen Resistance Inhibition of hsa-miR-7 Uhr et al. (70)
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(94). Chen et al. (95) identified that Linc00839 was localized in
the nucleus and upregulated in chemoresistant BC cells and
tissues. The expression of Linc00839 was activated by Myc and
promoted proliferation and chemoresistance in breast cancer
through binding with Lin28B via activation of the PI3K/AKT
signaling pathway.

CircRNA in Paclitaxel Resistance
circRNAs also play vital roles in the paclitaxel resistance of BC cells.
Ma et al. (96) identified that circular RNA angiomotin-like 1
(circAMOTL1) has high correlations with paclitaxel resistance in
BC cells. circAMOTL1 regulated the AKT pathway and facilitated
the anti-apoptotic protein expression which led to paclitaxel
resistance in BC cells. Yang et al. (97) reported that circ-ABCB10
bound with let-7a-5p and promoted paclitaxel sensitivity and
apoptosis while suppressing invasion and autophagy of paclitaxel-
resistant BC cells. Zang et al. (98) proved that circ-RNF111 was
upregulated in paclitaxel-resistant BC tissues and cells. Knockdown
of circ-RNF111 reduced the function of paclitaxel on BC cells. They
further identified miR-140-5p as a target of circ-RNF111, and circ-
RNF111 improved paclitaxel resistance of BC cells by upregulating
E2F3 via sponging miR-140-5p (Table 3, Supplement Figure 3).

ncRNAs in Docetaxel Resistance
miRNAs in Docetaxel Resistance
Docetaxel (a semi-synthetic paclitaxel analog) was synthesized
by the precursor obtained from the needles of the European yew.
Paclitaxel and docetaxel both performed their function by
inhibiting mitotic activity and suppressed the polymerization
of microtubules (99). There are various miRNAs whose
downregulation plays a vital role in BC cell docetaxel
resistance (100, 101). For example, an in vitro study revealed
that the elevated level of miR-129-3p was interlinked with
docetaxel resistance by directly inhibiting the apoptosis-
associated protein eukaryotic translation initiation factor 4E
(EIF4E). Downregulation of miR-141 resulted in a decrease of
EIF4E/CP110 and provided an apoptosis-inducing effect (102).
Another study revealed that miR-129-3p promoted docetaxel
resistance of BC cells via inhibiting the expression of centriolar
coiled-coil protein 110 (CP110) (103). In MCF-7 and MDA-MB-
231 BC cell lines, an upregulation of miR-3646 was related to
Frontiers in Oncology | www.frontiersin.org 651
docetaxel resistance through activating the GSK-3b/b-catenin
signaling pathway (104). Hu et al. (105) observed the expression
of miR-663, and miR-452 was increased in docetaxel-resistant
BC cell lines MDAMB-231 and MCF-7. MiR-452 contributed to
the docetaxel resistance by inhibiting anaphase-promoting
complex subunit 4 (APC4) expression, while overexpression of
miR-663 caused the downregulation of heparin sulfate
proteoglycan 2 (HSPG2) and induced BC cell chemoresistance
(106). In extensive research, Kaslt et al. (107) conducted a
microarray analysis of MDA-MB-231 and MCF-7 cell lines
between docetaxel resistance and miRNA expression. The
results showed that miR-141 and miR-34a were increased and
miR-16, miR-7, miR-30a, miR-126, and miR-125a-5p were
decreased in docetaxel resistance cells. Zhang et al. (108) also
analyzed miRNA array and found that miR-139-5p was
significantly downregulated in BC cells compared to vicinal
typical tissue. The in vitro research revealed that miR-139-5p
was capable of inhibiting BC cell growth and induced apoptosis
by targeting Notch1 and hence decreasing the docetaxel
resistance. Besides, miR-205 was reported to increase the
sensitivity of MDA-231 and MCF-7 cells against docetaxel via
inhibition of clonogenic capability and cell proliferation (109).

Xu et al. (110) found that miR-125a was downregulated in
docetaxel-resistant BC cells, and overexpression of miR-125a
enhanced the cells’ docetaxel sensitivity by suppressing the
BRCA1 expression. The authors also observed that the level of
miR-125a was decreased in the HER-2 and metastatic specimens
of BC patients. The outcome provided a novel approach toward
increased sensitivity of BC patients against docetaxel via
overexpression of miR125a. Generally, a combined therapy of
docetaxel plus adriamycin is used to treat metastatic and
reoccurrence BC patients. However, development of drug
resistance remains a latent problem, and miR-222 and miR-
29a have been reported to increase in docetaxel plus adriamycin-
resistant BC cell lines. Further research proved that the two
miRNAs are potential inhibitors that altered the drug resistance
and restored their sensitivity by targeting PTEN and activating
the Akt/mTOR approach (111).

Exosomes, a group of 40–100-nm-nanosized vesicles that lived
in the extracellular space of cells, perform as genome exchange
vehicles between heterogeneous tumor cells. Exosomes are also
TABLE 3 | Breast cancer paclitaxel chemoresistance-related ncRNAs.

ncRNA Drugs Function Targets/mechanisms References

Lin28 Paclitaxel Resistance Activation of p21 and Rb; inhibition of Let-7 Lv et al. (78)
Let-7a Paclitaxel Resistance Inhibition of caspase-3 Tsang et al. (79)
mi-125b Paclitaxel Resistance Inhibition of BAK1 Zhou et al. (81)
mi-520h Paclitaxel Resistance Inhibition of DAPK2 Su et al. (82)
mi-451 Paclitaxel Resistance Inhibition of Bcl-2 Gu et al. (83)
mi-100 Paclitaxel Sensitivity Inhibition of the Mtor signaling pathway Zhang et al. (85)
mi-18a Paclitaxel Resistance Inhibition of the mTOR signaling pathway Sha et al. (86)
mi-101 Paclitaxel Sensitivity Inhibition of MCL-1 Liu et al. (87)
LncRNA-CASC2 Paclitaxel Resistance Inhibition miR-18a-5p/CDK19 Zheng et al. (90)
LncRNA-H19 Paclitaxel Resistance Inhibition AKT/BIK Si et al. (92) and Raveh et al. (93) and Han et al. (94)
LncRNA-00839 Paclitaxel Resistance Activation PI3K/AKT signaling pathway Chen et al. (95)
CircRNA-ABCB10 Paclitaxel Resistance Inhibition of the let-7a-5p/DUSP7 axis Yang et al. (97)
CircRNA-RNF111 Paclitaxel Resistance Inhibition of miR-140-5p/E2F3 Zang et al. (98)
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capable of transferring drug resistance to desired cells through the
miRNAs they contained. Chen et al. (112) reported that miR-23a,
miR-1246, miR-1469, let-7b, miR-38 and miR-1915 were found in
docetaxel-resistant cell exosomes, illustrating that these exosomes
play important roles in the drug resistance cells.

LncRNAs in Docetaxel Resistance
Huang et al. (113) performed RNA sequencing and analyzed that
mRNAs and lncRNAs contribute to docetaxel resistance in two
docetaxel-resistant BC cell lines MCF7-RES and MDA-RES and
their docetaxel-sensitive parental cell lines. Co-expression network
and location analysis revealed that four lncRNAs might upregulate
the expression of ABCB1 and influence the cells’ drug resistance.
The author also identified the lncRNA EPB41L4A-AS2
(EPB41L4A antisense RNA 2) as a potential biomarker for
docetaxel sensitivity BC cells. Shin et al. (114) revealed that the
combination of cisplatin or taxol and NEAT1 (lncRNA nuclear
paraspeckle assembly transcript 1) knockdown synergistically
inhibited the cells’ sensitivity to the drug when compared with
cisplatin or taxol alone. Overexpression of NEAT1 in cisplatin-
and taxol-resistant TNBC cells indicated its function of
chemoresistance in BC cells (Table 4, Supplement Figure 4).
ncRNAs IN 5-FLUOROURACIL
RESISTANCE

5-Fluorouracil (5-FU) is a classic chemotherapeutic drug, and it
has been extensively used to treat different cancers (115).
However, patients often exhibited primary or acquired drug
resistance during treatments. Although there are many
advancements in bioresearch technologies in the past several
decades, the molecular mechanisms of 5-FU resistance have not
been completely clarified (116). ncRNAs as oncogenes or tumor
suppressors often play a vital role in BC cells and contributed to
5-FU drug resistance (117).

miRNAs in 5-FU Resistance
Nandy et al. (118) proved that microRNA-125a influences breast
cancer stem cells by posttranscriptionally regulating the leukemia
inhibitory factor (LIF) receptor gene expression via binding with its
3′-untranslated region (UTR), thus regulating the cells’ drug
resistance to 5-FU through the Hippo signaling pathway. Zhang
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et al. (119) reported that the interaction betweenmiR-508-5p and P-
gp or ZNRD1 was responsible for 5-FU chemotherapeutic
resistance. Moreover, Yin et al. (120) indicated that the direct
repression of Bmi1 expression under the action of miR-200c and
miR-203 could alter the Bmi1-mediated 5-FU resistance. Li et al.
(121) illustrated that chemotherapeutics like 5-FU was involved in
the suppression of miR-488 and which in turn activated the
epidermal growth factor receptor (EGFR)/nuclear factor kappaB
(NF-kB) signaling approach via targeting SATB1.

LncRNAs in 5-FU Resistance
Several studies have been conducted to analyze the 5-FU
resistance-related upregulation and downregulation of
lncRNAs in BC. Redis et al. (122) reported that upregulation
of Lnc-CCAT2 correlated with the sensitivity to 5-FU in BC cells.
The ncRNA nuclear paraspeckle assembly transcript 1 (NEAT1)
present at an elevated level in BC cells, especially in stage III–IV
tumors vs. overexpression of lncRNA NEAT1, was related to the
poor prognosis and metastasis of BC. Li et al. (123) conducted in
vitro assays to understand the biological function of Lnc NEAT1
and observed that NEAT1 was involved in the sponging of miR-
211 and induced BC cell resistance to 5-FU. The group of Chen
and Hou reported that overexpression of LncROR was connected
with BC cell EMT and therefore improved the cells’ invasion
capability and resistance to 5-FU. This result suggests that
upregulation of LncROR can be considered to be a potential
drug resistance marker (124, 125). A recent research by Yao et al.
(126) found that the ER stress induced by 5-FU could increase
the expression of GRP78 in MCF-7 cells. GRP78 then regulated
the expression of LncMIAT and AKT through upregulating
Oct4, thereby increasing the BC cells’ resistance to 5-FU. The
conclusion was that LncMIAT participated in BC cell resistance
to 5-FU through the ER stress-mediated GRP78/Oct4/lncRNA
MIAT/AKT pathway. Luo et al. (127) reported that
overexpression of lncRNA SNORD3A specifically sensitizes
breast cancer cells to 5-FU via enhancing UMPS expression.
The SNORD3A-UMPS axis may serve as a potential biomarker
and therapeutic target to improve the efficacy of 5-FU-based
chemotherapy for BC patients.

CircRNA in 5-FU Resistance
circRNAs are a class of ncRNA which have a circle structure.
circRNAs have been discovered in various cancers and acted as
TABLE 4 | Breast cancer docetaxel chemoresistance-related ncRNAs.

ncRNA Drugs Function Targets/mechanisms References

miR-141 Docetaxel Sensitivity Activation of EIF4E/CP110 Yao et al. (102)
miR-129-3p Docetaxel Resistance Inhibition of CP110 Zhang et al. (103)
miR-3646 Docetaxel Resistance Activation of the GSK-3b/b-catenin signaling pathway Zhang et al. (104)
miR-452 Docetaxel Resistance Inhibition of APC4 Hu et al. (105)
miR-663 Docetaxel Resistance Inhibition of HSPG2 Hu et al. (106)
miR-139-5p Docetaxel Resistance Inhibition of Notch1 Zhang et al. (108)
miR-125a-3p Docetaxel Sensitivity Inhibition of BRCA1 Xu et al. (110)
miR-222/29a Docetaxel Resistance Activation of Akt/mTOR Zhong et al. (111)
LncRNA-EPB41L4A-AS2 Docetaxel Sensitivity Activation of ABCB1 Huang et al. (113)
LncRNA-NEAT1 Docetaxel Resistance Activation of Sox2/ALDH Shin et al. (114)
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either promoting tumorigenesis or inhibiting tumor progression
(128). Regarding research on circRNAs and BC cell
chemoresistance, only Yang et al. reported about circRNA
CDR1as, implicating its function in regulating 5-FU sensitivity
in BC cells (129). In the study, they found that circRNA CDR1as
competitively inhibited miR-7 to regulate CCNE1 expression. The
overexpression of circRNA CDR1as reversed the enhancement of
5-FU sensitivity in BC cells caused by overexpression of miR-7.
The study proved that circRNA CDR1as regulated the sensitivity
of 5-FU-resistant BC cells by inhibiting miR-7 to regulate CCNE1
(Table 5, Supplement Figure 5).
NCRNAS IN TRASTUZUMAB
RESISTANCE

The human epidermal growth factor receptor 2 (HER-2) is often
used to classify the BC patients with overexpression (known as
HER-2 positive) or not (HER-2 negative) (130). There is a high
correlation between HER-2 upregulation and BC metastasis as
well as poor prognosis (131). Trastuzumab (TRS), a HER-2-
targeting humanized monoclonal antibody, is a selective
treatment that targets HER-2 (132). ncRNA provides a
comprehensive understanding of their mechanism of action
and function and crucial contribution in regulating BC drug
resistance and metastasis (133).

miRNAs in Trastuzumab Resistance
To validate the mechanism of miRNAs in BC trastuzumab
resistance, several studies were conducted in vivo and in vitro.
Gong and De Mattos et al. (134, 135) found that upregulation of
miR-21 significantly correlated with BC resistance to
trastuzumab by activation of PTEN, inhibition of AKT, and
sustenance of EMT. However, Nielsen et al. (136) reported that
the expression of miR-21 in primary breast cancer may not
predict its resistance to adjuvant trastuzumab treatment. Ye et al.
(137) proved that miR-221 promoted HER-2-positive BC against
trastuzumab through suppressing PTEN expression. Besides, the
circulating level of miR-210 in plasma was found to be correlated
with HER-2-positive BC patients who are trastuzumab resistant,
indicating that plasma miR-210 could serve as a predictive
biomarker in surveillance of the therapeutic responsiveness
(138). Bai et al. (139) found that miR-200c counteracts
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trastuzumab resistance and metastasis by inhibiting ZNF217
and ZEB1 and TGF-beta signaling pathway expression in BC.
Ye and Ma et al. (140, 141) reported that downregulation of miR-
5423p and miR-375 contributed to induction of TRS resistance
in HER-2-positive breast cancer through inhibition of IGF1R
and activation of the PI3K/AKT signaling pathway. Corcoran
et al. (142) proved that downregulation of miR-630 tightly
connected with HER-2-target ing drugs in HER-2-
overexpressing BC by inhibition of IGF1R. Venturutti et al.
(143) found that mir-16 was upregulated in HER-2-positive
breast cancer and mir-16 mediated trastuzumab and lapatinib
response in ErbB-2-positive breast cancer via its novel targets
CCNJ and FUBP1. Huynh et al. (144) reported that microRNA-7
reversed TRS resistance by HER-2 Delta16 and multiple
oncogenic pathways in breast cancer cells.

LncRNAs in Trastuzumab Resistance
LncRNA, as a group of ncRNA, also played an important role in
HER2+ BC trastuzumab resistance, but its contribution to BC
resistance is still unclear. Trastuzumab was considered to be the
first-line therapy drug to treat advanced HER2+ BC (145). It was
reported that LncRNA-SNHG14 was responsible for mediating
trastuzumab via extracellular exosomes of tumor cells. Exosomal
lncRNA-SNHG14 activated the Bcl-2/Bax apoptosis signaling
pathway and induced resistance against trastuzumab in BC cells.
When treating the cells with trastuzumab-resistant cell-derived
exosomes, the cell apoptosis and death were remarkably
decreased (146). Dong et al. (147) reported that lncRNA
AGAP2-AS1 promoted the growth of BC and trastuzumab
resistance by upregulation of MyD88 expression by activating
the NF-kB signaling approach. Based on the microarray analysis,
Shi et al. (148) observed that lncRNA-ATB was elevated in five
trastuzumab-resistant BC patients. Further study revealed that
lncRNA-ATB promoted trastuzumab resistance via activating
the EMT and TGF-b signaling pathway in BC cells. Li et al. (149)
reported the significant downregulation of LncGAS5-activated
miR21 and mTOR signaling pathway in trastuzumab-resistant
SKBR-3 cells and trastuzumab-resistant BC patients. Han et al.
(150) observed that lncZNF649-AS1 was highly expressed in
trastuzumab-resistant cells compared to sensitive cells.
lncZNF649-AS1 was upregulated by H3K27ac modification in
the presence of trastuzumab treatment. Knockdown of ZNF649-
AS1 reversed trastuzumab resistance via modulating ATG5
TABLE 5 | Breast cancer fluorouracil chemoresistance related ncRNAs.

ncRNA Drugs Function Targets/mechanisms References

miR-125a Fluorouracil Resistance Inhibition LIF/Hippo signaling pathway Nandy et al. (118)
miR-508-5p Fluorouracil Resistance Inhibition P-gp or ZNRD1 Zhang et al. (119)
miR-200/203 Fluorouracil Sensitivity Inhibition P53/Bmi1 Yin et al. (120)
miR-448 Fluorouracil Resistance Inhibition EMT/NFkB Li et al. (121)
LncRNA-NEAT1 Fluorouracil Resistance Inhibition miR-211/HMGA2 Li et al. (123)
LncRNA-RoR Fluorouracil Resistance Activation EMT Chen et al. (124)
LncRNA-ROR Fluorouracil Resistance Hou et al. (125)
LncRNA-MIAT Fluorouracil Resistance Activation GRP78/OCT4/AKT pathway Yao et al. (126)
LncRNA-SNORD3A Fluorouracil Sensitivity Activation UMPS Luo et al. (127)
Circ-CDR1as Fluorouracil Resistance Inhibition miR-7/CCNE1 Yang et al. (129)
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expression. Chen et al (151) found that LncRNA HOTAIR was
highly expressed in trastuzumab-resistant cell line SK-BR-3-TR,
and blocking of HOTAIR expression restores the sensitivity.
LncRNA HOTAIR is involved in BC cell trastuzumab resistance
via epigenetic modification of methylation in PTEN and
therefore activation of the TGF-b signaling pathway (Table 6,
Supplement Figure 6).
CONCLUSION

Drug resistance is one of the main causes of BC therapy failure in
clinical settings. It is also a complex process involving multiple
factors, multiple steps, and multiple genes. Despite a number of
novel agents that have been developed, the truly efficient options
with minimal adverse effects for BC treatment remain limited. In
this article, we summarized the mechanisms of ncRNAs in BC
drug resistance, including chemotherapeutic, endocrine, and
targeted drug resistance. Based on the reports, the molecular
mechanisms of ncRNAs involved in BC drug resistance include
1) ncRNAs as a target gene of drugs and influencing its effects, 2)
ncRNAs acting as ceRNAs to modulate BC cell sensitivity and
drug resistance, 3) ncRNAs regulating cancer cell apoptosis and
cell cycle transfer, and 4) ncRNAs inducing BC cell drug
resistance through NF-KB, mTOR, and Wnt/b-catenin
signaling pathways.

Even though there are many studies about the mechanism of
ncRNAs in BC drug resistance, some of them even highlighted
ncRNAs as a novel target for achieving improved treatment
outcomes for BC patients. The mechanism of ncRNA networks
regulating drug resistance and the selection of key targets from
numerous candidate ncRNAs remain challenging. Besides,
despite that most of current studies used human BC cell lines
cultured in vitro, there still lack clinical studies to explore the
mechanism of ncRNAs in BC drug resistance.

Although we reviewed the most research of ncRNA in BC
drug resistance in this article, the details of mechanism still need
further exploring. With the development of technology and the
new research elucidates, we believe that targeting ncRNAs could
Frontiers in Oncology | www.frontiersin.org 954
be a novel strategy for achieving improved treatment outcomes
for BC patients in the future.
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Supplementary Figure 1 | The pattern diagram of ncRNAs and Anthracyclines
chemoresistance.

Supplementary Figure 2 | The pattern diagram of ncRNAs and Tamoxifen
chemoresistance.
TABLE 6 | Breast cancer trastuzumab chemoresistance-related ncRNAs.

ncRNA Drugs Function Targets/mechanisms References

miR-21 Trastuzumab Resistance Activation of PTEN
Inhibition of AKT and NF-kB

Gong and De Mattos et al. (134, 135)

miR-221 Trastuzumab Resistance Inhibition of PTEN Ye et al. (137)
miR-200c Trastuzumab Resistance Inhibition of ZNF217/ZEB1/TGF-b signaling pathway Bai et al. (139)
miR-375 Trastuzumab Sensitivity Inhibition of IGF1R, Ye et al. (140)
miR-542-3p Trastuzumab Sensitivity Activation of PI3K/AKT Ma et al. (141)
miR-630 Trastuzumab Sensitivity Inhibition of IGF1R Corcoran et al. (142)
miR-16 Trastuzumab Sensitivity Inhibition of CCNJ and FUBP1 Venturutti et al. (143)
miR-7 Trastuzumab Resistance Inhibition of EGFR Huynh et al. (144)
LncRNA-SNHG14 Trastuzumab Sensitivity Activation of Bcl-2/Bax Dong et al. (146)
LncRNA-AGAP2-AS1 Trastuzumab Resistance Activation of MyD88/NF-kB signaling pathway Dong et al. (147)
LncRNA-ATB Trastuzumab Resistance Activation of EMT/TGF-b signaling Shi et al. (148)
LncRNA-GAS5 Trastuzumab Sensitivity Activation of miR21/mTOR signaling pathway Li et al. (149)
LncRNA-ZNF649-AS1 Trastuzumab Resistance Activation of ATG5/PTBP1 Han et al. (150)
LncRNA-HOTAIR Trastuzumab Resistance Activation of TGF-b signaling pathway Chen et al. (151)
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Supplementary Figure 3 | The pattern diagram of ncRNAs and Paclitaxel
chemoresistance.

Supplementary Figure 4 | The pattern diagram of ncRNAs and Docetaxel
chemoresistance.
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Supplementary Figure 5 | The pattern diagram of ncRNAs and Fluorouracil
chemoresistance.

Supplementary Figure 6 | The pattern diagram of ncRNAs and Trastuzumab
chemoresistance.
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Background: Breast cancer is the most commonly diagnosed cancer worldwide.
However, the well-known biomarkers are not enough to meet the needs of precision
medicine. Novel targets are desirable and highly valuable for improved patient survival. In
this regard, we identified complement component C7 as one of the candidates based on
data from the OCOMINE database.

Methods: C7 expression was examined by immunohistochemistry in 331 cases of
invasive ductal carcinoma (IDC), 45 cases of ductal carcinoma in situ (DCIS), and 52
cases of non-neoplastic tissues adjacent to tumor. Then, C7 expression was further
confirmed by Western blot analysis based on IDC specimens and non-neoplastic breast
specimens. The relationship between the C7 expression and prognosis of breast cancer
patients was analyzed in order to investigate the function of C7 in breast cancer patients.
Meanwhile, we also analyzed the relationship between the C7 expression and prognosis
of 149 patients treated with conventional TE (taxane and anthracycline)-based
chemotherapy. Then, a cohort of patients (22 cases) treated with TE neoadjuvant
chemotherapy was used to further confirm the relationship between the C7 expression
and TE-based chemosensitivity.

Results: In our present study, we reported for the first time that C7 was an independent
prognostic factor of breast cancer and C7 expression of IDC tissues was higher than
non-neoplastic tissues adjacent to tumor and DCIS. In a cohort of 331 IDC patients,
high expression of C7 indicated poor prognosis especially in the triple negative
subtype and luminal B subtype. Furthermore, C7 was also a promoting factor for triple
negative subtype patients to develop bone metastasis. Meanwhile, we provided the first
evidence that patients with high C7 expression were insensitive to TE (taxane
and anthracycline)-based chemotherapy by analyzing a cohort of 149 patients treated
September 2021 | Volume 11 | Article 724250159
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with TE-based chemotherapy and another cohort of 22 patients treated with TE
neoadjuvant chemotherapy.

Conclusions: In summary, high expression of C7 may promote breast cancer
development and might be insensitive to TE-based chemotherapy. Our present study
laid a foundation to help clinicians improve the identification of patients for TE-based
chemotherapy by C7 in the era of precision medicine.
Keywords: C7, breast cancer, prognosis, TE chemotherapy, bone metastasis
INTRODUCTION

The incidence and mortality of breast cancer continue to increase
and has become the most commonly diagnosed cancer
worldwide in 2020 (1–3). However, the well-known biomarkers
are not enough to meet the needs of precision medicine. Novel
targets are desirable and highly valuable for improved patient
survival (4). In this regard, we identified complement component
C7 as one of the candidates based on data from the
ONCOMINE database.

C7 belonging to the complement system, which is composed
of complement natural ingredients, complement control
components, and complement receptor, is an important
component of the innate immune system and plays a vital role
in the coordination of innate and adaptive immune reactions (5,
6). Complement component 7 (C7) is a 93-kDa serum
glycoprotein encoded by the C7 gene. C7 interacts with other
terminal complement components (C5b, C6, C8, and C9) to
form a membrane attack complex (MAC), which functions as the
cytolytic effector unit of the complement system (7). Insertion of
the C7 into the cell membrane was identified to be the critical
step in the formation of the MAC (8).

Emerging evidence indicated that C7 participated in the
progression of several malignancies. It was reported that C7
expression was enhanced in normal tissues, but remarkably
reduced in carcinoma tissues of human esophagus, colon, and
kidney cancers (9). Additionally, C7 mRNA level expression
showed a gradual downward trend in normal, benign, borderline,
and malignant ovarian tissues, and C7 expression was negatively
related to tumor grade in ovarian cancer patients (10). On the
contrary, some researchers hold the opinion that C7 could
promote cancer progression. C7 expression was upregulated in
ovarian cancer, and knockdown expression of C7 led to a
decrease of ovarian cell proliferation (11). Furthermore,
significant upregulation of C7 protein in liver tumor-initiating
cells was required to maintain the stemness (12).

Until the present, the role of C7 in human breast cancer was
unknown. In this study, we identified for the first time that C7 was
an independent prognostic factor of breast cancer and its expression
was significantly higher in invasive ductal carcinoma (IDC) tissues
compared with non-neoplastic tissues adjacent to tumor and ductal
dine tetrahydrochloride; DCIS, ductal
inoma; IHC, Immunohistochemistry; OS,
l; S-P, streptavidin-peroxidase; TE, taxane
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carcinoma in situ (DCIS). By immunohistochemistry analysis of a
large population of 331 IDC cases, we provided the first clinical
evidence that a high expression of C7 promoted breast cancer
progression. In addition, high expression of C7 was a promoting
factor for triple negative subtype patients to develop bone
metastasis. Furthermore, we reported for the first time that
patients with high C7 expression were insensitive to TE (taxane
and anthracycline)-based chemotherapy using a cohort of 149
patients treated with TE-based chemotherapy and another cohort
of 22 patients treated with TE neoadjuvant chemotherapy.
MATERIALS AND METHODS

Ethical Statement
All experiments were performed in accordance with relevant
guidelines and regulations of the Ethics Committee of Tianjin
Medical University Cancer Institute & Hospital. All the patients
signed an informed consent for their participation in the study
and the use of their biological tissues prior to surgery.

Clinical Information of Patients
Paraffin-embedded specimens of 331 breast cancer patients with
invasive ductal carcinoma (IDC) from 2004 to 2009, the details of
IDC patients were shown in Supplementary Table S1. A total of
45 patients with breast ductal carcinoma in situ (DCIS) and 52
patients with benign lesions, diagnosed between 2008 and 2015,
were reviewed and randomly selected from the archives of the
Department of Breast Cancer Pathology and Research
Laboratory, Tianjin Medical University Cancer Institute
& Hospital.

A total of 331 IDC patients were women aging from 28 to 89
years (mean 51.6 years) without preoperative chemotherapy or
radiation. The information of subgroups is shown in
Supplementary Table S2. A total of 319 cases were included
for prognostic analyses, excluding cases with no follow-up data
(12 cases). These patients were followed up with a median of 71.5
months (5–140 months). Recurrences and distant metastasis
were recorded for 20 (6.3%) cases and 58 (18.2%) cases,
respectively, and 31 (9.7%) patients died. Among the 319 cases,
236 (74.0%) patients were of the luminal subtype, 34 (10.7%) of
the HER2-overexpression subtype, and 49 (15.3%) of the triple
negative subtype. A total of 149 (46.7%) patients received TE-
based chemotherapy after operation and the rest (170 cases,
53.3%) were treated with other chemotherapies (not TE-based
September 2021 | Volume 11 | Article 724250
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chemotherapy). The details of patients who received non-TE
based chemotherapy were the following: 68 cases (CEF:
Cyclophosphamide, Epirubicin, and 5-fluorouracil); 59 cases
(CMF: Cyclophosphamide, Methotrexate, and 5-fluorouracil);
14 cases (CAF: Cyclophosphamide, Doxorubicin, and 5-
fluorouracil); 6 cases (CEF/CMF); and 23 cases (unknown).

Prognostic Information of Patients
Among the 319 patients with prognostic analyses, 53 patients
developed metastasis, recurrence, or death within 5 years; while
165 patients were disease-free over the same 5 years since their
diagnosis of breast cancer. A total of 51 patients developed
distant metastasis during the follow-up period. In detail, 37
patients developed bone metastasis; 13 patients developed lung
metastasis; 13 patients developed liver metastasis; 6 patients
developed brain metastasis; and 1 patient developed uterus,
kidney, ovarian, and thyroid metastasis, respectively. It was
worth noting that multiple organic metastases were noted in
17 patients. Among those 37 IDC patients with bone metastasis,
30 patients were of the luminal subtype, 3 of the HER2-
overexpression subtype, and 4 of the triple negative subtype.
Among the patients who received TE-based regimens, 28
patients developed metastasis, recurrence, or death within 5
years; while 74 patients were disease-free over the same 5 years.

Information of 22 Core Needle Biopsy
Specimens
We also selected another cohort of patients (22 cases)
hospitalized during October 2005 to June 2009. All 22 patients
were diagnosed with invasive breast cancer by a 14-gauge core
needle biopsy and had completed with preoperative neoadjuvant
chemotherapy consisting of 2–8 cycles of TE combined
chemotherapy without other local or systemic treatment before
surgery. Patients were women 28 to 71 years of age (mean age
56.5 years) and had no other malignant tumors or tumor history.
The distribution of clinical involvement showed that all the
patients had tumors >2.0 cm. These 22 specimens were
collected from each core needle biopsy specimens of primary
breast tumor patients before neoadjuvant chemotherapy. All
specimens were immediately fixed in 10% normal-buffered
formalin and embedded in paraffin and stained for the
presence of C7 by immunohistochemistry. The pathological
response to neoadjuvant chemotherapy was evaluated after
surgical resection of the remaining tumor and assessed
according to Miller and Payne histological grading system:
grade 1, no change or some alteration to individual malignant
cells but no reduction in overall cellularity; grade 2, minor loss
(up to 30%) of cancer cells but overall cellularity remains high;
grade 3, reduction of 30% to 90% of cancer cells; grade 4, more
than 90% loss of cancer cells but small clusters or widely
dispersed individual cancer cells remain; and grade 5, no
malignant cells identifiable in sections from the site of the
tumor consisting of vascular fibroblastic stroma, often
containing macrophages; however, DCIS may be present (13).
The details of these 22 patients were the following: grade 1
responses (7 cases), grade 2 responses (7 cases), grade 3
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responses (5 cases), and grade 4 responses (5 cases). In this
study, the 22 patients were divided into two groups: one group
was pathological response grade 2 to 4 which was regarded as
positive and another group was pathological response grade 1
which was regarded as negative.

Immunohistochemistry
C7 expression was examined by IHC and the S-P method. In
brief, sections (5-mm thick) were dewaxed, hydrated, and heated
for 2.5 min for antigen retrieval using citrate buffer. Then, 3%
H2O2 and 10% normal horse serum were applied to reduce
endogenous horseradish peroxidase activity and nonspecific
staining. Next, sections were incubated with the primary
antibody (goat antiserum to human C7, Quidel, USA, A308,
1:3,000) at 4°C overnight. After washing, biotin labeled
secondary antibody against goat immunoglobulin was applied
for 20 min at room temperature. The slides were rinsed and
covered with streptavidin-biotin-peroxidase for 20 min. 3,3’-
diaminobenzidinetetrahydrochloride (DAB) was used as the
enzyme substrate.

Evaluation of Staining
Immunostaining of C7 was reviewed by two pathologists in a
blinded manner. A consensus judgment was adopted for the
intensity score of the tumors based on the strength of C7
expression. Staining intensity was scored as: 0 (-), no staining;
1 (+), definite but weak staining; 2 (++), moderate staining, and 3
(+++), strong staining. Percentage of the positive staining was
scored as 0–100. H score was ranged from 0 to 300 by
multiplying the intensity and the percentage score. According
to the H score of C7, patients were categorized into two groups:
low C7 expression (0–119) and high C7 expression (120–300).

Western Blot
Frozen breast tumor specimens (13 cases) and non-neoplastic
breast tissues adjacent to tumor (13 cases) were collected
between 2012 and 2015. All patients were women without
preoperative chemotherapy or radiation. Tissues were directly
lysed in SDS lysis buffer on ice. Equal amounts of cell lysates were
loaded and separated by SDS-PAGE, and proteins were
transferred onto nitrocellulose membranes and incubated with
the primary antibody (goat antiserum to human C7, Quidel,
USA, A308, 1:3,000) overnight at 4°C. Membranes were then
treated with secondary antibodies. Blots were analyzed by Licor
Odyssey infrared imaging.

Statistical Methods
The GraphPad Prism version 6.0 and the SPSS software Version
19.0 were used for statistical analysis. Mann-Whitney U test
and c2 test were performed for group comparisons, and
Spearman ’s rank correlation test was performed for
correlations between two variables. Overall survival (OS) was
calculated from pathological diagnosis to the date of last contact
or death from breast carcinoma. Progression-free survival (PFS)
was defined as the time from surgery to either first disease
progression (recurrence or distant metastasis) or cancer-
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specific death. Survival analyses were performed according to the
Kaplan-Meier method. The Cox proportional hazards regression
model was performed for the identification of relevant
prognostic factors. All tests were two-sided and values of P <
0.05 were considered as statistically significant.
RESULTS

Bioinformatic and Clinical Analysis
Identified C7 Was a Tumor Promoter in
Breast Cancer
Firstly, we used a public cancer microarray database,
ONCOMINE online (http://www.oncomine.org), to analyze the
C7 mRNA expression level in breast cancer tissues. The data
showed that C7 mRNA expression was upregulated in invasive
breast carcinoma (n = 53) compared with normal breast tissues
(n = 6) (P = 5.22E-15, fold change = 3.018, Figure 1A). Next,
survival analysis of the Kaplan Meier-plotter database showed
that breast cancer patients with a higher C7 mRNA expression
had a shorter overall survival compared with those with a lower
C7 mRNA expression (Figure 1B). Then, C7 protein expression
was examined by our IHC analysis in 331 cases of IDC, 45 cases
of DCIS, and 52 cases of non-neoplastic tissues adjacent to
tumor. The intensity of C7 staining was shown in
representative images as Supplementary Figure 1. In breast
tissues, C7 was mainly located in the cytoplasm of epithelial
cells of mammary gland ducts. And the immunostaining of C7
was high in tumor cells but much weaker in non-neoplasm in the
same section (Figure 1C), which was further confirmed by
Western blot analysis based on frozen IDC specimens and
non-neoplastic breast specimens (Figure 1D). In addition, C7
expression of IDC tissues was significantly higher than non-
neoplastic tissues adjacent to tumor and DCIS (Figure 1E and
Table 1). A total of 21.2% (11/52) of non-neoplastic tissues
adjacent to tumor, 26.7% (12/45) of DCIS, and 63.7% (211/331)
of IDC tissue specimens showed a high expression of C7 (c2 =
48.814, P < 0.001) (Table 1). Moreover, our data showed that
IDC patients with a high expression of C7 showed a shorter
overall survival (OS) and progression-free survival (PFS)
(Figure 1F). Altogether, these findings suggested that C7 may
play as a tumor promoter in breast cancer.

High Expression of C7 Indicated Worse
Prognosis in Invasive Ductal Carcinoma
Patients, Especially in the Triple Negative
Subtype and Luminal B Subtype.
In the following, the total 319 IDC cases were divided into two
groups: triple negative subtype (49 cases) and non-triple negative
subtype (270 cases). In the triple negative subtype (Figures 2A,
B) and non-triple negative subtype (Figures 2C, D), both the OS
and PFS of patients with a high C7 expression were significantly
shorter than those with a low C7 expression. Next, Kaplan-Meier
analysis was performed in non-triple negative patients with
detailed classification. In the HER2-overexpression subtype
Frontiers in Oncology | www.frontiersin.org 462
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FIGURE 1 | Bioinformatic and clinical analysis identified that C7 was a tumor
promoter in breast cancer. (A) Normalized C7 mRNA levels were analyzed
based on the gene expression profiling data from the ONCOMINE database,
including 53 invasive breast carcinoma cases and 6 normal breast samples.
(B) OS curves of breast cancer patients with C7 mRNA expression in the
Kaplan-Meier plotter database. (C) C7 expression was shown in non-
neoplastic and neoplastic segments. Red rectangle represented tumors and
black rectangle represented non-neoplastic tissues adjacent to tumor
(magnification 100× and 400×). (D) Western blot analysis of C7 expression in
breast tumor specimens (IDC, n = 13) and their corresponding non-neoplastic
breast tissues adjacent to tumor (n = 13). b-actin was used as a loading
control. (E) Immunohistochemical staining of C7 in clinical specimens of non-
neoplastic breast tissues adjacent to tumor, ductal carcinoma in situ (DCIS),
and invasive ductal carcinoma (IDC). (F) Overall survival (OS) and progression-
free survival (PFS) curves of IDC patients (n = 319) (log-rank test).
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(n= 34, Figures 2E, F) and luminal A subtype (n = 28,
Figures 2G, H), we found no correlation between C7 and the
OS or PFS. However, the results showed that a high expression of
C7 indicated a shorter OS (P = 0.037, Figure 2I) and PFS (P =
0.003, Figure 2J) in the luminal B subtype (n = 208).

C7 expression was positively correlated with lymph node
metastasis (rs = 0.162, P = 0.003) and distant metastasis (rs =
0.220, P < 0.001) (Table 2). Meanwhile, we found that the
expression of C7 in patients developing metastasis, recurrence,
or death within 5 years (H score: 20.0–250.0, median: 150.0) was
higher than those who were disease-free over the same 5 years (H
score: 10.0–240.0, median: 120.0, P = 0.002, Figures 3A, B).
Consistently, patients who developed metastasis, recurrence, or
death within 5 years exhibited a higher percentage of C7 high
expression than those who were disease-free over the same 5
years (Figure 3C). Then, the total IDC cases were classified into
subgroups according to the molecular subtypes. In the triple
negative subtype, the expression of C7 in patients developing
metastasis, recurrence, or death within 5 years was higher than
those who were disease-free over the same 5 years (Figure 3D),
and the percentage of high C7 expression in patients who
developed metastasis, recurrence, or death within 5 years was
significantly higher than those who were disease-free over the
same 5 years (Figure 3E). Meanwhile, there was a similar trend
in the luminal subtype, whereas no such tendency was found in
the HER2-overexpression subtype (Figures 3F–K). Moreover, in
the Cox regression analysis, C7 expression was proved to be an
independent prognosis factor for both the OS and PFS in 319
IDC patients (Table 3).

High Expression of C7 Promoted Breast
Cancer Bone Metastasis.
We further explored the relationship between C7 expression and
distant metastasis in IDC patients. C7 expression was weakly
correlated with bone metastasis in 319 IDC cases (rs = 0.156, P =
0.005), but there was no association between C7 expression and
lung metastasis (rs = 0.092, P = 0.100), liver metastasis (rs = 0.092,
P = 0.100), or brain metastasis (rs = 0.106, P = 0.058, Table 4).
Meanwhile, we noticed that the positive association between C7
and bone metastasis might be because there were more events of
bone metastasis in breast cancer which made it easier to detect a
positive correlation in statistics.
TABLE 1 | C7 expression in different breast tissue specimens.

Histological type n C7 score, n (%) c2 P-valued

Low
(0–119)

High
(120–300)

Non-neoplastic tissuea 52 41 (78.8) 11 (21.2) 48.814 <0.001***
DCISb 45 33 (73.3) 12 (26.7)
IDCc 331 120 (36.3) 211 (63.7)
Frontiers in Oncology | w
ww.fron
tiersin.org
aNon-neoplastic tissue: non-neoplastic tissues adjacent to tumor.
bDCIS: ductal carcinoma in situ.
cIDC: invasive ductal carcinoma.
dP-value was calculated by Kruskal-Wallis test.
Non-neoplastic tissues vs. IDC: P < 0.001; DCIS vs. IDC: P < 0.001; Non-neoplastic
tissues vs. DCIS: P = 0.587.
***P < 0.001.
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FIGURE 2 | High expression of C7 indicated a shorter survival in IDC patients,
especially in the triple negative subtype and luminal B subtype. (A, B) OS and
PFS curves of patients with triple negative subtype (n = 49). (C, D) OS and
PFS curves of patients with the non-triple negative subtype (n = 270). (E, F) OS
and PFS curves of patients with the HER2-overexpression subtype (n = 34).
(G, H) OS and PFS curves of patients with the luminal A subtype (n=28).
(I, J) OS and PFS curves of patients with the luminal B subtype (n=208).
[(A–J): log-rank test]..
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In order to validate the relationship between C7 expression
and breast cancer bone metastasis, the total 319 IDC patients
were divided into two groups: 37 cases with bone metastasis and
282 cases without bone metastasis. C7 expression in breast
cancer patients with bone metastasis (median H score: 155.0)
was higher than those without bone metastasis (median H score:
130.0, Figures 4A, B). Percentage of high C7 expression in
patients who developed BM was higher than those than those
without BM (P = 0.005, Figure 4C). Furthermore, patients with a
high C7 expression showed a shorter interval time (median 26.0
months) from their diagnosis of breast cancer to bone metastasis,
compared with those with a low C7 expression (median 77.0
months, P = 0.026, Figure 4D). While there was no difference in
the interval time between patients with a high C7 expression
from their diagnosis of breast cancer to ending and those with a
low C7 expression (P = 0.180, Figure 4E). Further analysis
Frontiers in Oncology | www.frontiersin.org 664
showed that in the triple negative subtype, patients with
bone metastasis exhibited a higher C7 expression than those
without bone metastasis (P = 0.044, Figure 4F). While,
we did not find a similar trend in the non-triple negative
subtype (P = 0.129, Figure 4G), HER2-overexpression
subtype (P = 0.287, Figure 4H), or luminal B subtype
(P = 0.242, Figure 4I).

High Expression of C7 Indicated a Worse
Prognosis of Patients Treated With Taxane
and Anthracycline-Based Chemotherapy
TE (taxane and anthracycline)-based chemotherapy is a part of
the standard of care in the first line treatment of metastatic breast
cancer. Then, we analyzed the relationship between C7
expression and prognosis of patients treated with conventional
TE-based chemotherapy (n = 149), which were included in 319
TABLE 2 | C7 expression and pathological features of IDC patients.

Pathological features n C7 score, n (%) rs P-valuee

Low (0–119) High (120–300)

Age, year 0.036 0.514
<50 174 67 (38.5) 107 (61.5)
≥50 157 55 (35.0) 102 (65.0)

cTNM stagea 0.064 0.249
I 54 21 (38.9) 33 (61.1)
II 214 83 (38.8) 131 (61.2)
III-IV 62 18 (29.0) 44 (71.0)

Histological grade -0.015 0.779
I 6 1 (16.7) 5 (83.3)
II 260 97 (37.3) 163 (62.7)
III 65 24 (36.9) 41 (63.1)

Tumor size, cm 0.071 0.199
<2 29 12 (41.4) 17 (58.6)
2-5 250 95 (38.0) 155 (62.0)
>5 52 15 (28.8) 37 (71.2)

Lymph node metastasis 0.162 0.003**
0 124 55 (44.4) 69 (55.6)
1–3 82 33 (50.2) 49 (59.8)
4–9 53 17 (32.1) 36 (67.9)
>9 72 17 (23.6) 55 (76.4)

Distant metastasis 0.220 <0.001***
No 273 114 (41.8) 159 (58.2)
Yes 58 8 (13.8) 50 (86.2)

ER statusb 0.054 0.328
Negative 127 51 (40.2) 76 (59.8)
Positive 204 71 (34.8) 133 (65.2)

PR statusc 0.009 0.876
Negative 123 46 (37.4) 77 (62.6)
Positive 208 76 (36.5) 132 (63.5)

HER2 stautsd 0.043 0.431
Negative 219 84 (38.4) 135 (61.6)
Positive 112 38 (33.9) 74 (66.1)

Ki-67 status -0.011 0.846
Negative 45 16 (35.6) 29 (64.4)
Positive 286 106 (37.1) 180 (62.9)
September
 2021 | Volume 11 | Arti
asome missing data.
bER status: estrogen receptor status.
cPR status: progesterone receptor status.
dHER2 status: human epidermal growth factor receptor-2 status.
eP-value was calculated by Spearman’s rank-correlation test.
**P < 0.01, ***P < 0.001.
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FIGURE 3 | High expression of C7 promoted breast cancer metastasis,
recurrence, or death, mainly in the triple negative subtype and luminal B
subtype. (A) Representative immunohistochemical images of C7 expression

Zhang et al. C7 Promotes Breast Cancer Progression
IDC specimens. High expression of C7 indicated a shorter OS
(P = 0.003, Figure 5A) and PFS (P < 0.001, Figure 5B) in patients
treated with TE-based chemotherapy. However, no correlations
in patients who developed metastasis, recurrence, or death within 5 years
and patients who were disease-free over 5 years, respectively (magnification
200× and 400×). (B) Among 218 IDC patients, C7 expression score in
patients who developed metastasis, recurrence, or death within 5 years was
higher than those who were disease-free over 5 years (Mann-Whitney U test,
P = 0.002). (C) Among 218 IDC patients, 88.7% (47/53) of patients who
developed metastasis, recurrence, or death within 5 years exhibited a high
C7 expression, while 50.9% (84/165) of patients who were disease-free over
5 years showed a high C7 expression (P < 0.001). (D, E) In the triple negative
subtype, C7 expression score (D) and percentage of high C7 expression (E)
in patients who developed metastasis, recurrence, or death within 5 years
was higher than those who were disease-free over 5 years. (F, G) In the
non-triple subtype, C7 expression score (F) and percentage of high C7
expression (G) in patients who developed metastasis, recurrence, or death
within 5 years was higher than those who were disease-free over 5 years.
(H, I) In the HER2-overexpression subtype, there was no difference in the C7
expression score (H) or percentage of high C7 expression (I) between
patients who developed metastasis, recurrence, or death within 5 years and
those who were disease-free over 5 years in the luminal B negative subtype,
but not in the HER2-overexpression subtype. (J, K) In the luminal subtype,
C7 expression score (J) and percentage of high C7 expression (K) in patients
who developed metastasis, recurrence, or death within 5 years was higher
than those who were disease-free over 5 years. [(B, D, F, H, J): c2 test;
(C, E, G, I, K): Mann-Whitney U test].
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between C7 expression and the OS (P = 0.115, Figure 5C) or PFS
(P = 0.090, Figure 5D) were found in 170 patients who received
non-TE-based chemotherapy. Afterwards, the 149 patients
treated with TE-based chemotherapy were classified into
subgroups according to the molecular subtypes. The survival
analysis showed that C7 expression was not associated with the
survival of patients in the triple negative subtype; while a high C7
expression indicated a poor survival in the Luminal B subtype
(Figures 6A–H).

Moreover, among the 149 patients who received TE-based
chemotherapy, patients who developed metastasis, recurrence, or
death within 5 years exhibited a higher C7 expression (median H
score: 140) than those who were disease-free over the same 5
years (median H score: 110, P = 0.003, Figures 7A, B).
Consistently, among the patients treated with TE-based
chemotherapy, patients who developed metastasis, recurrence,
ordeath within 5 years exhibited a higher percentage of C7
highexpression than those who were disease-free over the same
5 years (Table 5). However, we did not find a similar trend in
patients treated with non-TE-based chemotherapy (P=0.159,
Figure 7C). Meanwhile, among the patients who received TE-
based chemotherapy, patients who developed metastasis,
recurrence, or death within 5 years exhibited a higher
percentage of high C7 expression in the luminal B subtype
(Figures 8A–D).

Breast Cancer Patients With High
Expression of C7 Were Insensitive to
Taxane and Anthracycline Neoadjuvant
Chemotherapy
Then, a cohort of patients (22 cases) treated with TE neoadjuvant
chemotherapy was used to further confirm the relationship
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FIGURE 3 | Continued
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between C7 expression and TE-based chemosensitivity. The 22
patients were divided into two groups: positive pathological
response group (15 cases) and negative pathological response
group (7 cases). We found that C7 expression in the negative
pathological response group (H score: 20 to 190, median: 80) was
higher than that in the positive pathological response group (H
score: 0–100, median: 40, P = 0.047, Figures 9A, B).
Gene Set Enrichment Analysis of C7 in The
Cancer Genome Atlas Database
To further gain insights into the mechanisms of the role of C7 in
breast cancer progression, the analysis of the RNA-seq data of
817 breast cancer patients of the Cancer Genome Atlas (TCGA)
was performed. Genes in high and low C7 expression patients
were enriched by using the GSEA software for Kyoto
Encyclopedia of Genes (KEGG) and Genomes pathway and
Gene Ontology (GO) functional enrichment analysis. KEGG
analysis suggested that changes were significantly enriched in
the “VEGF signaling pathway”, “MAPK signaling pathway”, and
“JAK stat signaling pathway” (Supplementary Figure S2A). GO
analysis showed that changes in the biological process (BP) term
were significantly enriched in “positive regulation of MAPK
cascade”, “ERK1 and ERK2 cascade”, and “regulation of BMP
signaling pathway” (Supplementary Figure S2B). It suggested
that C7 may promote breast cancer progression by activating the
VEGF, MAPK, or JAK stat signaling pathways, and also, C7
Frontiers in Oncology | www.frontiersin.org 866
promoting breast cancer bone metastasis may be mediated by the
bone morphogenetic protein (BMP) signaling pathway.

As well as known, anthracyclines interfere at the interface of
Topo II-DNA with their sugar moieties and the cyclohexane ring
A, which ultimately results in enzyme-mediated DNA damage in
the form of double strand break (DSB) (14, 15). Taxane is a
microtubule-stabilizing agent that impairs the proper assembly
of mitotic spindles, leading to mitotic arrest and mis-segregation
of chromosomes (16). GO analysis suggested that changes in the
BP term were significantly enriched in DNA repair and
microtubule associated process, such as “regulation DNA
repair”, “recombination of DNA repair”, “positive regulation of
DNA repair”, “double strand DNA repair”, “microtubule
organizing center organization”, “microtubule organizing
center localization”, “microtubule cytoskeleton organization
involved in mitosis”, and “microtubule-based movement”
(Supplementary Figure S2B). Changes in the cellular
component (CC) term were significantly enriched in “site of
damage”, “microtubule”, “microtubule associated complex”, and
“DNA repair complex” (Supplementary Figure S2C). Changes
in the molecular function (MF) term were also significantly
enriched in “microtubule motor activity”, “microtubule
binding” “ATP dependent microtubule mote activity”, and
“DNA replication origin binding” (Supplementary Figure
S2D). These results revealed that C7 may regulate the
sensitivity of TE-based chemotherapy by affecting DNA repair
and microtubule associated process.
TABLE 3 | Univariate and multivariate analysis for the overall survival (OS) and progression-free survival (PFS) in IDC patients.

Variables OS (univariate) OS (multivariate) PFS (univariate) PFS (multivariate)

HR (95%CI) P HR (95%CI) P HR (95%CI) P HR (95%CI) P

C7 score 4.691 (1.639–13.425) 0.004 3.822 (1.316–11.098) 0.014* 3.809 (1.930–7.517) <0.001 3.188 (1.601–6.350) 0.001**
Tumor size 1.293 (0.622–2.668) 0.492 0.718 (0.317–1.624) 0.426 2.114 (1.285–3.478) 0.003 1.270 (0.714–2.257) 0.416
Lymph node metastasis 2.208 (1.567–3.111) <0.001 2.027 (1.405–2.924) <0.001 1.718 (1.380–2.138) <0.001 1.478 (1.153–1.894) 0.002
cTNM 2.045 (1.120–3.734) 0.020 1.260 (0.657–2.418) 0.487 2.296 (1.492–3.535) <0.001 1.341 (0.803–2.240) 0.261
September 202
1 | Volume 11 | Article
*P < 0.05, **P < 0.01.
TABLE 4 | Relationship between C7 expression and distant metastasis in IDC patients.

Distant metastasis n C7 score, n (%) rs P-valuea

Low (0–119) High (120–300)

Bone metastasis 0.156 0.005**
No 282 112 (39.7) 170 (60.3)
Yes 37 6 (16.2) 31 (83.8)

Lung metastasis 0.092 0.100
No 306 116 (37.9) 190 (62.1)
Yes 13 2 (15.4) 11 (84.6)

Liver metastasis 0.092 0.100
No 306 116 (37.9) 190 (62.1)
Yes 13 2 (15.4) 11 (84.6)

Brain metastasis 0.106 0.058
No 313 118 (37.7) 295 (62.3)
Yes 6 0 (0.0) 6 (100)
aP-value was calculated by Spearman’s rank-correlation test.
**P < 0.01.
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DISCUSSION

Our study investigated the clinical and prognostic effects of C7 in
breast cancer for the first time. C7 expression of IDC tissues was
higher than non-neoplastic tissues adjacent to tumor and DCIS.
Moreover, C7 was an independent prognosis factor and a high
expression of C7 indicated a poor prognosis of IDC patients. These
observations indicated that C7 may act as a tumor promoter,
consistent with the study by Saijoh about the role of C7 in ovarian
cancer (11). Our further study showed that a high expression of C7
promoted breast cancer bone metastasis. Firstly, we noticed that
there was a weak association between C7 and bone metastasis, but
there was no difference between C7 expression and lung
metastasis, liver metastasis, or brain metastasis (Table 4). In
fact, the most common site of breast cancer metastasis is the
bone, occurring in about 70% of patients with metastatic breast
cancer (17, 18). Consistently, in our cohort, patients with bone
metastasis were more than those with lung metastasis, liver
metastasis, and brain metastasis, respectively. In order to
validate the relationship between C7 expression and breast
cancer bone metastasis, the total 319 IDC patients were divided
into two groups: 37 cases with bone metastasis and 282 cases
without bone metastasis. C7 expression in breast cancer patients
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FIGURE 4 | High expression of C7 promoted triple negative subtype patients
developing bone metastasis (BM). (A) Representative images of C7 expression
in primary tumor specimens from breast cancer patients with BM and patients
without BM, respectively (magnification 200× and 400×). (B) C7 expression
score in IDC patients who developed BM was higher than those without BM
(P = 0.027). (C) Percentage of high C7 expression in patients who developed
BM was higher than those than those without BM (P=0.005). (D) IDC patients
with high expression of C7 exhibited earlier occurrence of BM. The median
interval time from the diagnosis of breast cancer (BC) to BM in patients with
high C7 expression was shorter than the low C7 expression group (P = 0.026).
(F) In the triple negative subtype, C7 expression in patients with BM was much
higher than that in those without BM (P = 0.004). (G, H) In the non-triple
negative subtype (F, G), HER2-overexpression subtype (F) and luminal B
subtype (G), no statistical difference of C7 expression was found between
patients with BM and those without BM. (I) In luminal subtype, C7 expression in
patients with BM was much higher than that in those without BM (P = 0.004).
[(B, D–I): Mann-Whitney U test, C: c2 test].
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FIGURE 5 | High C7 expression indicated a shorter survival in breast cancer
patients treated with TE-based chemotherapy. (A, B) OS and PFS curves of
IDC patients treated with TE-based chemotherapy (n = 149). (C, D) OS and
PFS curves of IDC patients treated with non-TE-based chemotherapy (n =
170). [(A–D) log-rank test].
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with bone metastasis was higher than those without bone
metastasis (Figures 4A, B). Furthermore, patients with a high
C7 expression showed a shorter interval time from their diagnosis
of breast cancer to bone metastasis, compared with those with a
low C7 expression (Figure 4C). Altogether, these results suggested
that a high expression of C7 promoted breast cancer bone
metastasis, but further in vitro and in vivo investigations are
needed to confirm these findings.
Frontiers in Oncology | www.frontiersin.org 1068
Although emerging evidence showed the role of C7 in several
malignances, little research focused on the mechanism of C7
function in tumor progression. In our present study, KEGG and
GO enrichment analysis suggested that C7 may promote breast
cancer progression by activating the VEGF, MAPK, or JAK stat
signaling pathways. According to these clues, we will perform in
vitro and in vivo assays to confirm the exact mechanism of C7 in
breast cancer progression in the further study.
A B

C D

E F

G H

FIGURE 6 | High C7 expression indicated a shorter survival in breast cancer patients treated with TE-based chemotherapy, especially in the luminal B subtype.
(A, B) OS and PFS curves of triple negative subtype patients who received TE-based chemotherapy (n = 19). (C, D) OS and PFS curves of non-triple negative
subtype patients who received TE-based chemotherapy (n = 130). (E, F) OS and PFS curves of the HER2-overexpression subtype patients who received TE-based
chemotherapy (n = 20). (G, H) OS and PFS curves of luminal B subtype patients who received TE-based chemotherapy (n = 102). [(A–H): log-rank test].
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In fact, C7, as a single molecule, may play limited roles
in tumor progression. Various studies showed that the
membrane attack complex, which is composed of C5b–9
(C5b, C6, C7, C8, C9), could induce the activation of several
tumorigenesis signal transduction pathways, including the
MAPK family, PKC signaling, Gi protein/PI3K/Akt pathway,
and Ras/Raf/ERK1 pathway (19–21). In addition, the sublytic
effects of C5b-9 involved cell cycle activation, accomplished
by affecting main cell cycle kinases and regulators, such as
CDK4, CDK2, p21, CDC2, cyclin D1, and PCNA (22, 23).
Moreover, sublytic C5b–9 had an antiapoptotic effect by
regulating the phosphorylation of FOXO1 and Bad, and
inhibiting the activation of Bid, caspase-8, and NF-kB (24–27).
Therefore, it should be better to detect other components, such
as C5b, C6, C8, and C9, to provide a more comprehensive
information to reveal the roles of the complement in breast
cancer progression.
Frontiers in Oncology | www.frontiersin.org 1169
TE-based chemotherapy is a part of the standard of care in the
first line treatment of metastatic breast cancer and its clinical use is
widespread (28). However, only about 15% patients could achieve
pathologic complete response. Therefore, a more detailed
classification is necessary to screen a more suitable population
to TE chemotherapy (29). A previous study reported that the level
of complement C3 a1 (an isoform of cleaved C3 a-chain and a
complement activation marker) in breast cancer patients was
increased in TE-chemotherapy responders compared with non-
responders. The possible explanation may be TE-based
chemotherapy induced tumor cells apoptosis to activate the
complement system (30). Although the main complement
system activation pathways generate C3 convertases efficiently
cleaving C3 into C3a and C3b, killing targeted cells finally requires
the terminal C5b-9 MAC (membrane attack complex) (31).
Therefore, detecting the level of MAC components in breast
cancer patients is more reasonable to predict the chemosensitivity.
A

B C

FIGURE 7 | High expression of C7 promoted breast cancer progression in patients treated with TE-based chemotherapy. (A) Among 102 patients treated with TE-
based chemotherapy, representative images of C7 expression in patients who developed metastasis, recurrence, or death within 5 years and patients who were
disease-free over 5 years, respectively (magnification 200× and 400×). (B) Among TE-based chemotherapy-treated patients, C7 expression in patients who
developed metastasis, recurrence, or death within 5 years was higher than those who were disease-free over 5 years. (C) Among non-TE-based chemotherapy-
treated cases, no significant difference of C7 expression was found in patients who developed metastasis, recurrence, or death within 5 years and those who were
disease-free over 5 years. [(B, C): Mann-Whitney U test].
TABLE 5 | Relationship between C7 expression and prognosis of IDC patients treated with TE chemotherapy.

n C7 score, n (%) rs P-valuea

Low (0–119) High (120–300)

Metastasis, recurrence or death within 5 years 28 1 (3.6) 27 (96.4) -0.459 <0.001***
Disease-free over 5 years 74 40 (54.1) 34 (45.9)
September 2021
 | Volume 11 | Artic
aP-value was calculated by Spearman’s Rank-Correlation test.
***P < 0.001.
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A

B

FIGURE 9 | Patients with high C7 expression were insensitive to TE neoadjuvant chemotherapy. (A) Representative immunohistochemical images of C7 expression
in both positive and negative pathological response groups, respectively (magnification 200× and 400×). (B) C7 expression in the negative pathological response
group (n = 7) was higher than the positive pathological response group (n = 15, Mann-Whitney U test, P = 0.047).
A B

C D

FIGURE 8 | High expression of C7 promoted disease progression in luminal B subtype patients treated with TE-based chemotherapy. (A, B) Among patients
treated with TE-based chemotherapy, the percentage of high C7 expression in patients who developed metastasis, recurrence, or death within 5 years was higher
than those who were disease-free over 5 years in the non-triple negative subtype (B), but not in the triple negative subtype (A). (C, D) Among patients treated with
TE-based chemotherapy, the percentage of high C7 expression in patients who developed metastasis, recurrence, or death within 5 years was higher than those
who were disease-free over 5 years in the luminal B subtype (D), but not in the HER2 overexpression subtype (C). [(A–D): c2 test].
Frontiers in Oncology | www.frontiersin.org September 2021 | Volume 11 | Article 7242501270

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. C7 Promotes Breast Cancer Progression
CONCLUSIONS

Taken together, our study provided the first evidence that C7
expression was an independent prognosis factor in IDC patients.
High expression of C7 indicated poor prognosis, especially in the
triple negative subtype and luminal B subtype. C7 high
expression promoted breast cancer to develop bone-specific
metastasis, mainly in the triple negative subtype. Furthermore,
patients with high C7 expression were insensitive to TE-based
chemotherapy. These findings highlight the importance of C7 in
breast cancer progression and lay a foundation to help clinicians
improve the identification of patients for TE chemotherapy by
C7 in the era of precision medicine.
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Which Clinicopathologic
Parameters Suggest Primary
Resistance to Palbociclib in
Combination With Letrozole as the
First-Line Treatment for Hormone
Receptor-Positive, HER2-Negative
Advanced Breast Cancer?
Ji-Yeon Kim1, Jung Min Oh2, Yeon Hee Park1, Jin Seok Ahn1 and Young-Hyuck Im1,2*

1 Division of Hematology-Oncology, Department of Medicine, Samsung Medical Center, Sungkyunkwan University School of
Medicine, Seoul, South Korea, 2 Biomedical Research Institute, Samsung Medical Center, Sungkyunkwan University School
of Medicine, Seoul, South Korea

In this study, we evaluated clinical parameters to predict the primary resistance of
palbociclib in combination with endocrine therapy as the first-line treatment in patients
with hormone receptor (HR)+, human epidermal growth factor receptor 2 (HER2)-
metastatic breast cancer (MBC). We performed a data analysis of patients diagnosed
with HR+, HER2-MBC who received palbociclib plus letrozole as the first-line treatment in
the metastatic setting from the clinical data warehouse in Samsung Medical Center. In this
study, 305 patients were included in the final data analysis. The median follow-up duration
was 31 months, and we observed 123 cases of disease progression. The median
progression-free survival (PFS) was 28.7 months, and 38 patients (12.5%) had less
than a 6-month PFS. The multivariate analysis suggested that primary resistance to
adjuvant endocrine therapy (ET) (hazard ratio: 1.91), presence of liver metastasis (hazard
ratio: 2.17), initial elevation of serum CA-15-3 (hazard ratio: 1.99), weak positivity of
estrogen receptor (ER) (hazard ratio: 2.28), Ki-67 3+ or 4+ (hazard ratios: 2.58 and 10.28),
and presence of mutation (hazard ratio: 9.59) were associated with a short PFS duration.
A further prediction model was developed with data from 256 patients and 33 cases of
disease progression in 6 months. This model included five factors—primary resistance to
adjuvant ET (odds ratio, OR: 1.14), liver metastasis (OR: 1.56), initial CA-15-3 elevation
(OR: 1.51), weak ER expression (OR: 2.22), and BRCA2 mutation (OR: 2.85)—and the
area under the receiver operating characteristic curve was 0.842 (95% CI: 0.775, 0.909;
p < 0.001). Finally, we divided them into four risk groups according to the prediction model
with the five risk factors. These four groups had different PFS (p < 0.001) and primary
resistance of palbociclib with letrozole [OR of group 2 vs. group 1 (ref): 2.18 (p = 0.002),
OR of group 3: 3.91 (p < 0.001), and OR of group 4: 4.25 (p < 0.001)]. We developed a
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prediction model of primary resistance to palbociclib with letrozole as the first-line
treatment for HR+, HER2-MBC. Our prediction model might be helpful for considering
the first-line treatment strategies. Further well-designed clinical trials would be warranted
to validate our prediction model.
Keywords: metastatic breast cancer (MBC), hormone receptor positive (HR+), first line, CDK4/6 inhibitor,
primary resistance
INTRODUCTION

Hormone receptor (HR)+, human epidermal growth factor 2
(HER2)-breast cancer (BC) is the most commonly diagnosed
subset of BC, accounting for 60–70% of all cases (1, 2). Endocrine
therapy (ET) is the standard strategy as the initial therapy for
metastatic disease in HR+, HER2-BC, even in the presence of
visceral metastases, unless visceral crisis is present (3, 4).

Cyclin-dependent kinases (CDKs) play an important role in
cell cycle regulation. Cyclin D1, the binding partner of CDK4/6, is
often overexpressed in patients with HR+, HER2-BC, leading to
the continuous activation of the cyclin D1–CDK4/6 complex (5).
The interaction of cyclin D1 with CDK4/6 facilitates the
hyperphosphorylation of retinoblastoma (Rb), leading to cell
cycle progression through the G1 checkpoint into the S phase
(6, 7). Large prospective clinical trials consistently indicate that
CDK4/6 inhibitors, in combination with ET, significantly prolong
the duration of progression-free survival (PFS) for HR+, HER2-
metastatic BC (MBC) (8–13). Moreover, CDK4/6 inhibitors, in
combination with ET, demonstrated a benefit in HR+, HER2-
MBC overall survival (OS) (14, 15). The development of CDK 4/6
inhibitors has changed the paradigm of HR+, HER2-MBC
management. Palbociclib, ribociclib, and abemaciclib, all orally
active, highly selective, and reversible inhibitors of CDK4/6, have
been approved by the Food and Drug Administration (FDA) for
the treatment of HR+, HER2-MBC in combination with ET (7,
16). The current treatment guidelines suggest the combination of
CDK4/6 inhibitors with ET to be the first- or second-line
treatment for HR+, HER2-MBC unless visceral crisis is present
(3, 4).

Despite the widespread use of CDK4/6 inhibitors in HR+,
HER2-advanced BC, their efficacy with ET may be limited by the
development of de novo or acquired resistance. Previous clinical
trials showed that approximately 10% of patients with advanced
HR+, HER2-BC receiving the first-line treatment consisting of
CDK4/6 inhibitors with ET had less than 6 months of PFS,
suggesting primary endocrine resistance (8–10). There have been
many efforts to unveil the molecular mechanisms of endocrine
resistance, including ESR1 mutations, RB1 mutation,
overactivation of CDK 4/6, epigenetic alterations, activation of
the mammalian target of rapamycin signaling pathway,
inactivation of the Hippo pathway including FAT1 loss and
YAP activation, and the alterations of somatic genes, such as
PIK3KA, FGFR1, and AKT1 (17–23). At present, there are no
known biomarkers for primary resistance in patients with HR+,
HER2-advanced BC who undergo CDK 4/6 inhibitors with ET as
the first-line treatment. Therefore, a new strategy to evaluate the
274
primary resistance of CDK 4/6 inhibitors with ET as the first-line
treatment was needed.

In this study, we aimed to evaluate the clinical parameters to
predict the primary resistance of the first-line treatment
consisting of palbociclib in combination with ET in patients
with HR+, HER2-MBC.
PATIENTS AND METHODS

Patients
We performed a data analysis of anonymized electronic medical
records from the clinical data warehouse (CDW) in Samsung
Medical Center (SMC). First, we extracted the data of patients
whowere treatedwithpalbociclibplus aromatase inhibitor fromthe
CDW, and then we excluded the patients who were not treated as
the first-line treatment. Finally, data of patients diagnosed with HR
+, HER2-MBC who received palbociclib plus an aromatase
inhibitor (AI) as the first-line treatment in the metastatic setting
at SMC were analyzed. The diagnostic studies for MBC included
chest and abdomino-pelvic computed tomography (CT), bone scan
or positron emission tomography–CT, and brain magnetic
resonance imaging, if indicated, as well as histologic and
immunohistochemical (IHC) examinations when the disease
recurred during or after adjuvant ET or de novo. This study was
reviewed and approved by the Institutional Review Board (IRB) of
Samsung Medical Center, Seoul, South Korea (IRB no. 2021-07-
131). This study was performed in accordance with the Declaration
of Helsinki and the Good Clinical Practice guidelines. The
requirement for informed consent was waived due to the use of
de-identified medical records with clinical data.

Breast Cancer Pathology
Histologic evaluation with hematoxylin and eosin (H&E)
staining and estrogen receptor (ER), progesterone receptor
(PgR), and HER2 statuses by IHC staining of MBC were
assessed by at least two experienced pathologists. ER and PgR
positivity were defined as Allred scores in the range of 3–8
according to IHC staining with anti-ER (Immunotech, France)
and anti-PgR (Novocastra, UK) antibodies, respectively. HER2
status was evaluated using the appropriate antibody staining
(DAKO, CA) or silver in situ hybridization (SISH). HER2 grades
of 0 and 1 were defined as negative results, while grade 3 was
identified as a positive result. HER2 amplification was confirmed
by SISH results of 2+. In terms of Ki-67, the pathologists
performed their assessment by IHC on the Ventana Discovery
autostainer using the MIB-1 antibody as previously
October 2021 | Volume 11 | Article 759150
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described; (24). We divided the histologic data into four groups
based on the level of Ki-67 expression for further analysis: 1+ (0–
25%), 2+ (25–50%), 3+ (50–75%), and 4+ (75–100%). Histologic
grade and nuclear grade were also evaluated by Bloom–
Richardson grading and the World Health Organization
grading system, respectively (25).

Statistical Analysis
PFS was defined as the elapsed time from the first day of
palbociclib with letrozole treatment as the first-line treatment
for metastatic setting to the detection of disease progression. OS
was defined as the duration between the first day of palbociclib
with letrozole treatment and death. PFS and OS were analyzed
using the Kaplan–Meier method. Cox proportional hazard
regression was used to estimate hazard ratios and 95%
confidence intervals (CIs).

The binary logistic regression method was used for prediction
model development. We used the Firth logistic regression method
because events were not frequently observed in some variables.
Variable weighting was performed by fitting a constant value (a)
andcoefficients (b) inFirth logistic regression, andwecalculated the
area under the curve (AUC) of the receiver operating characteristic
(ROC) curve as the sum of weighted variables.

y = a + b1(factor 1) + b2(factor 2) + b3(factor 3) +⋯

For validation, internal validation was performed using
bootstrap resampling datasets.

Two-tailed p-values <0.05 were considered statistically
significant, and IBM SPSS Statistics, ver. 21 (IBM Co.,
Armonk, NY), was used for all statistical analyses.
RESULTS

Baseline Characteristics
Between January 2016 and December 2020, 318 patients with
MBC were treated with palbociclib and letrozole as the first-line
treatment at SMC (Figure 1). Among all 318 patients, seven were
lost to follow-up after the first cycle of palbociclib with letrozole
Frontiers in Oncology | www.frontiersin.org 375
treatment, and six patients wanted to stop the treatment without
disease progression or any serious adverse events. Therefore, 305
patients were included in the final analysis.

The clinical and histologic characteristics are described in
Table 1. The median age of the patients was 51.6 years. Of all
MBC cases, 35.1% were de novo, and 64.9% were recurrent. In
addition, 58.1% of patients with recurrent MBC had less than 12
months of being disease-free. Visceral metastases were observed
in 21.3%, and three or more metastatic sites were found in 15.4%.
Regarding previous treatment history, 68.7% of patients had
been treated with tamoxifen with or without a GnRH agonist,
and 16.7% of patients were treated with AI as adjuvant ET.

With respect to histologic characteristics, strong ER positivity
(defined as Allred scores of 7 and 8) was observed in 91.1% of
patients, and5.9%ofpatients showedweakERpositivity (defined as
Allred scores of 3–6). Strong and weak PgR positivity was observed
in48.2 and24.3%ofpatients, respectively, and24.6%ofpatientshad
a negative PgR status. In terms of Ki-67, 54.8% of patients had 1+,
27.2% had 2+, 4.6% had 3+, and 1.3% had 4+.

Germline BRCAmutation testingwas performed in 61 patients.
In these patients, none hadBRCA1mutation, and onlyfive patients
harbored BRCA2 mutation (Supplementary Table S1).

Survival Analysis of the First-Line
Palbociclib With Letrozole Treatment
We performed a survival analysis of palbociclib with letrozole as
the first-line treatment for HR+, HER2-MBC. In this analysis,
the median PFS was 28.7 months (95% CI: 22.5, 34.9), and the
median OS was not reached (Supplementary Figure S1). The
median follow-up duration was 31 months, and we observed 123
cases of disease progression. Thirty-eight patients (12.5%) had a
PFS duration of fewer than 6 months, suggesting primary
resistance to palbociclib with letrozole, and 17 patients (5.6%)
had less than 3 months of PFS.

The Pathologic Characteristics
Associated With the Response to
Palbociclib With Letrozole
We performed a further subset survival analysis according to
baseline characteristics. First, we evaluated the impact of
FIGURE 1 | Consort diagram.
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pathologic characteristics on PFS following palbociclib with
letrozole treatment. In this analysis, BC with strong ER
positivity had better PFS compared with that with weak
ER positivity (median PFS, months: 30.3 vs. 11.9; p = 0.034).
PgR positivity also affected PFS, and those with strong PgR
positivity had a tendency to have a longer PFS compared to other
groups (p = 0.111) (Figures 2A, B). Ki-67 grade also impacted
PFS. Patients with Ki-67 1+ had the longest PFS among those
with other grades (median PFS, months: 31.3; 95% CI: 25.6, 37.1;
p < 0.001). In this analysis, the inverse correlation between the
expression level of Ki-67 and the duration of PFS was statistically
significant (Figure 2C).

Germline BRCA mutation also affected the efficacy of
palbociclib in combination with letrozole. We found five
patients harboring germline BRCA2 mutation, and they had a
5.7-month PFS compared to the 37.7-month PFS of those with
BRCA wild type and the 29.0-month PFS of those without
germline BRCA information (p < 0.001), although the number
of patients with BRCA mutation was small (Supplementary
Figure S2). For further analysis, we merged BRCA unknown and
germline BRCA wild type as one category because two groups
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had similar PFS pattern in previous survival analysis. And we
divided germline BRCA status into two categories; BRCA
unknown + germline BRCA wild type and germline BRCA
mutation (Figure 2D).

The Clinical Characteristics
Associated With Response to
Palbociclib With Letrozole
In terms of clinical characteristics, the Eastern Cooperative
Oncology Group (ECOG) performance status (PS) and age
(under 50 vs. older than 50 years of age) were not associated
with PFS (p = 0.677 for ECOG PS; p = 0.925 for ECOG age). De
novo stage IV and recurred BC after curative surgery following
palbociclib with letrozole treatment were also not significant in
terms of PFS (p = 0.161). Among those with recurrent BC, the
type of adjuvant endocrine therapy did not affect the efficacy of
palbociclib with letrozole (p = 0.215).

In terms of endocrine resistance to adjuvant ET, four
categories were made: primary resistance, which was defined as
disease recurrence after less than 2 years of adjuvant ET;
secondary resistance, defined as disease recurrence either 2
TABLE 1 | Baseline patient characteristics (N = 305).

Characteristic N (%) Characteristic N (%)

Age Prior (neo)adjuvant chemotherapy
Median (range) 51.6 (31.5, 86.7) Neoadjuvant 41 (13.4)
<40 years old 23 (7.5) Adjuvant 130 (42.6)
40–60 years old 202 (66.2) no chemotherapy 134 (43.9)
>60 years old 80 (26.2) Adjuvant ET (n = 198)

ECOG PS Tamoxifen 106 (53.5)
0 177 (58.0) Tamoxifen + OFS 30 (15.2)
1 122 (40.0) Anastrozole 14 (7.1)
≥2 5 (1.6) Letrozole 19 (9.6)

Unknown 1 (0.4) Unknown 10 (5.1)
Disease status at initial diagnosis No adjuvant ET 19 (9.6)
De novo 107 (35.1) Response to adjuvant ET
Recurred 198 (64.9) ET-naïve 126 (41.3)

Disease-free interval (n = 198) Primary resistancea 38 (12.5)
<12 months 115 (58.1) Secondary resistanceb 58 (19.0)
≥12 months 83 (41.9) No resistance 83 (27.2)

Metastatic sites ER status
Visceral 65 (21.3) Strong positivityc 278 (91.1)
Liver 60 (19.7) Weak positivityd 18 (5.9)
CNS 9 (3.0) Negative 0
Non-visceral 240 (78.7) Unknown 9 (3.0)
Bone only 103 (33.8) PgR status
Stage IV LN only 29 (8.5) Strong positivity 147 (48.2)

Number of disease sites Weak positivity 74 (24.3)
1 158 (51.8) Negative 75 (24.6)
2 100 (32.8) Unknown 9 (3.0)
3 or more 47 (15.4) Ki-67

Germline BRCA1/2 status 1+ 167 (54.8)
Not tested 244 (80.3) 2+ 83 (27.2)
Tested 61 (19.7) 3+ 14 (4.6)
BRCA1 mutation 0 4+ 4 (1.3)
BRCA2 mutation 5 (1.6) Unknown 37 (12.1)
No BRCA mutation 56 (18.1)
October 2021 | Volume 11 | Artic
PS, performance status; CNS, central nervous system; LN, lymph node; ET, endocrine therapy; OFS, ovarian function suppression; ER, estrogen receptor; PgR, progesterone receptor.
aDefined as breast cancer recurrence within 2 years of adjuvant ET.
bDefined as breast cancer recurrence either over 2 years since adjuvant ET or within 1 year following adjuvant ET completion.
cAllred scores 7 and 8.
dPositive with Allred scores 3–6.
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years or more after adjuvant ET or less than 1 year after the
completion of adjuvant ET; no endocrine resistance to adjuvant
ET; and endocrine-naïve regardless of de novo or recurrent BC. In
this analysis, patients with primary resistance to ET had the worst
PFS, and the median PFS of these patients was 12.7 months (p =
0.021) (Figure 3A). Patients having three or more metastatic sites
also had worse prognoses compared to those with one or two
metastatic sites (median PFS of one vs. two vs. three or more
metastatic sites: 33.3 vs. 23.2 vs. 15.3months;p=0.015) (Figure3B).

In 65 patients with visceral metastasis, we observed 60 patients
with liver metastasis and nine patients with brain metastasis.
Visceral metastasis was associated with poor PFS compared to
non-visceral metastasis (median PFS of visceral vs. non-visceral
metastasis: 15.3 vs. 31.3 months; p < 0.001) (Figure 3C), and liver
Frontiers in Oncology | www.frontiersin.org 577
metastasis was associated with poor prognosis compared with any
othermetastatic sites (medianPFSof livermetastasis vs. others: 12.7
vs. 31.3 months; p < 0.001) (Figure 3D).With regards tometastatic
sites, those with lymph node or skinmetastases had the longest PFS
compared with those having other metastatic lesions (median PFS
of lymph node or skin metastases: not reached; p = 0.001). In
addition, bone-only disease had a superior survival outcome
compared to BC with visceral metastasis (median PFS of bone-
onlydiseasevs. othersvs. visceralmetastasis: 29.0 vs. 28.7vs. 15.3;p=
0.001) (Figure 3E).

The elevation of baseline serum tumor markers CA-15-3 and
CEA was also associated with short PFS duration (p = 0.003 and
p = 0.004, respectively) (Figure 3F and Supplementary
Figure S3).
A B

DC

FIGURE 2 | Progression-free survival according to (A) estrogen receptor status, (B) progesterone receptor status, (C) Ki-67 expression status, and (D) germline
BRCA mutation.
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FIGURE 3 | Progression-free survival according to (A) response to adjuvant endocrine treatment, (B) number of metastatic sites, (C) visceral metastasis, (D) liver
metastasis, (E) metastatic sites, and (F) baseline CA-15-3 level.
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Multivariate Analysis of the
Factors Affecting PFS Following
Palbociclib With Letrozole
Multivariate analysis was performed using the characteristics
affecting PFS following palbociclib in combination with letrozole
for the treatment of HR+, HER2-MBC. We excluded visceral
metastasis from this analysis because this factor overlapped with
liver metastasis. In this analysis, primary resistance to adjuvant
ET (hazard ratio: 1.91, 95% CI: 1.13, 3.24; p = 0.022), presence of
liver metastasis (hazard ratio: 2.17, 95% CI: 1.42, 3.31; p < 0.001),
initial elevation of serum CA-15-3 level (hazard ratio: 1.99, 95%
CI: 1.31, 3.01; p = 0.005), weak ER positivity (hazard ratio: 2.28,
95% CI: 1.20, 4.33; p = 0.024), Ki-67 3+ or 4+ [hazard ratios: 2.58
(95% CI: 1.17, 5.67) and 10.28 (95% CI: 3.52, 30.09); p < 0.001],
and presence of BRCA2 mutation (hazard ratio: 9.59, 95% CI:
3.58, 25.70; p < 0.001) were associated with short PFS (Figure 4
and Supplementary Table S2).

We excluded the unknown values of six factors and did a
binary division of these factors for prediction model
development. Therefore, we performed a further multivariate
analysis with the values from 256 patients. In this analysis, these
six factors consistently had an effect on PFS with statistical
significance. The hazard ratio of primary resistance to adjuvant
ET for short PFS was 2.27 (95% CI: 1.39, 3.72; p = 0.001), that for
the presence of liver metastasis was 2.10 (95% CI: 1.35, 3.25; p =
Frontiers in Oncology | www.frontiersin.org 779
0.001), that for the initial elevation of CA-15-3 was 2.26 (95% CI:
1.51, 3.40; p < 0.001), that for weak expression of ER status was
2.20 (95% CI: 1.10, 4.41; p = 0.027), that for high Ki-67
expression (3+ and 4+) was 3.42 (95% CI: 1.87, 6.56; p <
0.001), and that for BRCA2 mutation was 8.54 (95% CI: 2.57,
28.36; p < 0.001) (Table 2).

Prediction Model for Primary Resistance
to Palbociclib With Letrozole
A prediction model for primary resistance to palbociclib with
letrozole as the first-line treatment was developed considering
patients with HR+, HER2-MBC. We used the values from 256
patients, and 33 events of disease progression in six months
were observed.

Firth logistic regression for primary resistance suggested that
the five factors—primary resistance to adjuvant ET (odds ratio,
OR: 1.14, 95% CI: 0.06, 2.18; p = 0.038), liver metastasis (OR:
1.56, 95% CI: 0.71, 2.42; p < 0.001), initial elevation of CA-15-3
(OR: 1.51, 95% CI: 0.63, 2.49; p < 0.001), weak expression of
ER (OR: 2.22, 95% CI: 0.99, 3.51; p < 0.001), and BRCAmutation
(OR: 2.85, 95% CI: 0.75, 5.31; p = 0.010)—affected the 6-month
PFS (Table 3).

Then, we developed a prediction model for the primary
resistance to palbociclib with letrozole. In this analysis, the
prediction model with five risk factors had 0.842 in AUC of
FIGURE 4 | Forest plot of multivariate analysis for factors affecting progression-free survival.
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the ROC curve (95% CI: 0.775, 0.909; p < 0.001), and the overall
model quality was 0.78 (Figure 5A and Supplementary Figure
S4A). Internal validation with bootstrap resampling datasets was
performed (n = 182). In the validation set, AUC was 0.832 (95%
CI: 0.762, 0.901; p < 0.001), and the overall model quality was
0.76 (Supplementary Table S3, Figure 5B, and Supplementary
Figure S4B).

Primary Resistance Model With the Five
Risk Factors
We analyzed the risk of primary resistance of palbociclib with
letrozole according to the five risk factors. First, we performed a
survival analysis according to the number of risk factors.

In the survival analysis, the median PFS of patients with no
risk factor was not reached, and it was 28.0-month PFS in
patients with one risk factor, 8.2-months PFS in patients with
two risk factors, and 6.8-month PFS in patients who had three
risk factors (p < 0.001) (Supplementary Figure S5A). The
primary resistance of palbociclib with letrozole model also
suggested that the risk of primary resistance increased as more
risk factors existed [OR of one risk factor vs. no risk factor (ref):
2.18, 95% CI: 0.72, 4.41, p = 0.002; OR of two risk factors: 4.01,
95% CI:2.57, 6.25, p < 0.001; OR of three risk factors: 4.00, 95%
CI: 1.99, 6.50, p < 0.001] (Supplementary Table S4), and AUC
Frontiers in Oncology | www.frontiersin.org 880
was 0.830 (95% CI: 0.761, 0.898) (p < 0.001) (Supplementary
Figure S5B).

We also developed a primary resistance model according to
the value made of the previous Firth logistic regression with five
risk factors. We divided these into four groups: group 1 did not
have any risk factors, group 2 had one risk factor except BRCA
mutation, group 3 had two risk factors except weak ER positivity,
and group 4 consisted of BRCA mutation, three risk factors, and
two risk factors including weak ER positivity (Supplementary
Table S5). The median PFS of group 1 was not reached, and it
was 28.0-month PFS in group 2, 10.1-month PFS in group 3, and
5.8-month PFS in group 4 (p < 0.001) (Figure 6A). The
prediction model also precisely expected the primary resistance
of palbociclib with letrozole [OR of group 2 vs. 1 (ref): 2.18, 95%
CI: 0.72, 4.41, p = 0.002; OR of group 3: 3.91, 95% CI: 2.42, 6.16,
p < 0.001; OR of group 3: 4.25, 95% CI: 2.56, 6.60, p < 0.001, and
AUC of 0.830 (95% CI: 0.761, 0.898, p < 0.001)] (Table 4
and Figure 6B).

Second-Line Treatment After Progression
of the First-Line Palbociclib With Letrozole
Of 38 patients with primary resistance to palbociclib in
combination with letrozole, 35 patients received second-line
treatment. Capecitabine was the most commonly used
TABLE 2 | Multivariate analysis using binary variables for progression-free survival following palbociclib with letrozole (N = 256).

Characteristics N (%) Hazard ratio 95% confidence interval p-value

Resistance to adjuvant ET 0.001
Other 221 (86.3) Ref
Primary ET resistance 35 (13.7) 2.27 1.39 3.72

Liver metastasis 0.001
No 203 (79.3) Ref
Yes 53 (20.7) 2.10 1.35 3.25

Initial elevation of CA-15-3 <0.001
Normal range 156 (60.9) Ref
Elevated 100 (39.1) 2.26 1.51 3.40

Estrogen receptor status 0.027
Strong positivity 242 (94.5) Ref
Weak positivity 14 (5.5) 2.20 1.10 4.41

Ki-67 <0.001
1+, 2+ 239 (93.4) Ref
3+, 4+ 17 (6.6) 3.42 1.87 6.56

BRCA mutation <0.001
No mutation or unknown 253 (98.8) Ref
BRCA2 mutation 3 (1.2) 8.54 2.57 28.36
October 2021 | Volume 11 | Article
ET, endocrine therapy.
TABLE 3 | Predictive model for primary resistance to palbociclib with letrozole as first-line treatment for HR+, HER2-advanced breast cancer using firth logistic
regression (N = 256).

Characteristics N (%) Odds ratio 95% confidence interval p-value

Disease progression 33 (12.9)
Primary resistance to adjuvant ETa 1.14 0.06 2.18 0.038
Presence of liver metastasis 1.56 0.71 2.42 <0.001
Initial elevation of CA-15-3 1.51 0.63 2.49 <0.001
Estrogen receptor weak positivityb 2.22 0.99 3.51 <0.001
Ki-67 3+ or 4+ 0.99 0.62 2.24 0.167
Presence of BRCA mutation 2.85 0.75 5.31 0.010
aEndocrine therapy.
bWeak or unknown positivity.
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therapeutic regimen, followed by taxane, everolimus in
combination with exemestane, fulvestrant, and others. The
overall 6-month disease control rate was 31.4% (31.3% for
capecitabine, 42.9% for taxane, 40.0% for everolimus, and
50.0% for fulvestrant) (Table 5).
DISCUSSION

This study considered the real-world data of palbociclib with
letrozole as the first-line treatment for HR+, HER2-MBC. The
median PFS was 28.7 months, and primary resistance to adjuvant
Frontiers in Oncology | www.frontiersin.org 981
ET, liver metastasis, initial elevation of CA-15-3 level, weak ER
expression, high expression of Ki-67, and BRCA2 mutation were
associated with poor PFS. Our prediction model suggested that
these six parameters affected the primary resistance to
palbociclib with letrozole, and this model had an AUC of 0.844.

ET is the first-line treatment for HR+, HER2-MBC even in
the presence of visceral disease, unless there is visceral crisis (3,
4). In the era of CDK4/6 inhibitor, CDK4/6 inhibitors combined
with ET is the standard treatment strategy for HR+, HER2-MBC
as the first or second line (3). However, resistance to this
combination therapy inevitably develops, and some patients do
not benefit from CDK4/6 inhibitor with AI treatment (8–10).
FIGURE 5 | Receiver operating characteristic curve for primary resistance to palbociclib with letrozole as the first-line treatment for HR+ HER2- MBC (A) original set
(n = 256) and (B) validation set (n = 182).
A B

FIGURE 6 | (A) Progression-free survival according to the risk groups of the prediction model. (B) Receiver operating characteristic curve for primary resistance to
palbociclib with letrozole as the first-line treatment for HR+ HER2- MBC regarding the risk groups.
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In our study, germline BRCA mutation was the most
powerful predictive marker for primary resistance to
palbociclib with letrozole. Of five patients harboring germline
BRCA2 mutation, the median PFS was just 5.7 months, and the
hazard ratio for primary resistance in those with BRCA2
mutation was 22.57. However, the number of patients with
BRCA mutations in this study was small, and there are
currently no other data supporting this association. Further
preclinical and clinical research is warranted.

The initial elevation of serum CA-15-3 was also strongly
associated with primary resistance to palbociclib with letrozole.
The current European Society for Medical Oncology and
American Society of Clinical Oncology guideline suggests that
CA-15-3 and CEA are not recommended for BC screening,
diagnosis, staging, or recurrence evaluation (26, 27). The
clinical values of these tumor markers are not well established
but might be an aid to evaluate and monitor the response to
treatment, particularly in patients with non-measurable
metastatic disease with elevation of these markers (3). Many
investigators have tried to reveal the clinical values of serum
tumor markers, and recent research has suggested CA-15-3
elevation at the time of initial metastasis in 37% of patients
with MBC, and 62% of patients had an increase in CA-15-3 level
at the diagnosis of metastasis (28). Another study also suggested
that the CEA and CA-15-3 levels were useful to detect metastasis
early, and their elevations were associated with unfavorable
clinicopathological parameters (29).

In our study, CA-15-3 serum level was associated with
primary resistance to palbociclib with letrozole after
adjustment through a multivariate analysis. We suggest CA-15-
3 to be an independent predictive marker for primary resistance
to palbociclib with letrozole, not a secondary finding associated
Frontiers in Oncology | www.frontiersin.org 1082
with clinicopathologic parameters. Moreover, serum CA-15-3
testing had advantages with respect to convenience, easy
accessibility, and low cost.

Liver metastasis was already suggested to associate with poor
prognosis following CDK4/6 treatment in previous studies (30,
31). Our study also suggested that liver metastasis was associated
with poor response to palbociclib with letrozole. Even
considering visceral metastasis, including liver metastasis,
CDK4/6 inhibition with AI was an effective treatment strategy
compared with AI alone, according to previous clinical trials (8–
10). However, some patients with visceral metastasis did not
benefit from CDK4/6 inhibitors with ET, and cytotoxic
chemotherapy would be better than ET for these patients;
predictive biomarkers are urgently needed.

ER status was also associated with primary resistance to the
first line of palbociclib treatment in combination with letrozole.
Even though there was a small number of patients with weak ER+
MBC in this study, they had significantly worse PFS outcomes
compared to patients with strong ER+ MBC. Recent guidelines
described low ER tumors as having unique molecular features and,
therefore, a distinct therapeutic response to endocrine therapy
compared with high ER+ BC (32). In this study, ER status was
divided into two groups according to Allred score (7 to 8 vs. 3–6).
In terms of ER status, no previous studies, including clinical trials,
have evaluated the association between ER expression level and the
efficacy of CDK 4/6 inhibitors with ET. The results of this study
suggested that the expression level of ER should be considered for
the treatment of HR+, HER2-MBC with CDK4/6 inhibitors.

Previous research has suggested PgR and Ki-67 state to affect
the efficacy of palbociclib (33). Our study also suggested that Ki-
67 expression, but not PgR status, was related to PFS following a
palbociclib-containing treatment.
TABLE 4 | Predictive model for primary resistance to palbociclib with letrozole as first-line treatment for HR+, HER2-advanced breast cancer according to risk factor
characteristics (N = 256).

Characteristics N (%) Odds ratio 95% confidence interval p-value

Disease progression 33 (12.9) <0.001
No risk factor (group 1) Ref Ref Ref Ref
One risk factor (group 2)a 2.18 0.72 4.41 0.002
Group 3b 3.91 2.42 6.16 <0.001
Group 4c 4.25 2.56 6.60 <0.001
October 2021 | Volume 11 | Article
aExcept BRCA mutation.
bTwo risk factors except weak estrogen receptor (ER) positivity and BRCA mutation.
cBRCA mutation regardless of the number of risk factors, three risk factors, and two risk factors including weak ER positivity.
TABLE 5 | Second-line treatment after progression from endocrine therapy with palbociclib and letrozole (N = 38).

Regimen N (%) 3-month DCR (%) 6-month DCR (%) 12-month DCR (%)

Capecitabine 16 (43.2) 10 (62.5) 5 (31.3) 2 (12.5)
Taxane-based chemotherapy 7 (24.3) 5 (71.4) 3 (42.9) 1 (14.3)
Everolimus with exemestane 5 (13.5) 4 (80.0) 2 (40.0) 1 (20.0)
Fulvestrant 2 (5.4) 1 (50.0) 1 (50.0) 1 (50.0)
Clinical trial 5 (13.5) 2 (40.0) 0 (0.0) 0 (0.0)
No further treatment 3 (7.9) – – –

Total 38 (100.0) 22 (62.9) 11 (31.4) 5 (14.3)
DCR, disease control rate.
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Primary resistance to adjuvant ET was associated with
primary resistance to the first-line treatment consisting of
palbociclib with letrozole for HR+, HER2-MBC. Disease
recurrence within 2 years of adjuvant ET was associated with
primary resistance to palbociclib, but secondary resistance to ET
was not.

Lastly, we developed a prediction model of primary resistance
of palbociclib with letrozole as the first-line treatment for
metastatic HR+, HER2-MBC. This model suggested that the
number and the characteristics of risk factors easily predicted
primary resistance and the PFS of a patient. Therefore, this
model would be helpful to predict the response of patients to
palbociclib with letrozole as the initial treatment.

Our study was a retrospective data analysis with data from
about 300 patients in our registry. Therefore, we only performed
internal validation to validate our primary resistance model.
However, the result of internal validation was similar to that of
the original data set with high AUC, and therefore we might
suggest that our model was reliable.

Even though the current treatment guidelines recommended
CDK 4/6 inhibitors in combination with ET as the first-line
treatment in HR+, HER2-MBC, cytotoxic chemotherapy would
be more beneficial compared to the use of palbociclib with
letrozole in some patients with poor clinico-pathologic
parameters. Among 38 patients who underwent disease
progression after the first-line palbociclib with letrozole within
6 months, 67.5% of patients had been treated with cytotoxic
chemotherapy, and 34.8% of these patients had more than 6
months of PFS following a second-line cytotoxic treatment.
Therefore, our prediction model suggested that these clinico-
pathologic parameters would be helpful for deciding the first-line
treatment in a subset of HR+, HER2-MBC patients. It is
necessary to note that these findings are just hypothesis-
generating, especially considering that no predictive
biomarkers have yet been established related to treatment
consisting of CDK 4/6 inhibitors with ET.

In conclusion, we explored palbociclib in combination with
letrozole as the first-line treatment for HR+, HER2-MBC and
developed a prediction model for primary resistance to the first-
line treatment of palbociclib with letrozole. Our prediction
model might be helpful for considering the first-line treatment
strategies in HR+, HER2-MBC. Further well-designed clinical
trials are warranted to validate our prediction model.
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Breast cancer is an aggressive silent disease, representing 11.7% of the diagnosed
cancer worldwide, and it is also a leading cause of death in Saudi Arabia. Consequently,
microRNAs have emerged recently as potential biomarkers to diagnose and monitor such
cases at the molecular level, which tends to be problematic during diagnosis. MicroRNAs
are highly conserved non- coding oligonucleotide RNA. Over the last two decades,
studies have determined the functional significance of these small RNAs and their impact
on cellular development and the interaction between microRNAs and messenger RNAs,
which affect numerous molecular pathways and physiological functions. Moreover, many
disorders, including breast cancer, are associated with the dysregulation of microRNA.
Sparingly, many microRNAs can suppress cancer cell proliferation, apoptosis,
angiogenesis, invasion, metastasis, and vice versa. Remarkably, microRNAs can be
harvested from patients’ biofluids to predict disease progression that considered a non-
invasive method. Nevertheless, MicroRNAs are currently utilized as anti- cancer therapies
combined with other drug therapies or even as a single agents’ treatment. Therefore, this
review will focus on microRNAs’ role in breast cancer as an indicator of disease
progression. In addition, this review summarizes the current knowledge of drug
sensitivity and methods in detecting microRNA and their application to improve patient
care and identifies the current gaps in this field.

Keywords: chemotherapy resistance, breast cancer metastasis, molecular pathways, anticancer therapy,
Saudi Arabia, miRNA, circulating biomarkers
1 INTRODUCTION

Breast cancer (BC) is the dominant type of cancer among female patients, reaching 2,261,419 new
cases in 2020, representing 11.7% of the yearly diagnosed patients with cancer worldwide. BC
incidence has declined dramatically in industrial countries, except for Australia/New Zealand and
Western Europe (1). Despite the advances in BC diagnosis, the leading cause of mortality is the
disease recurrences due to metastases. Management of disease recurrences and metastasis has
modestly improved over the last three last decades (2). Metastasis states the spread of cancer cells
through the lymphatic system or bloodstream to distant organs (3). Because of these challenges, the
need for sufficient molecular biomarkers to predict the disease response is continued. However,
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researchers are examining the utility of MicroRNAs as
biomarkers to detect diseases and tumor aggressiveness (4, 5).

MicroRNAs (miRNAs) were discovered in the 1990s in
nematodes (6, 7). miRNAs are approximately 19–25
nucleotides (nt) in length and are found in almost all
eukaryotes. Since then, many studies have identified miRNAs’
functionality and role in disorders and human illnesses such as
BC (4). miRNAs can regulate genes by silencing their protein-
coding mRNA (messenger RNA) through inducing mRNA
turnover. miRNAs are determined to be involved in cellular
activities such as tumorigenesis, proliferation, cell survival,
apoptosis, and cancer development, affecting cancer
progression (5). These small oligonucleotides can function as
oncogenes by degrading mRNAs that act as tumor suppressors
and vice versa. Previous studies showed that many miRNAs
impacted Breast cancer development and even drug resistance (8,
9). Due to the heterogeneous nature of the BC, it is considered a
challenge, which makes it extremely difficult to classify and treat
(2). Concomitantly, many countries, specifically Saudi Arabia,
are suffering from recurrent disease conditions due to metastases.

Nonetheless, using blood serum and non-invasive methods
that are considered safe and accurate to determine the molecular
characterization and create a personalized treatment strategy for
each patient to prevent recurrence in the future had been utilized.
Therefore, this review focuses on miRNAs’ role in breast cancer,
wherein they serve as biomarkers to detect tumors, including
their progression, treatment resistance, and potential impact on
clinical practices.
2 MANUSCRIPT FORMATTING

2.1 Background
Ambros and Ruvkun laboratory discovered the first miRNA and
its target in 1993. Ambros’s lab has found the lin-4 gene a
fundamental player in Caenorhabditis Elegans (C. elegans)
development. However, the lin-4 gene does not encode any
known cellular protein, but it only generates a short 22 nt
RNA. Furthermore, the Ruvkun lab has determined that this
small RNA sequence is complementary to the 3′UTR
(3’untranslated region) and negatively regulates the lin-14 gene
(6, 7). Seven years later, let-7, a small 21-nt RNA, was discovered
and was further identified in various species (10, 11). Since then,
thousands of miRNAs and their genetic functions in humans and
other animals have been identified (4, 5).

Interestingly, large projects such as FANTOM and ENCODE
for genomic annotation and functionality have reported that 80%
of mammalian DNA is actively transcribed. The vast majority are
noncoding RNA genes (ncRNA) (12, 13). In the past, the main
differences between coding and non-coding were based on
encoding protein. However, this barrier starts to overlap as
particular coding RNA, such as TP53 mRNA, can function as
RNA only, significantly impacting much biologic development
(14, 15). Furthermore, long non-coding RNA (lncRNA) can
regulate gene expression at both genomic and post-
transcription levels. At the genomic level by manipulating
Frontiers in Oncology | www.frontiersin.org 287
chromatin status and complementary binding to other forms
of RNA such as miRNA and mRNA as a post-transcription level
(16–19). Also, other studies identified that lncRNA could encode
small peptides, but their functions are still unknown (20, 21).
Other types of RNA that also function similarly to miRNAs with
the exact mechanism (using cytoplasmic processing proteins) are
the small interferences RNA (siRNA) (22). They can silence gene
expression as miRNA via targeting the mRNA but not expressed
endogenously as miRNA encoded in the genome. Plus, they can
only target one specific mRNA, as for miRNA that can have vast
mRNA targets (9, 23). The source of these siRNAs can be viruses
as they can manipulate the host gene expression using this tool
(23). Nearly 3% of the human genome encodes miRNA genes.
These small RNAs play a critical role in various biological
processes such as cell apoptosis and development in plants and
animals. They function at the translational or mRNA
degradation stages (24). Additionally, more than 60% of the
Homo sapiensmRNA-coding proteins with putative binding sites
for miRNA were predicted (25). More than 2,654 mature
miRNAs and 1,917 precursor miRNAs are listed for Homo
sapiens, as reported on the miRBase database (26).

2.2 MicroRNA Biogenesis and Biology
RNA polymerase II (Pol II) generates a transcript identified as
pri-miRNA (primary miRNA) during the transcription of the
genomic miRNAs in the cell nucleus. Spliced introns of protein-
coding genes give rise to approximately 30% of miRNAs.
However, most miRNAs encoded gene loci or clusters in the
genome. First, the pri-miRNAs comprise more than 1000 bases
and stem- loop/hairpin structures with a cap and poly-
adenylated UTRs. Second, these UTR modifications are cleaved
into pre-miRNAs (precursor miRNAs) with 60 to 110 nt by
Drosha and DGCR8/Pasha proteins. Pre-miRNAs reportedly
binds to XPO5 (Exportin-5) to translocate to the cytosol. The
pre-miRNAs are then cleaved by Dicer, generating 15 to 22 nt
short double-stranded miRNA duplexes. Finally, DICER and
Argonaute (AGO) proteins disassemble the miRNA duplex
because of their endoribonuclease activity.

Interestingly, viruses can hijack this process and eventually
manipulate the host’s gene expression by mimicking the host’s
short double-stranded miRNA (23). Subsequently, a single
strand, called mature miRNA, is assembled into the miRNA-
associated RNA- induced silencing complex (miRISC), including
DICER and AGO. The miRISC complex can target the UTRs or
the coding sequences (CDSs) based on the RNA strand sequence,
as illustrated in Figure 1. In addition, the miRISC complex
suppresses the protein synthesis genes or degrades the mRNAs.
The complete alignment with the target mRNA leads to its
degradation, whereas the incomplete alignment leads to
translation suppression, as shown in Figure 1 (27).

Furthermore, the mature miRNAs can also exit the cell by
different packaging systems. For example, the identification of
exosomes containing miR-23b, miR-320, miR-21, let-7a, and
miR- 1246 are elevated in plasma patients with breast cancer and
used as markers for cancer (28, 29). In addition, other proses like
lipoproteins, microvesicles, and apoptotic bodies as displayed in
Figure 1 (30–32).
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2.3 Methods on Isolating MicroRNAs
Over the last decade, thousands of studies covering miRNA-related
discoveries and published. Recent studies have investigated
miRNA’s role in autoimmune, cardiovascular, and neurological
diseases and cancer. Additionally, these studies have identified
novel approaches for collecting miRNA from serum to detect
metastases and disease prognosis in cancer patients (4). The main
goal is to use these miRNAs as biomarkers to develop a fast, non-
invasive clinical test for disease diagnosis and prognosis. Many well-
known companies currently provide isolation kits using the body
biofluids to collect these small circulating non-coding RNA and
methods for quantifying them. One study compared six commercial
kits and used fresh, frozen, and low volumes of serum to detect
sensitivity (33). Another study used serum and cerebrospinal fluids
to compare the commercial kit and TRlzol extraction methods for
miRNAs recovery and found that TRlzol isolation techniques have
low recovery (34). However, many other studies added suggestions
and modifications to the TRlzol extraction methods and improved
the recovery of the circulating miRNAs over commercial kits (35–
37). Quantification of the isolated biomarkers can be performed
using NanoDrop spectrophotometers. Then using quantification
polymerase chain reaction (qPCR) after generating the
complementary DNA (cDNA) and for novel miRNA usually
using microarray and deep sequencing (34).

2.4 Bioinformatics Analysis
Microarray, qPCR, Next generation-sequencing advancing
technologies are becoming more feasible, making them less
Frontiers in Oncology | www.frontiersin.org 388
expensive than before to quantify miRNA; however, it is only
the beginning of any project. Thus, the main challenges are
identifying miRNA candidates and their functionality, coding-
protein gene targets, and molecular network pathway.
Bioinformatics analysis predicts the possible targets for miRNA
based on the giving sequences using a specific algorithm. Many
databases are available online and always competing on their
updates and algorithms. For instance, TargetScan uses the
miRNA seeds, which are unique sequences for miRNA, to
calculate all the possible binding sites and strength to inhibits
the mRNA. Other databases predict targets, such as TarBase,
PicTar, and miRBase. Identifying the biological activity and
pathways is also available, like; GO (Gene ontology), KEGG,
and STRING (38).

2.5 Cancer and MicroRNA
The first study to demonstrate a connotation between miRNAs
and tumors was published in 2002. The authors reported that
miR-16-1 and miR-15 gene deletions were common in chronic
lymphocytic leukemia (CLL) (39). Their expression is inversely
correlated with the anti-apoptotic protein and B-cell lymphoma
protein (Bcl-2) expression. Both miR-16-1 and miR-15
expressions act as tumor suppressors by suppressing Bcl-2
expression, leading to the induction of apoptosis of leukemic
stem cells (40, 41). Interestingly, Bcl-2 was recognized as a
suitable biomarker for the prognosis of all molecular subtypes
of BCs (42), indicating the potential role of miRNAs in BCs
diagnosis. Hence, somatic inhibition of miR-16-1 and miR-15
FIGURE 1 | MiRNA biogenesis. miRNA genes or spliced introns are transcribed by polymerase II (Pol- II) as primary miRNA (pri-miRNA). The pri-miRNA is
subsequently cleaved by Drosha along with DGCR8 proteins to generate the pre-miRNAs. The pre-miRNAs are then exported to the cytoplasm by Exportin-5
(XPO5) and cleaved again by DICER1 to form a short double- stranded miRNA. Together with Argonaute (AGO), this double-stranded miRNA is unwound into a
mature miRNA (single strand) and loaded as a guide for the miRNA-induced silencing complex (miRISC) to target the UTRs or CDSs of the mRNA. Based on the
mature RNA sequences, miRISC could repress mRNA expression. The mature miRNA can export from the cell and reaches the bloodstream as lipoproteins, exomes,
microvesicles, and apoptotic bodies. Which can be used as a marker for cancer-based on their expression levels, UP or DW (down)—created with BioRender.com.
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stimulates leukemogenesis and inhibits cell death (40, 41).
Abnormal and dysregulation of miRNA functions have been
described in several other cancers, such as lung, breast,
colorectal, and leukemia. miRNAs are classified into tumor
suppressors or oncogenes (also named oncomir). For example,
the miR-30 family, miR-16- 1, miR-15, and miR-34 considered
tumor suppressors, whereas miR-10, miR- 155, and miR- 200
family act oncogenes (43). The deregulation of oncomirs or
tumor suppressor miRNAs can induce tumorigenesis by
manipulating molecular pathways to promote cancer
hallmarks, such as proliferation, inhibition of apoptosis,
invasion, resistance, and angiogenesis, leading to tumor
survival and metastasis (44). Although miRNAs can act as
oncomirs or tumor suppressors, studies have also suggested
that the global loss of miRNAs can augment tumor
progression. Therefore, miRNA dysregulation can promote
cellular transformation and carcinogenesis with Dicer, Drosha,
and DGCR8 mutation (45).

2.6 MicroRNAs as Diagnostic Marks in
Breast Cancer
BC has possible risk factors and lifestyle, family history (genetic
alteration in the BRCA1 and BRCA2), age, weight, exposure to
radiation, and hormones. In addition, there are two common
breast carcinoma types; these are ductal and lobular.
Consequently, the treatment strategies are adjusted based on
the disease type. Currently, BC is genetically subclassified based
on estrogen hormone receptors’ levels, human epidermal growth
factor receptor (HER2), which can determine the treatment
choice (46).

Because BC is remarkably heterogeneous and classified into
several subtypes, treatment response and prognosis prediction
are challenging. Therefore, new biomarkers are needed (2).
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Dysregulation of miRNA was associated with many disorders,
including BC. Ongoing studies examine miRNA profiling as a
strategy to predict disease progression, improve patient survival,
and develop new BC classification strategies (47). Using miRNA
expression as a fingerprint would enhance our understanding of
disease heterogeneity and novel therapeutics’ molecular
development. For instance, the expression levels for miRNA
cluster miR- 125b/miR-99a/let-7c were used as markers to
identify luminal A and B subtypes; further, it was correlated
with luminal A patients’ survival rates (48). Additionally, HER2-
encoded miR-4728 expression was precise to detect tumors that
are enriched with HER2 receptors. Another cluster, miR-96/182/
183, was reported by Zhang et al. and was found to enhance
epithelial-to-mesenchymal transition (EMT), which can cause
BC cells to be more invasive (49).

Since the 2000s, many more miRNAs have been discovered
and linked with BC’s development and initiation (50), as
described in Table 1. Some of the most recognized miRNA
families are let-7, miR-200, and miR-10.

The family of let-7 miRNAs in humans includes ten members
known to function as tumor suppressors, and they have miR-
202, miR-98, and let-7a, b, c, d, e, f, g, and i (72). Let-7 targets
multiple molecular pathways contributing to BC heterogeneity
and metastases by activating the cancer stem cell (CSC)
phenotype (73). On the one hand, a clinical study found the
expression of let-7 was considerably lower in patient’s serum
with BC that developed metastases (74). On the other hand,
using Saudi plasma, let-7b-5p, hsa-let-7c-5p, and hsa-let-7i-5p
miRNAs were elevated in luminal BC patients and triple-
negative BC samples except hsa-let-7c-5p compared to the
control (75).

The self-renewing, undifferentiation, and chemotherapy
resistance abilities are key CSC features found in BC tumor-
TABLE 1 | Summary of miRNAs associated with drug sensitivity and prognosis in breast cancer.

miRNA Prognosis Pathways/Genes Drug sensitivity/resistance

miR-187-5p and miR-106a-
3p

H,PR (51, 52) HIPK3 and EGFR pathway Resistant to taxanes, paclitaxel, and docetaxel (53, 54)

miR-182-5p H,PR (55) Cx43 Resistant to veliparibv (53, 54)
miR-629-5p H,PR in NSCLC

(56)
FOXO3, CXXC4, SFTPC Resistant to tipifarnib (53, 54)

miR-637 H,PR (57) Akt1/bb-catenin (cyclin D1) pathway Resistant to tivantinib (53, 54)
miR-556-5p H,GR (58) YAP1 Sensitive to paclitaxel (53, 54)
let-7d-5p and hsa-miR-18a-
5p

H,PR (59, 60) Wnt pathway and BSG Sensitive to tivantinib (53, 54)

let-7a-5p H,PR (61) MYC,HMGA2, H-RAS, HMGA2,
DUSP7

Sensitive to bortezomib and paclitaxel (61)

miR-135a-3p H,PR (62) HOXA10 Sensitive to JNJ-707 (53, 54)
miR-185-3p H,GR (63) E2F1 Sensitive to panobinostat (53, 54)
miR-449 H,GR (64) TPD52 Sensitive to Doxorubicin (65)
miR-140 H,GR (66) Wnt1 pathway Sensitive to fluorouracil, cisplatin, doxorubicin, paclitaxel, and camptothecin

(66, 67)
miR-130b H, PR PI3K/Akt pathway Resistant to adriamycin, vincristine, and paclitaxel (68)
miR-29a H, PR (69) TET1 and PTEN/AKT/GSK3b

pathway
Resistant to adriamycin (70)

miRNA-132 and miRNA- 212 H, PR PTEN/AKT/NF-KB pathway Resistant to doxorubicin (71)
High expression (H), Poor Respond (PR), Good Respond (GR), Homeodomain Interacting Protein Kinase 3 (HIPK3), Epidermal Growth Factor Receptor (EGFR), Connexin 43 (Cx43), Non-
small-cell lung cancer (NSCLC), Forkhead Box O3 (FOXO3), CXXC Finger Protein 4 (CXXC4), Surfactant Protein C (SFTPC), Yes1 Associated Transcriptional Regulator (YAP1), Basigin
(BSG), Homeobox A10 (HOXA10), Tumor Protein D52 (TPD52), Ten Eleven Translocation 1 (TET1).
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initiating cell lines (T-IC). Furthermore, let-7 targets the 3’UTR
of HMGA2, a high-mobility group protein, and H-RAS mRNA.
T-IC cell lines have shown significant expression of both targets
due to the loss of let-7 activity. These targets’ expression was
reduced upon transfection of T-IC cell lines with let-7
lentiviruses (73, 76). Other well-known oncogenes are also
targeted by the let-7 family, such as MYC (Myelocytomatosis),
KRAS, NRAS, CDK6 (Cell division protein kinase 6), and CdC25
(Cell division Cycle) (77–79).

The second family is miR-200, consisting of miR-200a, b, c,
miR-429, and miR-141. These miRNAs regulate the cell self-
renewal via B lymphoma Mo-MLV insertion region 1 homolog
(BMi1), a known oncogene. This protein, BMi1at high levels,
inductees the cell transformation of mammary cells to BC stem
cells (80). Furthermore, a report by Jurmeister demonstrated that
miR-200c modulates cellular movements. The expression level of
miR-200c has been determined to correlate negatively with
formin homology 2 domain containing 1 (FHOD1) and
protein phosphatase, Mg2+/Mn2+-dependent, 1F (PPM1F)
levels which are known to promote EMT in BC cell lines by
modulating actin formation (81). The ability to move is a sign of
aggressiveness, explaining the loss of miR-200c serum in patients
diagnosed with triple-negative BC (82).

The third family is miR-10, which was dysregulated in several
human cancers, including BC (83). In BC patients, miR-10a was
significantly overexpressed in primary tumor samples and cell
lines (84). Additionally, the high expression of miR-10b is
associated with highly metastatic BC cell lines and in patients
with lymph node metastatic (85). In contrast, a study by Ma et al.
reported no significant correlation between miR-10b levels and
BC patients with distant metastasis (86, 87).

Moreover, many individual miRNAs were also found to
interact directly or indirectly with key molecular pathways
such as oncomirs or tumor suppressors, modulating BC
tumorigenesis. One of the most exceedingly expressed miRNAs
in BC has been identified as the oncomir miR-21, which plays a
critical role in cancer apoptosis, initiation, migration, and
invasion; furthermore, it correlates with tumor development
and poor outcomes (88, 89). Such as the significant diagnostic
power for miR-21 for BC prediction using Egyptian serum (90).
Remarkably, miR-21 targets and suppresses signal transducers
and activators of transcription 3 (STAT3) mRNA. Interestingly,
STAT3 elevation is an essential biomarker for early detection of
220 BC (8, 91).

MiR-155 is another oncomir that controls many pathways
associated with proliferation and reduced survival rates by
targeting BRCA1, which was identified to play a part in DNA
repair and initiation of BC and cell cycle progression (92).
Furthermore, miR-155 expression correlates with BC
metastasis (93). MiR-155 was also reported to affect apoptosis
pathways through caspase 3 by repressing the tumor suppressor
gene suppressor of cytokine signaling (SOCS1). Additionally, the
activation of miR-155 in BC results in the constitutive
stimulation of STAT3 through the JAK network. This pathway
induces interleukins and interferons’ production, leading to an
inflammatory response in BC development (94). This correlated
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with the circulating miRNA in mice plasma with breast cancer
that decreased significantly when introducing an anti-drug agent
miR-155 that reduced inflammation and tumor growth (95). In
2020, a study collected the circulating miR-155 from BC patients
and controls that predicted the disease even the grade type (96).

Another miRNA that is often silenced in BC is miR-335,
which suppresses all cancer phenotypes except proliferation.
miR-335 inhibits metastasis by inhibiting the extracellular
matrix protein tenascin-C and transcription factor SOX-4 (97).
In addition, miR-335 can reduce cell viability and enhance cell
death by modulating the BRCA1 activator network as a
metastasis suppresser. However, BRCA1 mutation is the
primary pathogenesis for BC and is already nonfunctional even
when upregulating miR-335 (98).

Meanwhile, miR-34a is one of the most studied miRNAs that
acts as a tumor suppressor and a miR-34b and miR-34c family
(99–102). Through targeting silent information regulator 1
(SIRT1), miR-34a induces cell cycle arrest, apoptosis,
inhibition of EMT, and proliferation of CSCs (99). Besides,
miR-34a targets multiple genes, including Fra-1, LMTK3, Bcl-
2, and Notch, implicated in BC tumorigenesis. Although
accumulating evidence indicates that miR-34a acts as a tumor
suppressor, the suppression of miR-34a was found to promote
docetaxel resistance in MCF-7 cells, a known docetaxel-resistant
cell (100). However, miR-34a is frequently repressed in BC,
which supports BC proliferation and survival (101).
Furthermore, this family can also target the mRNA of SIRT1
(silent mating type information regulation 2 homolog) and
MYC (102).

MiR-205 is also repressed in metastatic BC Deregulation of
miR-205 enhances BC cell invasion and proliferation (103). The
expression of miR-205 was found to inhibit cell growth,
clonogenic survival, and enhancement of response to tyrosine
kinase suppressors and anchorage- independent cell growth with
HER3 (104).

2.7 MicroRNAs as Prognostic Marks in
Breast Cancer
Predictive factors give information on whether a patient with
cancer will respond to treatment; these are also further used to
predict the risk of developing diseases. Unfortunately, despite the
marked advances in cancer treatment, chemotherapy resistance
remains a significant challenge. Thus, a better comprehension of
drug resistance mechanisms is necessary to enhance treatment
outcomes. Many factors are associated with drug resistance, such
as multidrug resistance protein 1 (MDR1), DNA repair
pathways, cell death, and epigenetic modification (105).
miRNA can interfere with drug targets that regulate cell
survival, apoptotic signaling, and DNA repair pathways.
Moreover, miRNAs could modulate cellular responses to anti-
cancer treatments (106). Nowadays, prognostic or predictive
factors have tremendous potential as biomarkers to guide
cancer treatment options. Prognosis predicts the development
and disease outcomes and their impact on life quality (107). The
most common dysregulated circulating miRNAs are also found
in body fluids such as blood. For example, hsa-mir-3662,
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hsa-mir-19a, hsa-mir-210, and hsa- mir-7 are located in seven
types of cancers. These miRNAs have been determined to
significantly impact cancer progression because they regulate
critical pathways such as mitogen-activated protein kinases,
apoptosis, phosphatidylinositol 3-kinase (PI3K), and Akt/
protein kinase B (108).

Interestingly, global dysregulation of miRNAs in many types
of cancer can serve as a key prognostic factor. For instance, Dicer
and Drosha expression loss are critical in miRNA biogenesis and
correlated with poor survival in cancer patients (45).

Collectively, this growing evidence indicates that miRNA
profiling and miRNA involvement in drug resistance could
help choose the right treatment strategies that most likely will
lead to positive outcomes for cancer patients (106). Such as
identifying eight miRNAs that can be used as a prognosis after
surgery and treatment for triple-negative BC to predict
recurrently. They are, miR-20a-5p, miR-455-3p, miR-486-5p,
miR-146b-5p, miR-107, miR-324-5p, miR-139-5p and miR-10b-
5p (109).

Furthermore, Li et al. identified miR-210 as a therapeutic
utility as a biomarker for BC recurrences (110). In 2020, miR-
622, a novel miRNA, coupled with poor survival in patients with
BC (111). Interestingly, miR-622 was isolated from the patients’
plasma in these studies, representing a fast and non-invasive
diagnostic method. Similarly, miR-4317 was correlated with
lymph node metastasis when it is down-regulated. Sheng et al.
used meta-analysis and found candidate targets for miR-4317,
and MYD88 mRNA was negatively correlated with a miR-4317
inhibitor that demolished the BC cell lines’ ability to migrate,
invite, and proliferate shown a significant biomarker value for
prognosis (112). Finally, a study demonstrated the potential use
of miRNA as an indicator for drug sensitivity and investigated
114 miRNAs and chemotherapy sensitivity in 36 BC lines, as
displayed in Table 1 (53). Also, we integrated the prognosis
factor for each of these miRNA using BC patient samples.
2.8 MicroRNAs Reported in BC Patients
From Saudi Arabia
BC is still considered a significant disease that affects women,
even in developed countries, including Saudi Arabia. More than
1.9 million women are estimated to have BC in 2020, which
increased by 18.4% from 2012 (113). According to the Global
Cancer Observatory 2018, BC ranked as the most common
cancer in Saudi Arabia in both genders; however, it is more
common among females. Additionally, BC was identified as the
second leading cause of death after leukemia (113). The
incidence rate of BC reported between 2010 and 2017 among
females ranged from 3 to 8 confirmed cases out of 1000 admitted
patients to the Armed Forces Hospital Southern Region,
recording the highest rate in 2017 (114). The major cause of
death in Saudi BC patients is distal metastases, representing
44.92%, followed by regional metastasis 42.92%; it was
determined that 12.15% of deaths had localized diseases (115).
These results further highpoint the need for improved screening
methods. Qattan et al. used a non-invasive method to isolate
Frontiers in Oncology | www.frontiersin.org 691
circulating miRNAs from Saudi female BC patients’ plasma.
They identified five significantly elevated miRNAs compared to
the control groups. These miRNAs included hsa-let-7i-5p, hsa-
miR-25-3p, hsa-miR-16-5p, hsa-let-7b-5p, and hsa-miR-199a-
3p. Furthermore, hsa-let-7b-5p, hsa-let-7c-5p, and hsa-let-7i-5p
miRNAs were determined to be specifically elevated in luminal
BC patients and triple-negative BC samples except for hsa-let-7c-
5p. Interestingly, miR-195 was elevated in triple-negative BC
(75). Using global miRNA profiling of 23 female BC patients
from Saudi Arabia, Hamam et al. were able to identify several
circulating miRNAs, including hsa-miR- 308 1290, hsa-miR-
188-5p, hsa-miR-1225-5p, hsa-miR-4270, hsa-miR-1202, hsa-
miR-1207-5p, hsa- miR-4281, hsa-miR-642b-3p, and hsa-miR-
3141. Remarkably, they could concentrate and isolate more
miRNAs from the patients’ blood samples using a speed
vacuum method. The isolated miRNAs were used as a
biomarker signature for early-stage detection of BC (116).
However, Hamam et al. reported that hsa-miR-155 and hsa-
miR-21 were not significantly elevated in the patients’ plasma
samples, although reported in other cohort studies. Moreover,
Alshatwi et al. found that the miRNAs hsa-miR-146a, hsa-miR-
499, and hsa-miR-196a2 were significantly upregulated the blood
of 92 patients with BC from Saudi Arabia. Additionally, they
identified unique genotypic miR-423 (TT) variances in 100 Saudi
BC patients compared with matching healthy individuals (117).
These genetic variances were associated with metastases and
advanced- stage BC (118). Another recent study by Alajez et al.,
which aimed to discover miRNA biomarkers in samples from
Saudi patients to predict metastases (119), reported the
downregulation of seven of the miR-200 family of miRNA,
including hsa-miR-200a, b, and c in patients with metastasis
compared with the primary tumor samples. Other miRNAs
identified included hsa-let-7c-5p, hsa- miR-214-3p, hsa-miR-
210-3p, and hsa-miR-205-5p, which were also downregulated.
The miRNA, hsa-miR-205-5p, was found to modulate Myc,
forkhead box O1 (FOXO1), and the amphiregulin (AREG)
pathways. Additionally, the expression of hsa-miR-214- 3p and
hsa-miR- 205-5p was correlated with a low survival rate.
Furthermore, the global miRNA expression profile confirmed
the upregulation of hsa-miR-146a, confirming the findings of
Alshatwi et al. reported in Saudi plasma samples, along with
other miRNAs such as hsa-miR-150-5p, hsa-miR-155-5p, and
hsa-miR-142-5p.
2.9 Clinical Application Using Circulating
miRNAs in Breast Cancer Patients
To view the latest clinical pilots (August 2021) approved by the
Food and Drug Adminis t ra t ion (FDA) , and used
ClinicalTrials.gov and searched for keywords: circulating,
miRNAs, and breast cancer. The results have shown eleventh
clinical trials with various statuses. However, only five shown are
completed; however, these studies did not publish their results.
The majority of the studies were completed in France and Italy
and one in Poland. Study no. NCT01612871 and NCT03255486
focused on identifying circulating miRNAs correlated with
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hormonal treatment and neoadjuvant chemotherapy responses
in patients’ blood with and without metastases. The other two
studies NCT02065908 and NCT02618538 focused on screening
women’s blood for early detection of breast cancer. Finally,
NCT02065908 to detect cardiotoxicity in BC serum patients
because of anthracycline chemotherapy administration.
2.10 Strategies in Targeting MicroRNA
and Challenges
One of the main rational for targeting miRNA is their ability to
crosslink with enormous genes. miRNA’s complex networks can
manipulate the cell apoptosis, EMT, chemotherapy resistance,
and cell cycle, making it a unique therapeutic target. However,
few strategies to interfere with these miRNAs were proposed,
such as antisense oligonucleotides, locked nucleic acid, miRNA
sponges, recovering tumor suppressor miRNA expression.

2.10.1 Antisense Oligonucleotides
MicroRNA based treatment is divided into a first and second
generation. The first is synthesized as double-strand small RNA
that is antisense (RNA mimicry) to target miRNA. In the second
generation, a single strand directly targets the mature miRNA
strand, antagomirs. Blocking oncomirs using antisense that is
modified and specific to the mature miRNA has shown
promising results, demonstrated in Figure 2. This approach to
block miRNAs was enhanced by adding chemical groups to
increases RNA affinity to the target by adding the 2’-O-
methoxyethyl group to the antisense oligonucleotides that also
stabilized and protect them from nuclease activity. Hutvágner
and his team used this principle to successfully silence an
endogenous miRNA let-7 in vivo and vitro (120).

Similarly, Esau et al., 2006 conjugated the 2’-O-methyl group, and
oligonucleotides phosphorothioate reduced the endogenous miR-
122 in vivo (121). In 2007,Krutzfeldt andhis collageused antagomirs,
2’-O-methyl group, oligonucleotides phosphorothioate, and
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cholesterol. They injected antagomirs into the tail vein targeting
miR-122, which is extremely rich in mice liver. Interestingly, these
antagomirs downregulating the endogenous miRNA-122 in 24
hours (122).

2.10.2 Locked Nucleic Acid
Competing with the antagomirs, the Elmen team also targeted
the endogenous miRNA-122 but used a ribose ring locked with
methyl group by connecting the 2′-O atom and the 4′-C atom.
That gave the molecular more affinity, stability at a significantly
lower dose than the conjugated cholesterol by the Krutzfeldt
investigation team, illustrated in Figure 2 (123).

2.10.3 MicroRNA Sponges
“miRNA sponges” was first presented in 2007 by Margaret and
colleges. The term “miRNA sponges” is used to describe a vector
with a robust mammalian promoter that transcript competitive
tandem binding sites to a specific miRNA or a complimentary seed
sequence for a family of miRNA. A seed sequence or region is the 2-
8nt bases at the 5’ of the miRNA complementing a specific subset of
targets (mRNA) (124). This seed region is critical and based on it
miRNA family is classified. It was successfully introduced in a
transgenic animal (Drosophila microRNA sponge), demonstrating
the miRNA functionality in vivo (125).

2.10.4 Recovering Tumor Suppresser
MicroRNA Expression
One of the hallmarks of cancer is the inactivation of tumor
suppressors. As we showed, many miRNAs can function as
tumor suppressors by targeting another oncogene mRNA. Using
the same principle as the antisense oligonucleotide, rather than
targeting to repress the miRNA replaces the lost one, miRNA
mimic. Introducing miR-15a and miR-16 induces cell arrest and
apoptosis in prostate tumor xenografts (126). Similarly, miR-29b
oligonucleotide on the acute myeloid leukemia xenografts model
activates cell death (127). Another method to deliver the
A

B

FIGURE 2 | miRNA therapeutics and delivery methods. (A) showing the chemically modified oligonucleotide to sustain RNA stability. Such as, adding 2’-O-methyl
group, linking the 2′-O atom and the 4′-C, or adding sulfur to phosphate group (phosphorothioate). (B) Methods that are used to increases RNA delivery (miRNA or
RNAi). Using adenovirus, liposomes vehicles and synthetic polyethylenimine. Created with BioRender.com.
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oligonucleotide is using viral vectors. Adenovirus vectors do not
intergrade their genome host, making it a great model for providing
oligonucleotide. Reducing toxicity and with highly transduction
efficiency and accuracy (128). In 2009, Kota and colleges
successfully overexpressed miR-26a significantly omitted in
hepatocellular carcinoma cell lines using an adenovirus-
associated vector. MiR-26a target transcript activates cell cycle,
cyclin D2 and E2 making it a great target to investigate in vivo.
Transduction miR-26a in mouse animal models for hepatocellular
carcinoma protected the mice from liver cancer (128).
2.10.5 MicroRNA as a Therapeutic Target
and Challenges
Using miRNAs as anti-cancer therapy or targeting their genes
could serve as novel treatment strategies to overcome several cancer
phenotypes, such as drug resistance and metastases. miRNAs could
be targeted by using antisense oligonucleotides specific to certain
oncomirs to block their oncogenic activity. Additionally, miRNAs
that act as tumor suppressors could be developed as novel
therapeutic modalities. To view the latest clinical trials, we used
ClinicalTrials.gov and the drug name. A handful of approved
miRNA by the FDA had reached the clinical trials, described in
Table 2. However, over 50 RNA interferences (RNAi) drug
treatments are ongoing or completed the clinical test with similar
methods in delivery and mechanism as miRNA, explained in
Figure 2 (129). For example, the first RNAi mediated drug that
reached the market by Alnylam Pharmaceuticals was for hereditary
transthyretin-mediated amyloidosis disease in 2018 and RNAi drug
for acute hepatic porphyria in 2019 (130).

Nevertheless, newer or enhanced delivery methods have been
developed that increase the efficiency of miRNA therapy reached
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clinical trials, such as neutral lipid emulation, liposomes, and
synthetic polyethylenimine demonstrated in Figures 2 and 3 (131,
132). Moreover, a system using bacterium-derived 400 nm particles
conjugated with EGFR antibodies to deliver miR-16 mimics
ongoing clinical trials, known as TargomiRs. Similar, small RNA
can be linked to N-acetyl-D-galactosamine (GalNAc), another
system that uses the cell endocytosis mechanism in phases 1 and
2 and continuing, displayed in Table 2. However, the miRNA
therapy field is still facing many challenges and young in the
therapeutic area similar to RNAi therapeutics, including delivery,
stability, off-target effects, and safety (133). Furthermore, miRNAs
detected in Saudi Arabia BC patients are still limited, and further
studies are needed to provide clinicians with guidelines before
applying miRNA-based treatments.
2.11 Conclusion
To date, there have been significant scientific research findings
demonstrating the functionality of miRNAs as markers for the
prediction, prognosis, and diagnosis of cancer. In addition,
accumulating evidence suggests that the suppression of oncomirs
or stimulation of tumor-suppressive miRNAs could be used to
develop novel treatment strategies, such as RNAi and miRNA-
based therapeutics (133). These technologies will significantly lower
diagnostic costs, robust the clinical treatment methods, and add
molecular targeting to enhancepatient prognoses.However, thisfield
is still evolving and still facingmany challenges that need to be solved.
For example,more profiling formiRNAand identifying their targets,
reducing the off-target toxicity, creating a better chemical
modification increases cellular uptake to the oligonucleotide, viral
delivery efficiency, and safety. However, many preclinical tests are
shown promising results as researchers are currently focusing on
FIGURE 3 | RNAi mechanisms. After transfecting the double strand RNA, it is cleaved by DICER to form a smaller double-stranded miRNA. Then loaded as a guide
for the miRNA-induced silencing complex (miRISC) to target the mRNA. Created with BioRender.com.
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these issues, andpharmaceutical companies show interest in this area
presentation opportunities to grow.
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Over 90% of potential anti-cancer drug candidates results in translational failures in clinical
trials. The main reason for this failure can be attributed to the non-accurate pre-clinical
models that are being currently used for drug development and in personalised therapies.
To ensure that the assessment of drug efficacy and their mechanism of action have clinical
translatability, the complexity of the tumor microenvironment needs to be properly
modelled. 3D culture models are emerging as a powerful research tool that
recapitulates in vivo characteristics. Technological advancements in this field show
promising application in improving drug discovery, pre-clinical validation, and precision
medicine. In this review, we discuss the significance of the tumor microenvironment and
its impact on therapy success, the current developments of 3D culture, and the
opportunities that advancements that in vitro technologies can provide to improve
cancer therapeutics.

Keywords: 3D culture systems, personalised medicine, drug resistance prevention, tumor microenvironment, 3D
bioprinting, extracellular matrix, microfluidics
INTRODUCTION

Uncontrolled division of neoplastic cells results in the development of a tumour mass composed of a
large variety of cellular and non-cellular components, including the heterogeneous population of
cancer cells, infiltrating and resident normal cells, extracellular matrix (ECM) proteins and secreted
factors. This complex and highly heterogeneous conglomerate of multiple cell types and extracellular
components inside of the tumour mass is known as the tumour microenvironment (TME) (1). The
interacting networks established in the TME among cancer cells and the other cell types are the key
contributors to the hallmarks of cancer and determine the aggressiveness of the tumour (2–4).
Furthermore, this tumour heterogeneity within the TME widely contributes to the extent of patient
responses to anti-cancer therapies (5). Resembling the network and the heterogeneity involved in
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every type of cancer is considered one of the most challenging
practices among oncology researchers globally. However,
understanding the molecular features in the TME of each cancer
is fundamental for the successful development of clinically
translatable anti-cancer drugs.
MODELLING THE PHYSIOLOGY OF TME
FOR DRUG TESTING

The complexity within the TME is propagated by the
heterogeneous nature of different tumor entities; that is each
individual tumor harbors its own unique intricacies comprised
of structural, cellular, genetic, and molecular composition. Our
continuous effort to improve our understanding of oncology has
led to the development of more effective diagnostic and
therapeutic approaches. However, we are also simultaneously
unravelling the anomalous disease complexities within cancer
that challenges clinical success. In a comprehensive survey of
clinical success rates by Hay et al., oncology drugs were found to
have only a 6.7% success rate of being approved (6), with other
studies estimating as low as 3.4% (7). There are various reasons
that contribute to this high rate of failure including 1) inadequate
Frontiers in Oncology | www.frontiersin.org 299
efficacy from poor biodistribution and metabolism of the drug –
unsatisfactory therapeutic index; 2) safety concerns associated
with significant side effects and off-target toxicities; 3) financial
or commercial issues such as insufficient funding or patient
recruitment and retention (8–11). Ineffectiveness of therapies is
the most common factor (57%) attributed to failure during clinical
development (10, 11). Unfortunately, most experimental drugs
that were designed through using pre-clinical models to
therapeutically target known molecular components are poorly
translated to clinical practice.

During the pre-clinical phase, the most commonly employed
cancer models are 2D cell cultures before transitioning to in vivo
mice models (Figure 1) (12). Drug testing in animals prior to
clinical trials have been a mainstay for determining drug efficacy
and toxicity; however, there are also various issues associated with
animal models, from increased costs, logistic demand, limited
bioavailability, and an increasing ethical concern (13–15).
Although these models have provided us with better insights
into tumor biology and have made a significant impact on
approaches to cancer healthcare, they do not accurately
recapitulate the complex TME and molecular features within a
human tumor (16, 17). The dismal results of clinical translatability
of drugs developed from pre-clinical models highlight the
limitations of our current understanding (16). Currently, one of
FIGURE 1 | Advantages and disadvantages of drug development using different pre-clinical models and clinical trials. The physical features when using a pre-clinical
model is crucial to ensure physiological relevance. 2D cell cultures is a widely adopted and well-established model that has been used consistently in drug discovery
and high throughput screening. However, cancer cells cultured in 2D do not recapitulate the biology of an in vivo tumor and thus has very poor performance for clinical
prediction. As such, the use of more complex models such as 3D cell culture and mice models has been more representative of clinical cases compared to 2D cell
culture. However, the standardized implementation of these models for applications in high content screening and personalised medicine remains a challenge.
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the major obstacles for delivering better cancer patient cares is
associated with accurate diagnosis and prediction to therapeutic
responses (18). As such, the importance of developing more
accurate, cost-effective, and efficient pre-clinical technologies for
better in vitro and in vivo models are crucial to creating more
efficacious therapies, predicting therapeutic outcomes, and
guiding clinical practice.

Bridging the Pre-Clinical Gap:
3D Culture Models
Many researchers use 2D cell cultures as the in vitro pre-clinical
model for testing anti-tumor drugs before proceeding with in vivo
trials (13). This is primarily due to the convenience, simplicity and
cost-effectiveness of using a 2D cell culture as a model (Figure 2).
Frontiers in Oncology | www.frontiersin.org 3100
However, it is evident that results attained from 2D in vitromodels
have almost no clinical translatability to human tumors (13). The
2D monolayer cultures have been optimized to grow on rigid
plastic surfaces and thus fail to capture the crucial elements that
make up the complex 3D tissue architecture of the TME, which
ultimately affects the cellular response of cells to drugs and the off-
target effects. While 2D cultures are still predominantly used for
drug discovery due to its simplicity and compatibility with high-
content screening platforms, 3D culture systems have numerous
advantages over 2D cell culture. Thus the transition to 3D
preclinical models have become more appealing as improvement
in tissue engineering technology has made 3D cell culture more
adaptable and tunable over the microenvironmental factors to
better reflect the functional pathology of in vivo tumors.
FIGURE 2 | Physiological differences between 2D cell culture and 3D cell culture. Cells develop as a 2D monolayer adopt an apical-basal polarity when plated on a
culture flask or a petri dish. The environment that cells are exposed to within the culture flask is a poor representation and does not accurately recapitulate
physiological conditions. Comparatively, 3D cultures provide greater biological relevance and cellular response to perturbations are more reflective of in vivo.
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The emergence of 3D cell culture models as research tools
plays a vital role during early pre-clinical drug development.
Recently there has been a paradigm shift in the way researchers
study the TME; 3D models are able to better mimic the in vivo
microenvironment compared to 2D cell culture and their
applications are simpler, more efficient, versatile, and cost-
effective compared to using animal models (13). Currently,
intense efforts are taken to generate new cell lines that
represent the vast heterogeneity of tumors. Three-dimensional
cultures offer a higher chance to represent the genomic diversity
and allow testing of new drugs targeting specific signaling
pathways. Additionally, 3D culture is a more efficient way to
generate new patient-derived cell lines that fail to grow in 2D.
For example, in breast cancer and melanoma, tumor circulating
cells derived from patients are successfully grown under hypoxia
conditions in suspension cultures (19, 20). And in prostate
cancer, organoid models from patient-derived xenografts can
be also used to assay drug sensitivity (21).

Furthermore, cells embedded within a 3D matrix self-assemble
to form structures more similar to their organisation in vivo and
enable better intercellular contact and communication. Recent
advancement in 3D culture has led to the development of new
technologies that can generate more complex 3D cell models that
aim to bridge the gap between 2D cell culture and animal models.
The improved biological relevance of 3D models is due to several
key features: dimensionality, presence of ECM, and concentration
gradients (Figure 2).
Frontiers in Oncology | www.frontiersin.org 4101
3D Cultures – Dimensionality
3D culture models cultivate a more relevant pathophysiological
microenvironment that allows cells to aggregate, proliferate, and
display phenotypes as they do within the body. The complex
cellular interactions between other cells and the 3D matrix are
crucial for maintaining regular cell structure, function and
mobility. Since cell migration occurs in three dimensions the
matrix provides a topology that mimics the 3D architecture of a
tissue, allowing cells attach and interact with their surrounding
environment (22). The dynamic tensile forces from the matrix
play a crucial role in cell migration and are involved in activating
pathological mechanisms associated with invasion, ECM
remodeling, and metastasis (23, 24). Kock et al. had conducted
a study investigating the biomechanical tractions utilized by
various carcinoma cells to invade through a collagen gel.
Interestingly, the level of matrix contraction was not associated
with invasiveness, but rather the cellular adoption of an
elongated spindle-like morphology and the complexity of the
collagen deformation (24). Furthermore, fibroblasts were
reported to migrate more rapidly on a 3D matrix and
maintained a more spindle-like characteristic compared to
those that were cultured in 2D (25). Contrarily, cells grown on
a 2D plane have much less physical hindrance as they move
across a planar surface that is only impeded by surface inhibition
(23). As such, 3D cultures have been used to elucidate the
mechanisms that drive cancer invasion and metastasis. For
example, matrix degradation and ECM remodeling are key
FIGURE 3 | Advantages and disadvantages of various 3D culture approaches. The key features of 3D culturing aim to improve the biomimicry and predictive value
of pre-clinical models. Suspension cultures and scaffold-based approaches are easier to implement in the lab and upscale for high-throughput. Advancements in
microfabrication technology such as microfluidic chips and 3D bioprinting have resulted in more complex and physiologically-relevant models that can be generated.
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factors involved in invasive malignancy and have been studied in
ex vivo models to identify potential targets for cancer therapies,
such as inhibiting matrix metalloproteinases and invadopodia
formation (26–28).

3D Cultures – Extracellular Matrix
The ECM has been well established to influence cell behaviour
and response to external factors (29, 30). Cellular phenotypes
and functions are dictated by a complex network of signaling that
occurs within the context of the microenvironment through cell-
cell communications, cell-ECM interactions, soluble factors, and
small molecules (29). The importance of these dynamic
interactions between cells and its surrounding ECM becomes
apparent as cells grown in 3D adopt physical and genetic
properties more akin to in vivo, such as morphology,
phenotype, and expression profiles; whereas 2D monolayers have
more vastly different characteristics forced by the unnatural plastic
environment (31–33). Additionally, the biomechanical properties of
the ECM can modify the signal transductions that occurs within the
microenvironment via the spatial organisation of cells, stiffness of
the matrices, and physical constraints to hinder cell mobility (29,
34). During tumorigenesis, the stiffness of the ECM causes
compressive stress that increases the mechanical pressure as the
tumor grows and expand. This increased ECM resistance promotes
cell-ECM and cell-cell within the tumor communications that can
induce hyperactivated mechanotransduction pathways such as
RHO/ROCK (35). Consequently, this upregulation of ROCK can
increase cancer cell proliferation, migration, epithelial-
mesenchymal transition (EMT), and cancer-associated fibroblast
(CAF) reprogramming to promote tumor progression (35, 36).
Within the ECM various molecules can also regulate the behaviour,
differentiation, migration, and phenotypic fates of cells (37). These
can include: glycoproteins such as laminin and fibronectin that
connects structural molecules together or with cells to orchestrate
cell attachment and migration through the ECM; ECM fibres such
as collagen and elastin to provide structural elements of tensile
strength and elasticity; and proteoglycans such as hyaluronic acid,
keratan sulphate, and chondroitin sulphate, that can regulate
structural and adhesive properties of the ECM, angiogenesis, and
sequester growth factors (37, 38). Additionally, drug sensitivity in
cells can be variable based on cell-ECM interactions and spatial
positioning of cells relative to the ECM (30, 39, 40). Changes in
ECM composition and its biophysical properties do not only alter
cell phenotype but can also regulate the cellular response to drugs,
such as promoting acquired resistance or reducing drug
accumulation within the tumor (41, 42).

3D Cultures – Concentration Gradient
Soluble metabolites, oxygen concentration, and pH throughout the
TME can strongly affect the tumor pathophysiology and the efficacy
of therapies (39–41). These components exist as a gradient within
the tumor; peripheral cells in closer proximity to blood vessels have
more access to soluble constituents and oxygen, which decreases as
it diffuses through the ECM to the tumor core. The concentration
gradients of growth factors, nutrients, wastes, and gases compounds
to the intratumoral heterogeneity and influences the signaling
within the microenvironment including cell function,
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proliferation, morphogenesis, and chemotaxis (30). As such, cells
grown in larger 3D aggregates also mimic the in vivo condition by
existing in various proliferative states based on nutritional access
that is restricted by the concentration gradient. From the peripheral
to the core of the spheroid is composed of the outer proliferative
zone, semi-peripheral quiescent zone, and the central necrotic zone,
where each region is in different cell cycle stages (34). This difference
in cell cycle stage amongst cancer cells in 3D cultures also
contributes to the variable sensitivity of drugs and tumor
recurrence from quiescent cells (32, 34). Since blood vessels are
unevenly distributed throughout the tumor, regions with low or
absent vasculature are hypoxic and acidic and contain high
interstitial oncotic pressure (43). In the context of
pharmacokinetic, the concentration gradient limits the penetrance
of drugs through the tumor and attains a dosage sufficient to exert
their therapeutic effects on all the cancer cells (44). In addition, the
half-life of drugs also determine the distribution of the agent
throughout the tumor; drugs with a long half-life will have more
uniform distribution across the tumor even if the rate of the
diffusion is low, whereas drugs with a short half-life will have a
nonuniform distribution (45). Most research also focuses on the role
of mechanisms of action for drugs or therapy resistance, however
the physiochemistry of drugs is often neglected (44). As a result, the
impeded distribution and diffusion of pharmaceutical agents
through the tumor still remains one of the major challenges in
anti-cancer treatments. This important, yet often overlooked, the
property makes 3D cultures a more accurate model to study the
impact of pharmacokinetics and even bacterial biodiversity (46)
from concentration gradients (47); compared to cells in 2D cultures
which are all homogenously exposed to nutrients and agents (30).

3D Cultures – Microbiome
The clinical research on the association of microbiota and cancer
started in 1868 by William Busch. After centuries of research,
increasing evidence implicates that microbiota influences the
TME, tumor metabolism, and tumor immunotherapy response
(48). For instance, gut microbiota dysbiosis may induce breast
tumorigenesis (49). The influence of microbiota in
tumourigenesis and tumor progression may differentially
impact different types of tumors, as it has been demonstrated
the existence of tumour type-specific intracellular bacteria (50).
This tumour microbiome diversity, specificity and relevancy
provide both challenges and possibilities for tumour treatment
(51). Modelling the interactions of microbiota and tumour offers
an efficient method to understand the inner correlations and
evaluate the microbiota-target drugs.

Compared to the 2D cell models, the 3D culture can replicate the
mechanical cues of solid tumors and the chemical gradience (pH,
hypoxia, lactate, etc.), which influence the microbiota proliferation,
distribution, movement, variety, and metabolism. This, in turn,
could affect the metabolite levels in the TME, for instance, by
regulating the gene expression (52). Stem-cell derived organoids,
relying on 3D culture, have become indispensable tools to
investigate the host-microbiota interactions (53). For instance,
intestinal organoids usually form luminal structures within the
hydrogel’s matrix where the bacteria of interest can be
microinjected (54). As such, stomach organoids were modelled
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with Helicobacter Pylori (55). The organ-on-chip approach could
also mimic the complexity of 3D tissues or tumors, which attracts
more attention to the study of microbiome and disease, an example
of this approach has been applied to the gut-microbiome on a chip
(56, 57). The bidirectional interactions of drugs with local
microbiota manipulate the host response to chemotherapeutic
drugs (49, 51, 58, 59), which potentially highlights the importance
of 3D cultured models in pharmomicrobiomics. In addition, with
the fast development of engineered microbial therapies, 3D cultures
become a good candidate for more reliable screening, enabling
parallel and long-term monitoring (60).
APPROACHES TO 3D CULTURE MODELS

Anti-cancer drug screening and the development of new
personalised therapies are primarily conducted in 2D cultures
of cancer cell lines (30). Researchers have generated the Cancer
Cell Line Encyclopedia to help provide predictive modelling of
anticancer drug sensitivity (61, 62). 2D cultures are a mainstay in
biological research and have provided us with a deeper insight
and understanding of cancer mechanisms, biomarker discovery,
and stratification of tumour profiles. From a drug-development
perspective, the improvement of more predictive preclinical
models is essential to permit the earlier dismissal of drug
candidates from clinical trials and reduce pharmaceutical
cost – the development of a new drug is estimated to be
$2.6billion (63). The disparate response to therapies observed
in 2D cultures and in mouse models becomes evident in clinical
trials, in which oncology drugs are known to have as low as 3.4%
success rate (7). For example, the drug Palifosfamide was a DNA
alkylating agent used as a first-line treatment for metastatic soft
tissue sarcoma that had failed in Phase III PICASSO 3 trial due to
not being able to meet its primary endpoint of progression-free
survival in patients (NCT01168791). Within the lab,
Palifosfamide demonstrated cytotoxicity in sarcoma cell lines
with an IC50 range of 0.5-1.5ug/mL and treatment in xenograft
SCID mice resulted in tumour growth inhibition and improved
event-free survival (64).

Recapitulation of the fundamental tissue environment within
the human body is essential for the proper evaluation of drug
effectiveness. From both the cellular populations to the acellular
compositions, such as the ECM, pre-clinical models aim to
replicate both pathophysiological and healthy bodily functions.
Mimicking the complexities of all the biological processes in a
single model is highly challenging. Therefore, researchers are
developing new techniques to make 3D culture more applicable
and easier to implement (Figure 3). As such, 3D cell cultures are
becoming more convenient and accessible while allowing
researchers to improve upon the traditional in vitro 2D cultures,
aiming to model more native-like interactions of tissues to study
their mechanisms.

Suspension Cultures
Spheroids are grown as aggregates in suspension and have been
applied in various cell types, such as cancer cells, hepatocytes,
and stem cells (65). Additionally, they can be grown as a
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monoculture or together as a co-culture with other cell types
to provide more physiologically relevant interactions. In a study
by Courau et al., colon cancer cells were co-cultured with T cells
and NK cells to evaluate tumour-lymphocyte communication
and test immunomodulatory antibodies (66). Spheroids are able
to recapitulate the in vivo characteristics of intercellular
communications, cell-ECM interaction, and behaviour. The
size of spheroids are dictated by the initial seeding cell
number; thus it is crucial to optimize the culture conditions to
ensure that the spheroids do not become too large and suffer
from hypoxia and necrosis from poor nutrient diffusion (30).
Spheroids can be generated through 1) hanging drop; 2); low
adhesion plates 3) magnetic levitation.

The hanging drop technique is one of the earliest methods of
developing 3D cell culture (67). This technique uses specialized
hanging drop plates that contain a bottomless well where the
droplet of media forms. Cells aggregate within the small droplet
of culture media to generate the spheroid over several days. Co-
culturing can be conducted by adding cells during the initial
dispensing or from consecutive addition of the cells (65).
However, transfer of the spheroids from the hanging drop
plate to another non-attachment plate will be necessary if
growing larger spheroids or downstream assays. The hanging
drop technique is relatively facile and efficient and has been
adapted for use in various cell lines for toxicity testing and drug
screening (68, 69). This technique has very high reproducibility
with consistent size spheroids (70).

Low adhesion plates have a low attachment coating on the
surface of the wells that reduces cell adherence and promotes cell
aggregation into spheroids. The coating can include the non-
adherent poly-HEMA or agarose (30). Larger volumes of media
can also be used in the low adhesion plate allowing a more
efficient generation of tumour spheroids. Furthermore, low
adhesion plates are designed for high-throughput screening,
allowing 3D cell culturing and assaying within the same, unlike
the hanging drop technique (65).

Magnetic levitation generates spheroids through the use of
magnetic nanoparticles. Cells are incubated with the nanoparticles
for several hours to overnight and are then loaded in a low
adhesion plate. The low adhesion plate minimizes cell adhesion
to the plate while the application of a magnetic field above the
plate incites cells to aggregate and produce the spheroids, which
can be maintained without requiring a continuous magnetic force.
The spheroids can then be subsequently manipulated using other
magnetic tools, such as to accelerate cell migration (71). Magnetic
levitation can be scalable for use in high throughput screening and
drug discovery (72).

Hydrogel Scaffold Models
Biomimetic scaffolds that model the ECM have been developed
over the past few decades to develop microenvironments that can
overcome the limitations of traditional 2D cell cultures. In
particular, hydrogels have gained interest as physical support
that provides the architecture, topology, and biomechanical
properties which enables more in vivo-like cellular behaviour
and communication. Hydrogels can be used to generate various
natural and synthetic ECMs that simulate the microenvironment
November 2021 | Volume 11 | Article 782766

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Law et al. 3D Culture in Cancer
and stiffness of most soft tissues (29). The internal structures of
hydrogels consist of networks of cross-linked polymers that can
be moulded through mild gelation conditions that have minimal
cytotoxicity (13). Furthermore, hydrogels can be chemically
modified to tailor matrix stiffness and viscoelasticity (73–75).
Integrin interaction (76, 77), growth factor binding (78), and the
3D organisation of the cells (79) can be tuned through the
decoration of hydrogel with a variety of peptides (80, 81).
ECM remodeling and cell migration can be facilitated through
the inclusion of degradable MMP cleavage sites (76, 77), while
the synthetic ECM environment can be enriched with matrix
proteins including collagens (82), laminins (83), and fibronectin
(84), as well as critical matrix molecules such as hyaluronic acid
(hyaluronan) (85). This customizability allows hydrogels to have
extensive application and versatility in biological research by
offering a range of physical and biochemical characteristics.

Natural hydrogels are derived from sources that are inherently
biocompatible (29). Various ECM constituents have been derived
from materials such as collagen, fibrin, hyaluronic acid, alginate,
and the commercial product Matrigel, a reconstituted basement
membrane extracted from murine sarcoma cells (86). These
hydrogels have various endogenous factors that promote
bioactivity and sustain natural cell function, proliferation, and
differentiation. For example, collagen is a widely used ECM that
orchestrate controlled cell migration, proliferation, and response
to therapies through alteration in stiffness and collagen
concentration (87, 88). A study from Puls et al. had studied the
progression of metastasis in pancreatic cancer using 3D matrices
created with type I collagen and found that exposure to fibrillar
collagen induced EMT (89). Increased density of collagen fibril
resulted in closer arrangements of cell clusters and matrix stiffness
(89). Alginate is also a natural polymer derived from brown algae
that can gelate via ionic crosslinking of the polysaccharide
backbone by divalent cations, such as calcium, magnesium, or
barium (73, 90). The stiffness of alginate hydrogel can be modified
based on the level of cross-linking that is dictated by the
concentration of the crosslinking agent. Importantly, alginate
gels are inert as they do not contain any mammalian cell
adhesion ligands, and with their low protein adsorption, makes
them ideal as a matrix for the encapsulation of cells and tissue
(91). Additionally, alginate gels under neutral pH and room
temperature, resulting in minimal cellular disruption under
gelation conditions (90). Alginate can be biofunctionalized with
the addition of adhesive and hydrolytic moieties and has been
used as a matrix for various biomedical applications (92–94). A
key advantage of alginate matrices is that cells can be easily
recovered by dissolving the alginate with a chelating agent, such
as sodium citrate. Recently, alginate matrices have been proposed
for drug screening in breast cancer tumoroids derived from tumour
pieces that retain luminal mechanics (95). Hyaluronic acid is
another natural hydrogel that has major biomedical applications
due to its high moisture retention and viscoelasticity (96).
Hyaluronic acid is a non-immunogenic polysaccharide that is
found ubiquitously in the ECM in epithelial and connective
tissues and is involved in wound healing, inflammation, and
embryonic development (96). It can be modified with functional
Frontiers in Oncology | www.frontiersin.org 7104
groups allowing for a diverse range of applications in regenerative
medicine, oncology, and bioengineering (97–101). However, some
drawbacks of natural hydrogels can include poor control over the
gelation condition, uncontrolled polymer network structures, lower
mechanical integrity, and lower experimental reproducibility due to
batch-to-batch variations (65, 86).

Synthetic hydrogels are inert scaffolds that permit a higher
degree of modification for desired biological or physical
conditions, such as biodegradability, porosity, functionalization
with adhesive peptide sequences, growth factors or cleavage sites
(29, 30). Compared to natural hydrogels, synthetic gels are
cheaper and add improved experimental reproducibility as it
has a lower batch to batch variation during manufacturing and
can be adapted to suit the research need. However, the
disadvantage of most synthetic hydrogels is that they act as a
minimalistic matrix and have a less complex microenvironment
due to the lack of endogenous factors that are generally present
in natural hydrogels (29). As such adhesive moieties and catalytic
sites need to be crosslinked into the synthetic scaffold to improve
their biofunctionality, such as peptides that can mimic
fibronectin or laminin-integrin binding (102, 103). Various
non-natural sources can be derived to produce these matrices,
such as polyethylene glycol (PEG) (104, 105), polyvinyl alcohol,
and polylactic acid (PA) (30, 106). PEG has been used for various
3D culturing and tissue engineering applications. For example,
PEG has been cultured with breast cancer cells and CAFs to
evaluate drug resistance through pathways associated with
tumour-stromal interactions (107, 108). In another study,
Caiazzo et al. found that PEG can facilitate pluripotency by
manipulating the microenvironment of the matrix to create a
“reprogramming niche” that promotes MET and increased
epigenetic remodeling capable of shifting the somatic cell fate
(109). Biomechanical strain and tension induced by the matrix
have been reported to modulate the epigenetic and
transcriptomic state of cells as a response to their surrounding
environment (110–112).

Microfluidics System
The advancement in microfabrication technology has led to the
development of microfluidics systems that provides more dynamic
microenvironments. These systems are designed with specific
structures and scaffolds that can be manufactured through
patterning techniques such as soft lithography, photolithography,
and micro-contact printing (65). Microfluidics permits precise
control over small volumes of fluid through hollow channels that
can be smaller than 1µm in diameter (13). These devices or chips
have been an essential development in microsystems technology
that can generate and manipulate the fluid flow and spatiotemporal
gradients to improve the biological relevance of in vitro models
(113). Nutrients, drugs, and wastes can be readily delivered or
removed via continuous perfusion through the microchannel (114).
Within the microfluidic system, spheroids can be generated at high
throughput and with a precision that are uniform in size for both
monocultures and co-cultures (115–117).

Microfluidic technology has been used to create more cost-
effective and accurate biomedical models to test the
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pharmacokinetics, efficacy, and toxicity of treatments. The
internal dimensions of a microfluidic chip can be composed of
multiple channels – depending on the design and application –
where the size of structures can be between the micrometer to
millimeter range (118). Generally, microfluidic chips are
manufactured using an inert and non-toxic polymer as a base
material, such as poly-dimethylsiloxane (PDMS) (23). The
microfluidics control and miniaturization of the whole system
present several key benefits: 1) high-throughput capabilities; 2)
cost-efficient and low consumption of reagents – within the
nanoliter to picolitre range; 3) fine-tuning of conditions and
automation (118, 119).

A major approach of the microfluidic system is developing
organ-on-chip which is able to create a complex in vitro model
that recapitulates more organ-specific microenvironments.
Organ-on-chip focuses on capturing the critical aspects of the
normal biological functions or disease states of the organ of
interest. This allows researchers to investigate disease
phenotypes and pharmacological responses that are clinically
relevant and provide more accurate predictions of treatment
efficacy (65, 120). Nutrients, growth factors, oxygen, and drugs
can be circulated through the chip as a continuous supply via
dynamic perfusion which can be automated – in addition to
waste removal (12). The controlled fluidic motions can also be
used to mimic various mechanical signals including shear stress;
compressive forces; physiological flow, such as blood flow; and
tissue-specific motions, such as cardiac rhythms and respiratory
(120–122). Consequently, microfluidics chips have been used to
recapitulate aspects of the TME for anti-cancer drug
developments, circulating cancer cell detection in blood
samples, and personalised organ-on-chips (123–126). The
simplest tumour-on-chip models have been applying 3D
spheroids within a microfluidics system (127–129). However,
more sophisticated tumour-on-chips platforms have been
developed that utilizes the dynamic flow of microfluidics. In a
study by Chen et al, an in vitro breast tumour model was created
on a chip to evaluate nanoparticle-based drug delivery systems
(130). This chip included a layer of endothelium that lined a
microvessel wall, the ECM and tumour spheroids to generate a
real-time drug delivery model. Treatments such as doxorubicin –
a standard of care therapy for breast cancer – was loaded in
carbon dots to study the penetrance of the treatment through the
endothelium to the spheroids, where the efficacy and cytotoxicity
of the drug delivery were assessed using in situ assays within the
same system (130). Tumour-on-chips can also contain
engineered vascularization as part of the model using
perfusable system to imitate the flow of blood vessels to more
closely mimic other mechanisms within the TME, including
metastasis, angiogenesis, and drug metabolism (131–134).
Argwal et al. discovered that vascularized in vitro 3D breast
tumors exhibited significantly higher resistance to doxorubicin
compared to avascular 3D tumors (4.7 times) and 2D culture
cells (139.5 times) (135). Interestingly, this high drug resistance
could also be overcome via a nanoparticle-based drug delivery
method (135). The inclusion of vascularization and dynamic
flow has also allowed researchers to study the pathophysiology
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of blood-based cancer with in vitro models, such as
lymphoma (136).

3D Bioprinting
The development of in vitro 3Dmodels that increase the probability
of preclinical drug research representing patient outcomes in drug
trials, and potentially remove the need for animal studies, may
render preclinical cancer research more cost-effective and
accessible. However, the use of novel 3D models in cancer
research remains restricted by model reproducibility; a
prerequisite for specialized training and limitations relating to
throughput. The development and commercialization of 3D
bioprinting technologies offer an exciting solution to these
challenges. 3D bioprinting is an additive manufacturing process
defined by the creation of a 3D structure through controlled and
typically automated deposition of a biocompatible material or
‘bioink’. This advanced technology is capable of accurately
constructing complex tissue structures that faithfully recapitulate
native in vivo architecture (137). 3D structures can be created
directly from highly viscous or shear-thinning bioinks, where the
bioinks can be mixed with the cell suspension to generate
functionalized cell models. Alternatively, printed bioinks that are
less viscous can be solidified through the addition of other
chemicals, cooling, or exposure to light or heat (138).

Bioinks are printable, biocompatible solutions that comprise
the necessary elements of a desired 3D microenvironment.
Bioinks vary greatly in their composition depending on the
printing method and the application. Cells, native proteins,
growth factors, and signaling molecules can be combined with
synthetic compounds that are both printable and biomimetic.
Synthetic molecules can likewise be decorated with peptide
sequence (139), MMP degradable ligands and drug molecules
(140) so that they are more biocompatible, biodegradable or
bioactive. Modifications to the bioink properties and bioprinting
methods can be tuned to tailor to the desired applications and
studies. For example concentrated bioinks may be necessary for
creating dense, stiff structures such as bone biomimetics (141), or
dense tumour microenvironment models (142). However,
concentrated bioinks are highly viscous and result in increased
cell death during printing due to high shear forces. As such, it is
also important to optimize these modifications to ensure
compatibility with the cell types.

Most 3D bioprinting strategies involve droplet, extrusion, and
stereolithographic-based structure creation – for an extensive
review on the methods refer to the reviews (138, 143). Commonly
employed 3D bioprinting processes include 1) droplet-based 3D
bioprinting (DBB), which uses sequential depositions of discrete
bioink droplets to create structures (144); 2) drop-on-demand
bioprinting (DOD), a subcategory of DBB that controls droplet
size and placement by regulating the position and ejection of bioink
from a nozzle (145, 146); and 3) laser-assisted bioprinting, an
alternative DBB technology that propels bioink droplets from an
inverted ‘donor slide’ onto a receiving slide using localized heating
of a substrate sensitive to laser radiation (147, 148).

Each 3D bioprinting strategy has various, often interlinked,
tradeoffs and downstream applications. For instance, extrusion-
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based 3D bioprinters create structures by layering continuous
beads of bioink from nozzles, whereas stereolithographic 3D
bioprinting uses light to cure regions of bioink precursor within
a bath, building a structure layer by layer (143). In this case,
stereolithography limits printing to a single bioink at a time but is
excellent for creating complex networked microarchitecture. For
example, this has been used to create osteoblast and MSC-laden
bone biomimetics (141) and replica microvasculature (149), which
were seeded with invasive cancer cells to simulate metastasis and
investigate cancer cell migration. Furthermore, the placement of
ink on a printing surface is less complex in extrusion printing
compared to droplet-based systems where droplet size, flight and
placement vary with ink properties (150). However, printing with
droplets offers an advantage in throughput and high-resolution
patterning as the same nozzle set of a DOD system simultaneously
creates multiple structures comprising many different bioinks.
Extrusion printing has been used in the creation of large 3D
structures to investigate glioblastoma-macrophage interactions
(151), and meshes of cervical cancer (152), lung adenocarcinoma
(153) and mammary epithelial cells (142) for 3D cancer modelling
and drug screens. Conversely, the throughput advantage offered by
DODbioprinting has been exploited to create arrays of hepatic and
brain cancer cell lines for drug screening (154), and co-culture
patterning of ovarian cancer cells and fibroblasts for investigations
of cell interactions and paracrine signaling (155).

There is currently a matter of contention in 3D bioprinting
created by the conflicting practices of requiring printing processes
to be completed quickly, and simultaneously allowing complex 3D
models sufficient time to develop and mature. Bioprinting exposes
cancer cells to reagents, processes and forces that fall outside their
typical environmental niche. As such, reducing the time for which
cells are exposed to the reagents and forces improves cell viability
and preserves the in vivo biology critical to accurate tumour model
creation (138). However, the biological processes central to the
development of histological micro-architecture are rarely static,
proceed slowly and require time to develop. There is a tendency
within 3D bioprinting to emphasize time reduction and to
prioritize the rapid completion of printing procedures (143). Yet
incorporation of time-related factors and processes will be critical
as our general understanding and mastery of 3D bioprinting
progresses and becomes further integrated into cancer research.

The term ‘4D bioprinting’ has been used to describe 3D
bioprinting strategies that integrate the changing of printed
structures over time (156). These strategies may rely on
organically occurring biological processes such as matrix
deposition, tissue self-organisation and cell differentiation (25).
Brassard et al. relied on biological dynamics to create complex
macro-structures reminiscent of vascular, connective and
gastrointestinal tissues (157). These structures were self-
assembled from concentrated cell solutions printed into an ECM
hydrogel prior to gelation. The creation of in vitro organoids is
critical for translatable studies into cancer cell behaviour and drug
toxicity. Similar concepts are also being embraced to replicate and
investigate the tumourmicroenvironment directly. For example, Yi
et al. created an advanced glioblastoma brain cancer model with
initial depositions of silicone ink, endothelial and tumour cells
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(158). Maturation of the model led to the formation of various
features typical of glioblastoma including necrotic foci and
pseudopalisades within the tumour cell mass, and leaky
endothelial microvessels (159, 160).

In addition to internal biological drivers, externally controlled
stimuli can be used to modulate cell behaviour and the printed
material surrounding them. The creation of dynamic 3D printed
structures is critical for studying the ECM remodeling integral to
tumour growth, cell metastasis and drug permeability. Studies have
used various stimuli including temperature (161), pH, osmolarity
(162), light (163, 164), humidity, magnetic force (165) and electrical
charge, to affect material stiffness, size, density, binding affinity (166)
and molecular organization (166) of responsive ‘smart’ materials.
Stimuli may cause unidirectional irreversible material responses, or
they may be bidirectional and reversible (161). Responses can also
be stacked, allowing multiple different material states. In an example
of this, Tabriz et al. enabled a multistage crosslinking of printed
alginate structures through the addition of sequential Ca2+ and Ba2+

solutions (167). Each stage further increased the printed structures’
durability, facilitating both the initial printability of the bioink, as
well as its long-term stability under culture conditions. Aside from
material properties, external stimuli can be used to alter the shape of
printed structures. Gladman et al., used anisotropic swelling to
create complex dimensionality, folds and curvature in 3D planar
printed shapes (168). A similar concept was used in a ductal
carcinoma study to create geometric mimicry of mammary ducts
and acini (169). The impact of responsive bioinks on cancer
research is yet to be fully realized. However burgeoning
developments in stimulus-responsive geometry and embracing
temporal biochemical and biophysical dynamics offer the
potential for 3D bioprinted models to be shaped by factors
outside of printing complexity (170).

The ability to create representative in vitromodels is progressing
and our understanding of 3D cellular biology continues to grow. To
leverage the advances made in these areas within cancer research,
the throughput and reproducibility made possible through 3D
bioprinting will be critical. Economically viable cancer research
requires in vitro models that are not only representative of
physiological and pathological conditions, but that can be created
quickly and efficiently. For this to be possible, we require 3D
advanced bioprinting techniques that exploit both intrinsic cell
behaviors and innovative biomaterial developments. Synthesis
within these areas offers interesting future opportunities for
complex 3D model development and the attainment of critical
cancer research goals.
LIMITATIONS OF TECHNOLOGY
IN 3D MODELS

Although 3D culture has been demonstrated to show great promise
as a pre-clinical model, a major drawback of 3D cultures is in their
implementation for high-throughput screening; a vital aspect for
high-content screening and drug development (171, 172). In
particular, three significant technical challenges hamper the
adoption of 3D culture technology for high-throughput screening:
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1) the automation of liquid handling in 3D culture; 2) culture
optimization and assay variability; and 3) automated imaging and
visualization of 3D structures. The automation of liquid handling
can be conducted in suspension cultures such as through the use of
ultra-low-attachment microplates or hanging drop technique (30).
However, the application of automated liquid handling translates
poorly when using hydrogel-based techniques, such as Matrigel.
This is primarily due to the undefined compositions between
batches that impact reproducibility and consistency and require
highly controlled working environments and rapid processing due
to their temperature-sensitive gelation conditions (173).
Additionally, this batch-to-batch variation in natural hydrogels
considerably impacts cell culture conditions and assay quality and
reproducibility; as such it is crucial to ensure consistency between
batches when conducting high-throughput screening, such as ECM
composition and protein content (103). Finally, 3D models permit
co-culturing of multiple cell types and provide a higher
morphological complexity compared to 2D cultures; allowing
improved multiparametric analysis of cell response to drugs. The
additional parameters are particularly valuable as they provide a
more accurate evaluation of the efficacy and mechanisms of
pharmaceutical agents (174). However, this dimensionality also
poses a difficulty in computational image analysis and
visualization. The complex topology and thickness of 3D models
make them it incompatible with most automated imaging systems
due to low light penetration and absorption across the multi-layered
structures (103). As a result, this can introduce an imaging bias in
which only the exterior cells – the layer where cells are exposed to
the highest concentration gradient for nutrients and drugs – are
imaged and the internal cells are excluded. Despite these challenges,
new culture platforms and imaging systems are being developed
that aim to overcome these technical difficulties to create 3D
cultures that are amenable for high-throughput screening. These
developments include using synthetic hydrogels to generate more
consistent 3D cell cultures; automated high-resolution imaging
using light-sheet microscopy; and integrated computational
platforms for data analysis and visualization of 3D cultures
(175–177).

CONCLUSIONS

The improvement in 3D culture technology has led to the
generation of in vitro models that can encompass more
Frontiers in Oncology | www.frontiersin.org 10107
physiological and tissue-specific microenvironments with the
aim to overcome the drawbacks observed in other pre-clinical
models and have better predictive value for clinical outcomes. 3D
culture models allow researchers to recreate specific
pathophysiological conditions and tumorigenic processes to
identify potential biomarkers for therapeutic targeting or
assessing cell response to therapies and drug efficacy. Currently,
there has been significant interest in using primary clinical
samples in 3D culture for personalised drug screening platforms
to improve clinical outcomes and reduce side effects (178, 179).
Although there are still practical challenges in the widespread
adoption of 3D cultures, advancements in this field will provide
researchers with a powerful tool to dissect disease mechanisms,
identify new biomarkers, provide valuable data in drug
development, and realize the potential in the next generation of
personalised medicine.
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Poly (ADP-ribose) polymerase inhibitor (PARPi) resistance is a new challenge for antitumor
therapy. The purpose of this study was to investigate the reversal effects of chidamide on
fluzoparib resistance, a PARPi, and its mechanism of action. A fluzoparib-resistant triple-
negative breast cancer (TNBC) cell line was constructed, and the effects of chidamide and
fluzoparib on drug-resistant cells were studied in vitro and in vivo. The effects of these
drugs on cell proliferation, migration, invasiveness, the cell cycle, and apoptosis were
detected using an MTT assay, wound-healing and transwell invasion assays, and flow
cytometry. Bioinformatics was used to identify hub drug resistance genes and Western
blots were used to assess the expression of PARP, RAD51, MRE11, cleaved Caspase9,
and P-CDK1. Xenograft models were established to analyze the effects of these drugs on
nude mice. In vivo results showed that chidamide combined with fluzoparib significantly
inhibited the proliferation, migration, and invasiveness of drug-resistant cells and restored
fluzoparib sensitivity to drug-resistant cells. The combination of chidamide and fluzoparib
significantly inhibited the expression of the hub drug resistance genes RAD51 and
MRE11, arrested the cell cycle at the G2/M phase, and induced cell apoptosis. The
findings of this work show that chidamide combined with fluzoparib has good
antineoplastic activity and reverses TNBC cell resistance to fluzoparil by reducing the
expression levels of RAD51 and MRE11.

Keywords: triple-negative breast cancer, PARP inhibitor resistance, drug resistance reversal, fluzoparib, chidamide
INTRODUCTION

Breast cancer, the most commonmalignant solid tumor, is the leading cause of cancer deaths among
women worldwide, with approximately 2.1 million new cases in 2020 alone (1). Triple-negative
breast cancer (TNBC), a subtype of breast cancer that lacks the expression of hormone receptors
(estrogen receptor or progesterone receptor) and human epidermal growth factor receptor 2, has a
higher degree of virulence and is resistant to various chemotherapeutics and targeted medicine,
making it challenging to treat (2, 3). Molecular-targeted precision therapy and predictive
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biomarkers associated with the diagnosis and treatment of TNBC
are needed to comprehensively treat this malignancy.

Recent research in the field of DNA damage repair has shown
that poly (ADP-ribose) polymerase inhibitors (PARPi) that
involve the synthetic lethal approach have achieved satisfactory
effects and promising prospects in the treatment of various
cancers (4–6). PARPi traditionally exert antitumor effects by
trapping PARP on DNA, causing DNA replication forks to
collapse, disrupting cell mitosis, and inducing cell death,
although chemoresistance to PARPi has been reported (7, 8).
The mechanisms of PARPi resistance primarily include: (1)
restoration of BRCA function or the abnormal expression of
DNA repair proteins, leading to the restoration of the
homologous recombination repair pathway (9–12); (2) deletion
of PTIP, EZH2, and MUS81 expression or increased miR-493-5p
expression, leading to stability of the replication fork (13–15); (3)
mutations in PARP1 and PARG (16, 17); (4) creation of P-
glycoprotein pumps and ATP-binding cassette drug transporters
that increase drug outflow (18, 19); and (5) mir-622
overexpression, which inhibits nonhomologous end joining
(20). Overcoming PARPi resistance is necessary to permit
adequate PARPi antitumor therapy.

The identification of histone deacetylase (HDAC) as a new
anticancer therapeutic target has added a new target for novel
therapies. HDACs are involved in breast cancer tumorigenesis by
regulating the genes of cell cycle factors, differentiation factors,
and apoptotic factors (21–23). HDACs can also enhance genes
related to angiogenesis, cell invasion, and migration and immune
regulation to promote cancer development, such as vascular
endothelial growth factor (VEGF), endothelial nitric oxide
synthase (eNOS), HIF-1a, major histocompatibility complex
(MHC), and human leukocyte antigens (HLA) (24–29). As a
multilayer regulatory protein, HDAC can also affect DNA
damage repair by regulating the expression of DNA damage
repair-related genes and enhancing the activity of the DNA
repair protein complex (30, 31). Most importantly, HDAC
inhibitors (HDACi) have exhibited surprising antitumor effects.

Prior works have confirmed that HDACi combined with
PARPi has a significant antitumor effect on TNBC cells (32,
33). In addition, HDACi can overcome gemcitabine, tamoxifen,
and trastuzumab resistance (34–36). However, no studies on
HDACi overcoming PARPi resistance are available. Therefore,
based on the multifaceted antitumor activity of HDACi, we
hypothesized that chidamide (HDACi) would reverse
fluzoparib (PARPi) resistance. We investigated the mechanism
behind HDACi reversal of PARPi resistance in breast cancer cells
in the present work by constructing fluzoparib-resistant breast
cancer cell lines. We demonstrate here that effective antitumor
activity can be restored iffluzoparib is combined with chidamide.
MATERIALS AND METHODS

Cell Culture
HCC1937 and MDA-MB-468 triple-negative breast cancer cell
line were purchased from the China Center for Type Culture
Frontiers in Oncology | www.frontiersin.org 2114
Collection (CCATCC, China) and cultured according to the
instructions provided by the manufacturers. The fluzoparib-
resistant cell lines HCC1937-FR and MDA-MB-468-FR were
established at our institution.

Chemicals and Antibodies
Fluzoparib is a PARP inhibitor and chidamide is a HDAC
inhibitor. PARP, RAD51, MRE11, cleaved Caspase9, GAPDH,
and P-CDK1 antibodies were obtained from Abcam Trading Co.,
Ltd. (Shanghai, China).

Establishment of Drug-Resistant
Cell Lines
The fluzoparib-resistant cell lines HCC1937-FR and MDA-MB-
468-FR were constructed based on increasing drug concentration.
HCC1937 andMDA-MB-468 cells in the logarithmic growth phase
were cultured in complete medium at final fluzoparib
concentrations of 2 and 5 mg/ml. After the cells were incubated
for 2 days or when cell death reached 50%, the drug-containing
medium was removed and the culture medium was passed 3 times
ormorewith drug-free freshmedium.Afterwaiting for the cell state
to gradually recover and permit stable passage, the same drug
concentration was used again 3 times, with increased drug
concentration according to the cell growth. This strategy yielded
the fluzoparib-resistant cell lines HCC1937-FR and MDA-MB-
468-FR.

Identification and Biological Process
Analysis of Differentially Expressed Genes
High-throughput sequencing was used to perform whole-
transcriptome sequencing of HCC1937 and HCC1937-FR cells
in order to identify differentially expressed genes (DEGs)
between parental and drug-resistant cells. Using differential
expression analysis, genes with a p-value <0.05 and a log2FC
>1 or <1 were considered DEGs. The biological processes of the
enrichment analysis of DEGs were identified using the STRING
database (https://string-db.org/). Biologic process analysis results
were visualized using the ggplot2 package (version 1.26.0). DEGs
related to DNA damage repair were selected for further analysis.

Identification of Hub Drug Resistance Genes
DEGs related toDNAdamage repairwere uploaded to the STRING
database in order to obtain the protein–protein interaction network
andanalyzedvisuallywithCytoscape software.The top6 geneswith
the highest degree of gene association degree were labeled hub drug
resistance genes. Based on the gene expression of the 6 hub drug
resistance genes, histogramswere created and genes of interestwere
selected for further analysis.

Experimental Efficacy Studies
Experiments regarding the biological function of drug-resistant
cells included parental (HCC1937 andMDA-MB-468) and drug-
resistant cell lines (HCC1937-FR and MDA-MB-468-FR). Drug
efficacy studies using the drug-resistant cell lines utilized PBS,
fluzoparib (30 mg/ml), chidamide (3 or 6 mg/ml), and the
combination of the two drugs (fluzoparib 30 mg/ml +
chidamide 3 or 6 mg/ml).
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Cell Viability Assay
AnMTT assay was used to evaluate cell viability. Cells were seeded
in96-well plates at a density of 3–5×103 cells/well for 24 h, and then
treated with the experimental drugs for 48 h according to their
experimental group. The cell viability of each well was assessed
using a microplate reader (Bio-Tek, Norcross, GA, USA), which
measured the absorbance of each well at 570 nm. The mean IC50

value of the cells in each experimental group was computed using
SPSS. The resistance index was defined as IC50 of drug-resistant
cells/IC50 of parental cells.

Wound-Healing Assay
The migration ability of drug-resistant cells and drug-treated cells
was analyzed using a wound-healing assay. Cells were plated in 6-
well plastic culture plates at a density of 5 × 103 cells/well in culture
mediumuntil they reached90%confluence. Eitherdrug-containing
or drug-free serum-free medium was added to each Petri well
according to the experimental group and observed for 24 h. Cell
migration was recorded at 0 and 24 h, and ImageJ software (NIH,
Bethesda, MA, USA) was used to quantitatively analyze the degree
of cell migration in the different experimental groups.

Transwell Invasion Assays
Cell invasion ability was assessed using Transwell invasion
assays. Transwell chambers coated with Matrigel with a
bottom membrane aperture size of 8 mm (Sigma-Aldrich, St.
Louis, MO, USA) were used to measure cell invasiveness. A total
of 200 ml of drug-resistant or parental cells was resuspended in
serum-free culture medium with PBS or an experimental drug
for 24 h. After washing, fixing, and staining, 10 visual fields were
randomly selected and a cell count under a ×100 magnification
optical microscope was performed using ImageJ software.

Cell Cycle Analysis
For the cell cycle arrest assay, cells were starved in 6-well plates
for 24 h before treatment. Cells were treated with PBS or drug
culture medium according to experimental grouping for 24 h.
Processed cells were then scraped with PBS, fixed with 70%
precooled ethanol for 1 h then washed again and conducted with
RNase I for 30 min. The cells treated with PI staining at 4°C for
30 min were then measured using a BD FACS caliber.

Apoptosis Analysis
An Annexin V-FITC/PI apoptosis detection kit was used to
measure apoptosis rate. Cells were seeded into 6-well plates and
exposed to the experimental drug for 48 h. A BD FACS caliber was
used to detect cell apoptosis using the manufacturer’s instructions,
and the BD CellQuest Pro software was used for analysis.

Animal Tumor Model
BALB/c nude femalemice (5–6weeks old) raised in a specific animal
facility were used to construct a xenograft model. HCC1937-FR cells
(1 × 107) suspended in 0.2ml of PBSwere inoculated subcutaneously
into the backs of the nude mice. Mouse xenograft models were
randomly divided into 4 groups and treated for 21 days: fluzoparib
(25 mg/kg/bid), chidamide (5 mg/kg/bw), combined (fluzoparib 25
mg/kg/bid + chidamide 5mg/kg/bw), and controls without any drug
Frontiers in Oncology | www.frontiersin.org 3115
treatment. Xenograft weight and size were measured every 3 days.
Tumorvolumewascalculatedaccording to the formula:V=(length×
width2)/2. All animal experiments conformed to the requirements of
our institutional ethics committee.

Western Blotting
Cells were treated with the experimental drugs for 48 h, after
which their cytoplasm and nuclear protein was extracted (Cowin
Bio., Beijing, China). Equal amounts of protein, processed using
12% SDS-PAGE (Cowin Bio., Beijing, China), were transferred to
the PVDF membrane. The membrane, after blocking with 5%
skim milk for 2 h, was incubated with a primary antibody at 4°C
overnight. After rewarming the next day, the membrane was
incubated with a secondary antibody at 37°C for 1 h. The Tanon
2500 chemiluminescence imaging system (Tanon, China) was
used to detect the membranes. Further density and quantitative
analyses were performed using Image J software.

Cell Transfection
Si-RAD51, si-MRE11, and si-NC vectors for cell transfection were
synthesized byBiologicalCompanyGenePharma (Shanghai, China).
Fluzoparib-resistant cells were cultured in 6-well plastic plates until
they reached 80% confluence. Transfection was performed using
Lipofectamine 3000 as instructed by the manufacturer.

Quantitative Real-Time Polymerase
Chain Reaction
Intracellular mRNA was extracted using the AxyPrep mRNA
Small Preparation Kit. cDNA was created via reverse
transcription using HiScript III RT SuperMix for qPCR(+Gdna
wiper). Reverse transcription was performed at 37°C for 15 min
and 85°C for 5 s. Quantitative RT-PCR was performed using the
ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing,
China). Response conditions were as follows: 3 min at 95°C and
then 10 s at 95°C for 40 cycles and 3 min at 95°C. mRNA relative
expression levels were calculated using the 2−△△Ct method. The
primers are listed in Table 1.

Statistical Analysis
Statistical analyses utilized the IBM SPSS 23.0 software (Armonk,
NY, USA). Data statistics were expressed as mean ± SD. One-way
analysis of variance (ANOVA) was used to measure statistically
significant differences between the different experimental groups.
p < 0.05 was considered statistically significant.
RESULTS

HCC1937-FR and MDA-MB-468-FR
Fluzoparib Resistance
To evaluate the cytotoxicity of fluzoparib on parental and drug-
resistant cell lines, MTT assays were performed to test cell
viability after exposure to various concentrations of fluzoparib
for 48 h. As shown in Figure 1A, with increased fluzoparib
concentrations, the growth of parental and drug-resistant cells
was significantly reduced and the cell viability of drug-resistant
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cell lines was significantly higher than that of parental cell lines.
The mean IC50 values of fluzoparib for HCC1937, MDA-MB-
468, HCC1937-FR, and MDA-MB-468-FR cells were 6, 15, 60,
and 80 mg/ml, respectively. The resistance indices of HCC1937-
FR and MDA-MB-468-FR were 10 and 5.33, respectively.

Identification and Biological Function
Analysis of DEGs in Drug-Resistant Cells
As shown in the volcano plot (Figure 1B), a total of 616DEGswere
developed using high-throughput sequencing, including 393 DEG
encoding proteins. When these DEG encoding proteins were
uploaded to the STRING database for enrichment analysis, as
shown in Figure 1C, 95 biological process terms were returned,
of which 10 involved DNA damage repair, DNA repair, cellular
response to DNA damage, double-strand break repair, double-
strand break repair via homologous recombination, regulation of
response to DNA damage stimulus, regulation of DNA repair,
regulation of double-strand break repair, DNA synthesis involved
in DNA repair, DNA double-strand break processing, and double-
strand break repair via nonhomologous end joining. A total of 37
DEGs identified by the enrichment analysis terms were related to
DNA damage repair.

Identification of Hub Drug Resistance Genes
The 37DEGs involved inDNAdamage repair were uploaded to the
STRING database to analyze their protein–protein interaction
network. Visual analysis was performed using Cytoscape. The top
6 genes with the highest gene association (degree≧14) were defined
as hub drug resistance genes. As shown in Figure 1D, 6 hub drug
resistance genes were identified, including RAD51, MRE11,
POLA1, RAD54L, RFC4, and MCM10. RAD51 and MRE11 were
highly expressed in drug-resistant cells, while POLA1, RAD54L,
RFC4, and MCM10 had lower levels of expression (Figure 1E).
RAD51andMRE11were therefore selected for subsequent analysis.
As shown in Figure 1F, HCC1937-FR and MDA-MB-468-FR had
higher levels of RAD51 and MRE11 protein expression than
parental controls.

Determine the Optimal Dosage of Chidamide
To assess the cytotoxicity of chidamide on parental and drug-
resistant cell lines, cell viability was measured using MTT assays
after exposure to various concentrations of chidamide for 48 h.
Frontiers in Oncology | www.frontiersin.org 4116
As shown in Figure 2A, the survival rate of both parental and drug-
resistant tumor cells gradually decreased with increased
concentrations of chidamide. Results demonstrated that the
inhibitory effects of chidamide on HCC1937 were better than on
HCC1937-FRat a chidamidedose of≥3mg/ml,while at a dose≥6mg/
ml, its inhibitory effect on MDA-MB-468 was better than onMDA-
MB-468-FR. Doses of 3 and 6 mg/ml were therefore selected as
subsequent experimental concentrations for HCC1937-FR and
MDA-MB-468-FR, as at this concentration chidamide had little
effect on their cell viability (cell viability was 85.9% and
85.2%, respectively).

Chidamide Effectively Reverses
the Fluzoparib-Resistance of
Drug-Resistant Cells
To further evaluate the cytotoxicity of chidamide and fluzoparib on
HCC1937-FR and MDA-MB-468-FR, cell viability was again
detected using MTT assays after treatment with 3 or 6 mg/ml of
chidamide combined with different concentrations of fluzoparib. As
shown in Figure 2B, chidamide combined with fluzoparib
significantly inhibited the proliferation of HCC1937-FR and MDA-
MB-468-FR. After statistical analysis of tumor drug concentration-
survival rate using SPSS software, the IC50 of HCC1937-FR to
fluzoparib decreased from 60 to 9.6 mg/ml, while the IC50 of MDA-
MB-468-FR to fluzoparib dropped from 80 to 20 mg/ml. The
combined index of chidamide and fluzoparib was calculated using
Compusyn software to determine if the combined effects of the two
drugs had a coordinating effect. As shown in Tables 2, 3, 3 mg/ml
chidamide combined with ≥3.125 mg/ml fluzoparib had a good
synergistic effect on the inhibition of HCC1937-FR cell
proliferation, and the proliferation of MDA-MB-468-FR cells was
effectively inhibited by ≥6 mg/ml chidamide combined with 12.5 mg/
ml fluzoparib.

The Ability of Drug-Resistant Cells to
Migrate and Invade Was Reduced
The migration ability of parental and drug-resistant cells and the
effect offluzoparib and chidamide on drug-resistant cell migration
were measured using wound-healing assays. As shown in
Figures 2C, D, the migration rates of the parental cells
(HCC1937 and MDA-MB-468) were 47.98% ± 2.51% and 27.30%
±2.08%, comparedwith 67.64%±3.10% and48.17%±2.98%of the
TABLE 1 | Primers in this study.

Sequence (5′-3′) Usage

RAD51F CAACACAGACCACCAGACCC qRT-PCR
RAD51R AGAAGCATCCGCAGAAACCT qRT-PCR
MRE11F TCAGATCTCAGTCAGAGGAGTC qRT-PCR
MRE11R AGCCATCTGTTCTGCTAAATCT qRT-PCR
GAPDHF ACCACAGTCCATGCCATCAC qRT-PCR
GAPDHR TCCACCACCCTGTTGCTGTA qRT-PCR
Si-RAD51 GCCCUUUACAGAACAGACUTT Knockdown

AGUCUGUUCUGUAAAGGGCTT
Si-MRE11 GGCCUGUCCAGUUUGAAAUTT Knockdown

AUUUCAAACUGGACAGGCCTT
NC sense UUCUCCGAACGUGUCACGUTT Knockdown
NC antisense ACGUGACACGUUCGGAGAATT Knockdown
February 2022 | Volume 12 | Ar
ticle 819714

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Li et al. Chidamide Reverses Fluzoparib-Resistance in TNBC
drug-resistant cells (HCC1937-FR and MDA-MB-468-FR),
respectively (p < 0.01). After 24 h of treatment with fluzoparib
and chidamide alone or in combination, the migration rate of
HCC1937-FR cells was 46.88% ± 3.14% in the fluzoparib single
agent, 51.94%± 2.05% in the chidamide single agent, and 37.39%±
2.34% in the combined group. Also, for MDA-MB-468-FR, the
migration rate of cancer cells was 38.70% ± 3.15% in the fluzoparib
single agent, 40.59% ± 2.34% in the chidamide single agent, and
30.32%± 2.55% in the combined group. Fluzoparib combined with
chidamide significantly inhibited the migration of HCC1937-FR
and MDA-MB-468-FR cells (p < 0.01).

Similar observations were seen in the Transwell invasion assay.
As shown in Figures 2E, F, compared with parental cells,
Frontiers in Oncology | www.frontiersin.org 5117
HCC1937-FR and MDA-MB-468-FR cells significantly increased
the number of cells that passed through the Transwell chamber,
representing significantly enhanced invasiveness (p < 0.01). The
numbers of invasive cells in the fluzoparib and chidamide groups
were significantly decreased compared with controls, and the
inhibitory effects of fluzoparib in combination with chidamide
were more significant than the single drug groups (p < 0.01).

The Antiapoptotic Ability of Drug-Resistant
Cells Is Weakened by Antitumor
Treatments
Flow cytometry was used to measure the apoptosis rate and cell
cycle of parental and drug-resistant cells. Results are shown in
A

B D
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F

C

FIGURE 1 | Generation of TNBC cells with acquired resistance to fluzoparib and the identification of key drug resistance genes. (A) Schematic plot of the construction of
the fluzoparib-resistant HCC1937 and MDA-MB-468 cell lines. Dose-response curves of parental and fluzoparib-resistant HCC1937 and MDA-MB-468 cells treated with
different concentrations of fluzoparib for 48 h. (B) Volcano plot of the differential gene analysis of parental and fluzoparib-resistant HCC1937 cells via gene sequencing. Red
dots represent upregulated genes, and blue dots represent downregulated genes. (C) Enrichment analysis related to DNA damage repair. (D) Construction of a protein–
protein interaction network. The hub drug resistance genes represented by red dots had the highest gene association in the network. (E)Gene expression levels of hub drug
resistance genes in parental and fluzoparib-resistant HCC1937 cells. (F) Immunoblots of RAD51, MRE11, and PARP in parental and fluzoparib-resistant cells. Data are
written as mean ± SD of three independent experiments. **p < 0.01 compared with the parental cell group. No, no significance.
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Figures 3A, B. The apoptosis rates of HCC1937 and MDA-MB-
468 cells were 9.51% and 3.29%, respectively, while those of
HCC1937-FR and MDA-MB-468-FR cells were 5.7% and 3.81%,
Frontiers in Oncology | www.frontiersin.org 6118
respectively. The antiapoptosis rate of HCC1937-FR cells was
significantly higher than that of parental cells (p < 0.05), but
there was no significant difference in the apoptosis rates of
MDA-MB-468-FR and MDA-MB-468. The apoptosis rates of
February 2022 | Volume 12 | Article 819714
TABLE 2 | The combination index of different doses of fluzoparib and 3 mg/ml
chidamide: HCC1937-FR.

Chidamide (mg/ml) Fluzoparib (mg/ml) CI

3 1.5625 1.11351
3 3.125 0.73161
3 6.25 0.55963
3 12.5 0.47928
3 25 0.76496
3 50 0.51067
3 100 0.56623
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FIGURE 2 | Effects of chidamide and fluzoparib on cell migration. (A) Dose-response curves of parental and fluzoparib-resistant cells treated with different
concentrations of chidamide for 48 h. (B) Dose-response curves of parental and fluzoparib-resistant cells treated with different concentrations of fluzoparib combined
with 3 or 6 mg/ml of chidamide. (C, D) Wound-healing assay to assess the effects of fluzoparib and chidamide on parental and fluzoparib-resistant HCC1937 and
MDA-MB-468 cell migration ability. (E, F) Transwell invasion assays assessed the effects of fluzoparib and chidamide on parental and fluzoparib-resistant HCC1937
and MDA-MB-468 invasiveness. Data represent the mean ± SD of three independent experiments. *p < 0.05; **p < 0.01. No, no significance.
TABLE 3 | The combination index of different doses of fluzoparib and 6 mg/ml
chidamide: MDA-MB-468-FR.

Chidamide (mg/ml) Fluzoparib (mg/ml) CI

6 6.25 4.12292
6 12.5 0.50483
6 25 0.60663
6 50 0.26538
6 100 0.18174
6 200 0.10877
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HCC1937-FR cells after fluzoparib single agent, chidamide single
agent, and combination exposure were 34.28%, 25.58%, and
53.42%, respectively. The apoptosis rates in the single drug
groups were significantly higher than that of the control group
(p < 0.05). The apoptosis rate of the combined group was also
significantly higher than those of the single drug cell groups (p <
0.05). The apoptosis rates of MDA-MB-468-FR after fluzoparib
single agent, chidamide single agent, and combination exposure
were 15.08%, 13.52%, and 40%, respectively. These results were
also statistically significant (p < 0.05). The cell cycle distributions
of HCC1937-FR and MDA-MB-468-FR cells after drug
treatment are shown in Figures 3C, D. Single drug groups
Frontiers in Oncology | www.frontiersin.org 7119
prolonged the G2/M phase of the drug-resistant cells, while the
combination group exerted a greater effect at the G2/M phase
(p < 0.05).

In Vivo Anticancer Effects of Fluzoparib
and Chidamide in HCC1937-FR Breast
Cancer Xenograft Models
As shown in Figure 4, while both fluzoparib and chidamide
inhibited HCC1937-FR breast cancer growth (p < 0.05), the
combination of these drugs more significantly inhibited
neoplasm growth (p < 0.05). No general toxicity was observed
as no weight loss occurred in any treatment group (p < 0.05).
A
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FIGURE 3 | Effects of chidamide and fluzoparib on cell cycle and apoptosis. (A, B) Cell apoptosis was detected using Annexin V-FITC/PI double staining followed
by flow cytometry for parental and fluzoparib-resistant HCC1937 and MDA-MB-468 cells after incubation with PBS, fluzoparib, chidamide, or a combination
treatment (fluzoparib + chidamide) for 24 h. (C, D) Cell cycle analysis using PI staining and following flow cytometry for HCC1937-FR and MDA-MB-468-FR cells
after incubation with PBS, fluzoparib, chidamide, or a combination treatment (fluzoparib + chidamide) for 24 h. Data represent the mean ± SD of three independent
experiments.
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Molecular Mechanism of Chidamide
Reversing Fluzoparib Resistance
As shown in Figure 5, fluzoparib significantly reduced PARP
protein expression (p < 0.05), while chidamide alone or combined
with fluzoparib did not affect PARP expression. The combined
effect of the two drugs significantly reduced the expression of the
RAD51 and MRE11 proteins in drug-resistant cells. The results of
cycle and apoptosis assays showed that the drugs block the cell
cycle in the G2/M phase and induce apoptosis. These results
suggest that fluzoparib combined with chidamide significantly
increased the expression levels of P-CDK1 and cleaved Caspase9.

Genetic Suppression of RAD51 and
MRE11 Enhances the Sensitivity of
Drug-Resistant Cells to Fluzoparib
Compared with negative controls (NC), the expression of the
mRNA and protein of RAD51 and MRE11 were significantly
decreased (Figures 6A, B). To further study the response of
transfected cells to fluzoparib, an MTT assay was used to detect
the cell viability of HCC1937-FR and MDA-MB-468-FR cells
transfected for 24 h. As shown in Figure 6C, the proliferation of
transfected cells was significantly inhibited compared with the
control group with increased drug concentrations. These data
suggest that knockdown of the RAD51 and MRE11 genes could
Frontiers in Oncology | www.frontiersin.org 8120
enhance the sensitivity of HCC1937-FR and MDA-MB-468-FR
cells to fluzoparib.
DISCUSSION

The increasing incidence of breast cancer in women is a major
women’s health problem. First-line treatment options for breast
cancer include chemotherapy, hormones, and targeted therapy
(37). Immunotherapy drugs have also recently shown promise
(38). TNBC, which accounts for approximately 15% of all breast
cancers, is insensitive to endocrine and molecular-targeted drugs
(39). Precisely targeted therapeutic PARPi have achieved
promising results in clinical trials by inhibiting PARP enzyme
function and hindering the possibility of DNA repair in tumor
cells, thereby accelerating tumor cell death (40). A series of
PARP-targeted drugs have been developed, including olaparib,
talazoparib, and fluzoparib.

OlympiAD, a randomized, open-label, and phase III trial,
evaluated olaparib monotherapy versus a standard chemotherapy
regimen (41), reporting that olaparib prolonged PFS from 4.2 to 7.0
months, significantly reduced the risk of disease progression by 42%
and was well tolerated (42). EMBRACA, an open-label phase III
trial, reported that talazoparib significantly prolonged PFS and
A B
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FIGURE 4 | In vivo anticancer effects of fluzoparib and chidamide in fluzoparib-resistant HCC1937 breast cancer xenograft models. Randomly grouped nude mice
were treated with PBS, fluzoparib (25 mg/kg/bid), chidamide (5 mg/kg/bw), or a combination treatment (fluzoparib 25 mg/kg/bid + chidamide 5 mg/kg/bw) for 21
days. (A, B) Tumor growth ratio curve and body weight change every 3 days after the onset of treatment. (C, D) Photographs of the exfoliated tumors and weight
obtained on day 21 of treatment. **p < 0.01.
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reduced the risk of disease progression, and that the objective
response rate of 62.6% in the talazoparib group was more than
double that of the chemotherapy group (27.2%) (p < 0.0001) (43).
Fluzoparib, a synthetic derivative based on olaparib, exhibits
antitumor activity against breast cancer as a single agent in a
phase 1 study in advanced solid tumors and has a significant
antitumor efficacy in combination with apatinib or apatinib and
paclitaxel, without extra toxicity (44). Chemotherapy resistance
reflects the strong adaptability of tumor cells, so it is important to
further explore how to avoid PARPi resistance and develop
promising therapeutic strategies. Given the excellent antitumor
effects of chidamide against DNA damage repair, we performed
Frontiers in Oncology | www.frontiersin.org 9121
this study to determine if chidamide could reverse
fluzoparib resistance.

In this study, we constructed the fluzoparib-resistant triple-
negative breast cancer cell lines HCC1937-FR and MDA-MB-
468-FR, and further studied the changes in the biological
functions of these resistant cells. In vitro experiments
confirmed that the proliferation, migration, and invasiveness of
drug-resistant cells were enhanced compared with parental cells,
and that their degree of virility was also increased. Similar studies
showed that the migration ability of HCC1937 cells resistant to
talazoparib was also enhanced (45). We further investigated the
effects of chidamide and fluzoparib on drug-resistant cell lines
FIGURE 5 | Molecular mechanism studies of fluzoparib-resistant HCC1937 and MDA-MB-468 cells after treatment with PBS, fluzoparib, chidamide, or a
combination treatment (fluzoparib + chidamide). Immunoblot analysis of RAD51, MRE11, PARP, BCL-XL, and P-CDK1 and quantitative analysis. Data represent the
mean ± SD of three independent experiments. **p < 0.05 compared with the PBS group. No, no significance. **p < 0.01.
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and xenograft models. MTT and flow cytometry results showed
that chidamide combined with fluzoparib could significantly
inhibit the proliferation of drug-resistant cells and reduce the
IC50 of fluzoparib. In addition, both chidamide and fluzoparib
exhibited certain inhibitory effects on the migration and
invasiveness of the drug-resistant cells and, more significantly,
the inhibitory effects of the combination of these two drugs were
more obvious. Although previous studies have shown that
PARPi and HDACi can arrest triple-negative breast cancer
cells in the G2/M phase, no works have evaluated the effect of
PARPi and HDACi on the drug-resistant cell cycle (32). In the
Frontiers in Oncology | www.frontiersin.org 10122
present study, cycle results showed that all single drugs could
arrest drug-resistant cells in the G2/M phase and that the
combined group had a more significant effect. Xenograft model
results demonstrated that the antitumor treatment effects of the
combination groups were greater than any other single drug
group, which matched our in vitro findings. The nude mice in all
treatment groups also did not show significant weight loss.

We performed transcriptome sequencing on drug-resistant
and parental cells, identifying DEGs using differential analysis
and selecting hub drug-resistant genes related to DNA damage
repair. To further explore the potential molecular mechanisms and
A
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FIGURE 6 | Genetic suppression of RAD51 and MRE11 enhances the sensitivity of drug-resistant cells to fluzoparib. (A) qRT-PCR was used to detect RAD51 and
MRE11 after transfection with si-RAD51, si-MRE11, and NC in fluzoparib-resistant cells. (B) Immunoblots of RAD51 and MRE11 in fluzoparib-resistant cells transfected
with si-RAD51, si-MRE11, and NC. (C) Dose response of fluzoparib-resistant cells treated with fluzoparib after transfection with si-RAD51, si-MRE11, and NC. NC,
negative control. **p < 0.01.
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signaling pathways of chidamide reversal of fluzoparib resistance,
we used Western blotting (WB) to evaluate molecular changes
after drug exposure. We found that both the gene and protein
levels of RAD51 and MRE1 were highly expressed in drug-
resistant cells, and that their protein levels were significantly
downregulated after treatment with chidamide combined with
fluzoparib. Min et al. (33) confirmed that HDACi combined with
olaparib could downregulate the expression of RAD51 and
MRE11 in TNBC. Furthermore, by knocking out the RAD51
and MRE11 genes in fluzoparib-resistant cell lines, transfected
cells had enhanced sensitivity to fluzoparib-treated cells. However,
the inhibitory effects of RAD51 and MRE11 gene suppression on
the proliferation of drug-resistant cell lines were not as significant
as that of chidamide. The reason may be that HDACi may affect
multiple DNA damage repair proteins at the same time or impact
the interactions between HDAC and DNA damage repair
proteins. These phenomena suggest that RAD51 and MRE11, as
key drug resistance genes, are significantly related to fluzoparib
resistance in TNBC cells. RAD51, a key regulator of DNA fidelity,
is involved in cell cycle regulation, repair of homologous
Frontiers in Oncology | www.frontiersin.org 11123
recombination, and replication stress response, which are
essential for the stability of the genome (46). Human RAD51
has DNA-dependent ATPase activity and performs DNA repair
and recombination through homologous pairing and strand
exchange between DNA molecules (47). In breast cancer, high
expression of RAD51 has been associated with cancer cell
metastasis, tumor chemotherapy resistance, and tumor
radiotherapy insensitivity (48). MRE11, a nuclear protein,
participates in homologous recombination and telomere length
maintenance, and has 3′ to 5′ exonuclease and endonuclease
activity (49). MRE11 can form an MRX/MRN complex with
RAD50 homologues, which depends on the activity of nucleases
to participate in DNA homologous recombination repair (50).
Studies have shown that the functional defects and low expression
of MRX/MRN and its components were associated with an
increased tendency towards sustained DNA damage, cell
instability, and malignant transformation and can also affect the
sensitivity of cancer cells to chemotherapy and radiotherapy (51).
HDACi could downregulate DNA damage repair proteins. The
potential mechanism for this may be that HDACi induces
FIGURE 7 | A proposed schematic of PARPi resistance in triple-negative breast cancer. After DNA single-strand breaks (SSBs) occur, PARP binds with the damaged
site and recruits related DNA repair proteins to repair the damaged DNA. PARPi can be combined with PARP to inhibit SSB repair leading to apoptosis or process DNA
SSBs and initiate homologous recombination (HR) repair. Due to the relative overexpression of the HR repair-related proteins RAD51 and MRE11 in the setting of drug
resistance or reduced sensitivity to PARPi, HDACi perpetuates DNA damage by regulating the expression of RAD51 and MRE11, eventually leading to cell apoptosis.
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proteasomal deterioration of homologous recombination repair-
related proteins, or that HDACi reduces E2F1 binding to the
promoters of BRCA1, CHK1, and RAD51, thereby reducing the
transcription of these genes (40, 52). The elevated levels of the key
regulatory proteins P-CDK1 and cleaved Caspase9 again confirm
that the combination offluzoparib and chidamide can block the cell
cycle in the G2/M phase and promote the apoptosis of drug-
resistant cells. The present work suggests that the drug resistance
or decreased sensitivity of TNBC cells to PARPi is caused by the
relative overexpression of the DNA damage repair-related proteins
RAD51 andMRE11, whileHDACi caused persistentDNAdamage
by downregulating RAD51 and MRE11, eventually leading to cell
apoptosis. As a result, we have proposed a model depicting the
molecular mechanisms of chidamide reversal of fluzoparib
resistance (Figure 7). There are many kinds of HDAC and PARP
inhibitors that are currently available, so the applicationof these two
drugs against drug resistance still requires further study.

In conclusion, this is the first study to provide evidence of
PARPi resistance reversal by HDACi in vivo and in vitro and to
propose the molecular mechanism behind the reversal of
resistance, providing guidance for breast cancer treatment.
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Breast cancer is the most frequent type of malignancy in women worldwide, and drug
resistance to the available systemic therapies remains a major challenge. At the molecular
level, breast cancer is heterogeneous, where the cancer-initiating stem-like cells (bCSCs)
comprise a small yet distinct population of cells within the tumor microenvironment (TME)
that can differentiate into cells of multiple lineages, displaying varying degrees of cellular
differentiation, enhanced metastatic potential, invasiveness, and resistance to radio- and
chemotherapy. Based on the expression of estrogen and progesterone hormone
receptors, expression of human epidermal growth factor receptor 2 (HER2), and/or
BRCA mutations, the breast cancer molecular subtypes are identified as TNBC, HER2
enriched, luminal A, and luminal B. Management of breast cancer primarily involves
resection of the tumor, followed by radiotherapy, and systemic therapies including
endocrine therapies for hormone-responsive breast cancers; HER2-targeted therapy for
HER2-enriched breast cancers; chemotherapy and poly (ADP-ribose) polymerase
inhibitors for TNBC, and the recent development of immunotherapy. However, the
complex crosstalk between the malignant cells and stromal cells in the breast TME,
rewiring of the many different signaling networks, and bCSC-mediated processes, all
contribute to overall drug resistance in breast cancer. However, strategically targeting
bCSCs to reverse chemoresistance and increase drug sensitivity is an underexplored
stream in breast cancer research. The recent identification of dysregulated miRNAs/
ncRNAs/mRNAs signatures in bCSCs and their crosstalk with many cellular signaling
pathways has uncovered promising molecular leads to be used as potential therapeutic
targets in drug-resistant situations. Moreover, therapies that can induce alternate forms of
regulated cell death including ferroptosis, pyroptosis, and immunotherapy; drugs
targeting bCSC metabolism; and nanoparticle therapy are the upcoming approaches to
target the bCSCs overcome drug resistance. Thus, individualizing treatment strategies will
eliminate the minimal residual disease, resulting in better pathological and complete
response in drug-resistant scenarios. This review summarizes basic understanding of
breast cancer subtypes, concept of bCSCs, molecular basis of drug resistance,
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dysregulated miRNAs/ncRNAs patterns in bCSCs, and future perspective of developing
anticancer therapeutics to address breast cancer drug resistance.
Keywords: breast cancer, drug resistance, BCSCs, miRNAs, therapeutic strategy, cancer stem-like cells
INTRODUCTION

Breast cancer (BC) is the most frequent type of malignancy in
women worldwide. BC has now eclipsed lung cancer as the leading
cause of global cancer incidence in 2020, with an estimated 2.3
million new cases, representing 11.7% of all cancer cases (1). Drug
resistance in BC patients appears to be the major challenge in
breast cancer research. Despite significant advances in BC
treatment, many patients with malignant BC experience
aggressive disease progression due to de novo and acquired drug
resistance. De novo resistance occurs even before drug exposure,
while acquired resistance emerges from initially drug-sensitive
tumors. The mechanisms associated with de novo drug resistance
significantly contribute to failure to eradicate the residual disease,
thus facilitating the development of acquired drug resistance (2).

The failure of the current treatment therapies as well as the
high mortality in metastatic BC patients is highly attributed to
the existence of therapy-resistant breast cancer stem-like cells
(bCSCs). The emerging concept of CSC origin supports the
hierarchical organization of CSC-like cells, sitting at the top of
the hierarchy, having the unique ability to give rise to diverse
lineages of cancer cells that forms the tumor. Although the CSC-
like cells occupy only a very minor fraction of the total tumor
mass (around 2%), they are mainly responsible for establishing
the intratumor heterogeneity (3). The concept of “tumor
heterogeneity” refers to the genetic variation existing between
tumor cells within and across the BC patients. According to the
CSC concept, the CSC-like cells possess three main
characteristics: (1) potent tumor initiation potential to
regenerate the tumor, (2) self-renewal feature in vivo that
would inevitably allow them to form a phenotypically
indistinguishable heterogeneous tumor, when transplanted in
secondary or tertiary recipients, and (3) finally, they must reflect
the differentiation ability so that they can re-establish a
phenocopy of the original tumor. Hajj et al. first identified and
isolated the bCSCs (CD44+CD24−/lowLineage−) from the
phenotypically diverse population of BC cells. This fraction of
breast tumor cells can form a new tumor with additional CD44
+CD24−/lowLineage− bCSCs along with phenotypically
different nontumorigenic cells (4). If the therapy in question
fails to specifically target and kill the bCSCs, they would persist as
the residual disease, which can regenerate tumors in the future.
Frequently, the bCSCs overexpress the drug efflux transporters
and spend most of the time in the nondividing cell-cycle phase
(G0) to escape from the conventional therapeutics (5). Hence,
targeting the bCSCs in any subtype, such as luminal A, luminal
B, human epidermal growth factor receptor 2 (HER2)-enriched,
and triple-negative (TNBC), is the key strategy to conquer
therapeutic resistance in BC. The complex communication
between bCSCs and the stromal cells; resistance to
2127
chemotherapeutic drugs (paclitaxel, anthracycline, platinum),
endocrine therapies (tamoxifen, fulvestrant), and HER2-
targeted drugs (trastuzumab, lapatinib); rewiring of hedgehog
(Hh), Notch, Wnt/b-catenin, and phosphoinositide 3-kinase
(PI3K)/Akt/mTOR signaling networks; and enhancing DNA
repair mechanism, contribute to the overall drug resistance in
bCSCs (6).

MicroRNAs (miRNAs) also add another dimension to the
complexity of BC disease progression and therapeutic resistance,
through maintenance of the bCSC population. MiRNAs are a
group of small noncoding RNAs (ncRNAs) that influence the
expression of their target genes at the posttranscriptional level by
binding to the 3′-untranslated regions (3′-UTR) of mature
mRNA transcripts. Two different types of miRNAs—tumor
suppressor miRNAs (miR34, Let-7, miR30, miR200 family,
miR600) and Onco-miRs (miR-22, miR155, miR181, miR221/
222 cluster)—have been identified in bCSCs, having either
tumor-suppressive or oncogenic functions, respectively.
Interestingly, miRNAs have been implicated in the regulation
of many different signaling networks, contributing to the
development and maintenance of bCSCs (3, 7). Moreover,
locoregional tumor burden along with the metastatic patterns
in BC patients also influence the efficacy of the treatment
strategies. In the case of early-stage BC, the tumor is restricted
in the breast or local axillary lymph node, and the success rate for
relapse-free survival is around 70%–80% (8). However, in the
case of advanced BC, where metastatic dissemination from the
primary tumor site leads to the re-establishment of secondary
tumors involving other organs like lung, brain, liver, and bones,
complete cure is not possible. In that scenario, much emphasis is
given to prolonging the patient survival to exert a low degree of
treatment-associated cytotoxicity to improve the quality of life.

Due to the lack of specific molecular targets in TNBC and
increased resistance to the anti-HER2 therapies in HER2+ breast
tumors, cytotoxic chemotherapy is the common alternative for
treating these two most resistant subtypes of BC. However, there
is an increasing search for therapeutic strategies that would
sensitize the drug-resistant bCSCs to programmed cell death.
Immunotherapy, based on the immune checkpoint inhibitor
molecules (ICIs), specific for programmed cell death protein 1
(PD-1), programmed death ligand 1 (PD-L1), and CTLA-4,
which are either administered as a single agent or in
combination with either a humanized monoclonal antibody,
such as trastuzumab, in HER2+ BC settings, or any other
chemotherapeutic drug in the TNBC scenario, have been the
recent candidates in clinical trials (8). Other immunotherapy
approaches like the chimeric antigen receptor T-cell (CAR-T)
therapy, dendritic cell (DC) vaccine, and oncolytic viral
therapies, specific for bCSC immune targeting, are also gaining
significant momentum in recent years (9). Nanoparticle-based
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bCSC-targeting platform is also appearing as an upcoming
approach to deliver small molecules, antibodies, and miRNAs
to affect the signaling networks implicated in bCSC self-renewal
and differentiation; interfering with drug-efflux transporters; and
targeting bCSC metabolism (10). In this review, we focused on
the mechanisms of resistance to chemo-, endocrine, and targeted
therapies, the contribution of bCSCs in exerting drug resistance,
and the factors influencing bCSC-mediated drug resistance and,
finally, we emphasized the alternative forms of upcoming
treatment platforms to overcome CSC-related drug resistance
in BC patients.
BREAST ARCHITECTURE, BC SUBTYPES,
AND ADVANCEMENT OF TECHNOLOGIES
TO IDENTIFY BC

The breast architecture mainly involves glandular tissue
including the breast lobes and ducts, supportive fibrous
connective tissue, and fatty tissues that largely fill in the gaps
between the glandular and fibrous tissues. An adult woman’s
breast consists of 15–20 lobes, each lobe further containing 20–
40 lobules. The lobules resemble a grape-like structure, where
each of the lobules is attached to a small milk duct, and finally
these small ducts join, eventually forming a larger collecting duct.
There are around 10 ductal systems present in each breast that
finally open at the nipple. A cross-section of a milk duct shows a
basement membrane layer, the basal or myoepithelial layer, and
the luminal or epithelial layer, from outside to inside
(Figures 1A–C). In 20%–25% of cases, the tumor is restricted
at the site of its origin (in situ or preinvasive); whereas, in 75%–
80% of cases, the tumors are malignant (invasive) whereby the
malignant cells invade the basement membrane and penetrate
the stroma.

Histological and Molecular Subtypes
BCs are generally divided according to histological grade and
stage, which define the aggressiveness and metastatic potential of
the tumor. Histologically, the breast tumors are distinguished
into preinvasive and invasive subtypes involving the ductal and
lobular compartments. Ductal and lobular subtype is classified as
ductal carcinoma in situ (DCIS), invasive ductal carcinoma
(IDC), lobular carcinoma in situ (LCIS), and invasive lobular
carcinoma (ILC), respectively (Figures 1D–H) (11). At the
molecular level, breast tumors are categorized into 4 main
subtypes, based on the presence/absence of markers that
include estrogen receptors (ER), progesterone receptors (PR),
and HER2, as well as their proliferative index according to Ki67
expression (12). These molecular subtypes include TNBC (ER−,
PR−, HER2−), HER2-enriched (ER−, PR−, HER2+), luminal A
(ER+ and/or PR+, but HER2−, Ki67 <14%), and luminal B (ER+
and/or PR+, HER2+ or HER2−, Ki67 >14%) (refer to Figure 1I).
ER+ breast tumors are targeted using selective estrogen receptor
modulators (SERMs), aromatase inhibitors, cyclin-dependent
kinases 4 and 6 (CDK4/6) inhibitors, and ER degraders also
called selective estrogen receptor downregulators (SERDs) (13).
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HER2-enriched breast tumors are candidates for HER2-targeted
monoclonal antibodies. However, TNBC accounts for the most
therapy-resistant subtype of heterogeneous basal-like tumors
(15%–20% of all breast tumors), which frequently reflects a
high mutational burden including tumor suppressor p53 (TP53
gene, 74.5%–82.8%), breast cancer type-1 and/or type-2
susceptibility gene (BRCA1, 1.96%–21.55%; BRCA2, 1.63%–
18.10%), and phosphatidylinositol 3-kinase catalytic alpha
polypeptide (PI3KCa, 8.6%–23.2%) (9, 14–16). However,
another compelling piece of evidence from Maristany et al.
suggests the concept of phenotypic switching between BC
molecular subtypes, as evident from the gene expression
studies before, during, and after neoadjuvant therapy with
lapatinib and trastuzumab in HER2+/HER2-enriched tumors
of the PAMELA trial and BC cell lines (17). Dual blockade of
HER2 pathway in HER2-enriched settings leads to a subtype
switching to a low-proliferative luminal A phenotype both in the
patients’ tumor samples and in vitro models. Strikingly, this
subtype switching from HER2-enriched to luminal A phenotype
increased the sensitivity toward CDK4/6 inhibitors; although,
this switching is reversible upon stopping the anti-HER2
treatment. Moreover, integrated analysis of copy number and
gene expression studies of 2,000 breast tumors by Curtis et al.
reveals the existence of novel molecular stratification among the
BC population, resulting from the impact of somatic copy
number aberrations (CNAs) on the transcriptome (18). A
similar study of somatic CNAs revealed an advanced
stratification of BC cases into integrative clusters and
prototypical patterns of single-nucleotide variants, shaping the
clinical courses and response to BC therapies (19). Therefore, in
addition to the conventional BC molecular subtypes discussed
above, the genomic and transcriptomic architecture of BC
samples further add another dimension, yielding novel BC
subgroups with distinct clinical outcomes. Moreover, the
emerging evidence on the inter- and intratumoral
heterogeneity within a breast tumor not only acknowledges the
probability that multiple different BC subtypes can coexist within
a single tumor but also demonstrates that plasticity between
divergent subtypes is possible rather than being static (20).
Interconversion between the different subtypes within a breast
tumor contributes to disease progression, metastasis, and
therapeutic resistance. Therefore, therapeutic decision making
must be designed based on the genomic and transcriptomic
inputs along with the changing molecular phenotypes even in an
individual patient’s tumor.

Solid Tissue Biopsy and Liquid Biopsy
Solid tissue biopsy is the standard method of choice in clinical
oncology that provides information on tumor histology,
molecular profiling and subtyping, and biomarkers targeted for
treatment planning (21). However, it does not reveal the
complete genomic landscape of the tumor, as the tissue is
collected from a specific biopsy area. The heterogeneous nature
of the tumor is validated when tumor cells collected from
multiple regions from a single patient are subjected to exome
sequencing, ploidy profiling, and chromosome aberration
analysis. Gerlinger et al., for example, noted that approximately
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63%–69% of the mutations observed in tumor tissue obtained
from a single biopsy derived from the same patient are not
homogeneous throughout the tumor. This observation strongly
indicates the importance of “multiregion biopsy” for the
diagnosis of cancer (22).

To bypass this limitation, in 2020, the Food and Drug
Administration (FDA) approved the use of “liquid biopsy”
where DNA from circulating breast tumor cells (ctDNA) shed
from the primary tumor site is isolated from the patient’s blood
and then subjected to microfluidic-based single-cell
transcriptional profiling (23, 24). CtDNAs released into the
systemic circulation can be theoretically defined as an
admixture of tumor DNA samples from different metastatic
sites, thus fully reflecting the tumor heterogeneity. A very
recent work from Kingston et al. represents the application of
plasma ctDNA sequencing to define the genomic profile of
metastatic BC in 800 patients in the plasmaMATCH trial (25).
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With this novel approach, diverse resistance mutations including
enrichment of HER2 mutations in HER2+ tumors, ESR1 and
MAPK pathway mutations in ER+ HER2− tumors, and multiple
PI3KCA mutations in ER+ tumors, have been successfully
demonstrated. Particularly, this study utilizes the ctDNA
analysis platform in a large clinical trial to denote the
subclonal diversification of pretreated advanced BC,
categorizing unique mutational processes in ER+ BC and
identifying novel therapeutic directions. This noninvasive
methodology enables the detection of early stages of BC,
monitoring of treatment efficacy and therapeutic resistance,
and identification of minimum residual disease (MRD) and
risk of relapse (24, 26). Circulating tumor RNAs are also
released into the bloodstream of BC patients, which provides
another analytic platform through the liquid biopsy method (27).
Next-generation sequencing (NGS) is also increasingly applied
for high-throughput BC mutational profiling (28, 29).
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FIGURE 1 | Normal breast architecture and breast cancer subtypes. (A) Representative image of breast architecture showing lobular and ductal system.
(B) Magnified view of milk duct showing detailed lobular and ductal structure as an inset image. (C) Cross-sectional view of normal mammary duct showing
basement membrane, basal myoepithelial cell layer, and luminal or epithelial cell layer from outside to inside. (D) Representative images of ductal carcinoma in situ
(DCIS) and (E) invasive ductal carcinoma (IDC). (F) Representative images of lobular carcinoma in situ (LCIS) and (G) invasive lobular carcinoma (ILC). (H) Histological
subtypes (preinvasive and invasive) and (I) molecular subtypes (triple-negative, HER2+, luminal A, and luminal B) of breast cancer.
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BCSCs AND DRUG RESISTANCE

BCSCs can escape the conventional therapies through adaptation
to several strategies, where the breast cancer stem-like cells can
remain dormant or “quiescent”, turn off the apoptotic pathways,
and increase DNA repair mechanisms, along with expelling
chemotherapy (chemo) drugs out of the cell, manipulating
TME, and managing the intracellular load of reactive oxygen
and nitrogen species (ROS and RNS) (30). Although the dormant
bCSCs maintain themselves in the G0 state, they still retain the
ability to enter the cell division cycle in response to mitotic
stimulation (31). As chemotherapy and radiation therapy
exclusively target the proliferating fraction of tumor cells, the
bCSCs can evade systemic therapies, and in turn, develop drug
resistance. Thus, drug resistance confers the bCSCs with a selective
advantage over the non-CSCs that supports the “survival of the
fittest” hypothesis applicable for CSC-like cells within TME.
Moreover, epithelial–mesenchymal transition (EMT) plasticity
that enables bCSCs to dynamically switch between intermediate
cellular states of varying epithelial/mesenchymal traits, also
contributes to bCSC-mediated therapeutic resistance (32–34). A
study by Liu et al. demonstrates that bCSCs exhibit plasticity that
allows them to transition between a proliferative epithelial-like
state (E-bCSCs), characterized by a high aldehyde dehydrogenase
activity, and a quiescent, mesenchymal-like, invasive state (M-
bCSCs), characterized by CD44+CD24− expression (35). This
switching from E- to the M-state closely mimics the EMT
program, which is associated with CSC properties and drug
resistance. This observation strongly proposes that distinct
bCSCs coexist within the same tumor, and thus novel
combinatorial approaches targeting both CSC phenotypic states
are essential to eliminate different types of bCSCs within the same
tumor to reverse drug resistance phenomena. In trastuzumab-
resistant HER2+ BC, combinatorial targeting of both HER2 (with
trastuzumab) and IL-6 receptor (with tocilizumab) synergistically
interferes with the tumor progression and metastasis by
eradicating both E- and M-bCSCs (36); whereas, in the TNBC
scenario, no such approach is available so far.

How the bCSCs Originate Within a Tumor
(Clonal Versus Stem Cell Model)
There has been a great deal of debate on how CSCs originate.
Clonal evolution theory and the cancer stem cell theory are the
two most popular theories that shed light on the origin of this
CSCs. Apart from this, CSCs are thought to be one of the
determining factors establishing intratumoral heterogeneity,
and both clonal evolution theory and stem cell model account
for the same (37). The clonal evolution model holds an example
of a nonhierarchical model where individual tumor cells are
thought to undergo stochastic genetic/epigenetic changes as a
function of time and serves as the platform for adaptation and
selection of the fittest clones (38). Thus, each cell gets the chance
to become tumorigenic or drug resistant if it accumulates enough
episodes of genetic/epigenetic modifications. These changes
contribute to intratumoral heterogeneity as a result of natural
selection and evolution of bCSCs with better survival fitness,
where those clones will expand and survive, out-compete the
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other nontumorigenic clones with less fitness, eventually making
them extinct. This landmark theory was proposed by Peter
Nowell in 1976 (39). Furthermore, these clones may change
spatially and temporally and develop into a complex subclonal
architecture, contributing to tumor heterogeneity. However, the
dynamic CSC model represents a hierarchical model, which
holds that only the CSC-like cells can develop a tumor, based
on their infinite self-renewal and tumorigenic properties (refer to
Figure 2A). According to this model, a CSC-like cell can either
symmetrically divide giving rise to two new CSCs or can
asymmetrically divide into a differentiated daughter cancer cell
and a CSC (refer to Figure 2B). Hence, CSCs contribute to
intratumoral heterogeneity through a differentiation program
generating a range of distinct cell types within a tumor. However,
this differentiation hierarchy is not only a one-way route but can
also be reversible or plastic where the terminally differentiated
pool of cancer cells can reverse their phenotype and acquire
CSC-like properties through a dedifferentiation program, termed
as “phenotype reversal”. Recent studies also indicate that
different subpopulations of CSCs with varying biochemical,
biophysical, and metabolic signatures may exist within a
tumor, contributing to tumor heterogeneity, varied
dissemination, and drug resistance potential (40). Treatment
with the available chemotherapeutic drugs can kill the
nonstem-like tumor cells while sparing the drug-resistant
bCSCs, allowing them to survive, which eventually repopulate
and develop into a tumor, leading to distant metastasis (refer
Figure 2C). Therefore, treating a hierarchical tumor with some
therapeutic agents that can specifically target and eradicate
bCSCs can be the only option to get rid of CSCs and tumor
recurrence. However, even if the CSC fraction is eliminated out
of the TME, the remaining tumor cells may undergo phenotype
reversal to replenish the CSC-like population and lead to tumor
regrowth (10). Moreover, a failed radiotherapy can stimulate the
transition of dormant CSCs into the “awakened state”, whereby
they can enter the cell cycle and start proliferating (41).

Characterization of bCSCs
Since bCSCs are phenotypically different from the rest of the cells
present within TME, bCSCs can be identified and sorted based on
some classical bCSC-specific markers like CD44, CD133, aldehyde
dehydrogenase 1 (ALDH1) activity, epithelial cell adhesion
molecule (EpCAM), CXCR4, ABCG2, CD34, CD49f, CD90,
CD61, and breast cancer resistance protein (BRCP). However,
due to the low specificity of these markers, a combination of CSC-
like markers is frequently used. However, the combination of a
high CD44/CD24 ratio and ALDH1+ is considered to be the most
accurate and consistent way of defining bCSCs (42).

CD44
CD44 is a cell-surface hyaluronan acid (HA) receptor that contains
an HA-binding site in its extracellular domain. Notably, HA is the
major component of ECM. Hence, the CD44-HA interaction not
only contributes to the cell adhesion to ECM components but also
to tyrosine phosphorylation of cytoskeletal proteins, activation of
RhoA/RhoC, Rac1, and Cdc42, fueling invasion and metastasis
(43). Activation of these signaling pathways is essential for actin
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cytoskeletal remodeling, actin filament assembly, tumor cell
migration, and invasion. CD44 is overexpressed in bCSCs and
interestingly involves the Src kinase family proteins to initiate BC
progression via Twist signaling (44). Moreover, CD44 contributes
to chemoresistance since it upregulates the expression of multidrug
resistance receptors by activating Nanog (45).

CD133
CD133 is another bCSC-specific marker found to be enriched in
basal-like, HER2+, luminal, and TNBC subtypes. CD133-high
bCSCs have been documented in tumor cell proliferation,
vasculogenic mimicry, invasion, metastasis, and drug resistance
(6). Croker et al. identified CD44+CD133+ALDHhigh bCSC-like
Frontiers in Oncology | www.frontiersin.org 6131
cells as crucial mediators of BC metastasis (46). BRCA1-
associated murine breast tumors consist of CD44+/CD24− and
CD133+ cells with bCSC-like features, showing a greater
intrinsic colony-forming potential that can regenerate breast
tumors in NOD/SCID mice (47). Interestingly, CD133-high
bCSCs augments endocrine resistance in metastatic BC via the
IL-6/Notch signaling (48). Xenograft initiating CD44
+CD49fhighCD133/2 high cells display self-renewal in vivo
and greater tumorigenicity in ER− breast cancer (49).

ALDH1
Aldehyde dehydrogenase 1 is a member of NAD(P)+-dependent
cytosolic isoenzymes, which is critically responsible for the
A B
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FIGURE 2 | The origin of breast CSCs within a tumor. (A) Dynamic cancer stem cell (CSC) model of cancer cell plasticity showing switching between CSC-like state
and differentiated cancer cell states (non-CSCs) through differentiation and dedifferentiation pathways. (B) Establishment of intratumor heterogeneity in breast cancer,
resulting from symmetric and asymmetric cell divisions of breast CSCs. (C) Representative images of classical chemotherapy, CSC-targeted therapy, phenotype
reversal, and combination therapy for target killing of breast cancer stem-like cells from TME.
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oxidation of retinol to retinoic acid, required for early
differentiation of stem cells. ALDH1 is a general marker of both
human normal mammary stem cells and malignant mammary
stem-like cells, and high ALDH1 activity is an independent
predictor of poor clinical outcome and survival of BC patients
(50). Interestingly, only a fraction of CD44+CD24−/low bCSC BC
cells are ALDH1+ and display the highest tumorigenic potential,
when compared with ALDH1− population (50). Moreover,
ALDHhighCD44+CD24− and ALDHhighCD44+CD133+
bCSCs, isolated from MDA-MB-231 and MDA-MB-468 cell
lines, respectively, demonstrated enhanced growth, adhesion,
migration, colony formation, and invasion profile, compared
with ALDHlowCD44−/low cells (46). Therefore, inhibition of
ALDH activity can effectively reverse doxorubicin/paclitaxel
resistance of ALDHhighCD44+ human bCSCs (51). ALDH+
bCSCs with an increased expression of interleukin-1 receptor
(IL1R1) are enriched following antiestrogen therapy and held
responsible for the treatment failure (52). Hence, targeting the
ALDH+IL1R1+ bCSCs is crucial to reverse the drug resistance
exerted by antiestrogens.

EpCAM
EpCAM is a glycosylated type 1 glycoprotein, expressed by
human epithelial cells, and functions as an oncogenic signal
transducer (53). Al-Hajj et al. showed that EpCAM+CD44
+CD24−/lowLineage− fraction had a >10-fold higher frequency
of tumor-initiating cells compared withto EpCAM−CD44
+CD24−/lowLineage− fraction (4). Interestingly, EpCAM
overexpressing BC cells can withstand greater radiation stress
compared with EpCAMlow cells (54). Hence, EpCAMhigh BC
cells retain the ability to form a higher number of
mammospheres. Activation of the AKT pathway is also
observed in EpCAM overexpressing ZR-75-1 breast cancer cell
line, compared with parental cell line. Moreover, EpCAM
overexpression also reflects a higher percentage of cells with an
E/M hybrid state, encouraging EMT, invasion, and metastasis.
EpCAM+ circulating tumor cells isolated from primary human
luminal BC patients’ blood contain metastasis-initiating cells,
leading to bone, lung, and liver metastasis in mice (55). Since
survivin has a crucial role in bCSC chemoresistance, EpCAM
aptamer-mediated survivin silencing can sensitize bCSCs to
doxorubicin and reverse chemoresistance (56).

CXCR4
The chemokine receptor C-X-C chemokine receptor type 4
(CXCR4) is considered to be a prognostic marker of bCSCs.
The metastatic cascade is initiated via a series of sequential steps
that include local invasion and intravasation (transendothelial
migration) of cancer cells from the primary tumor site into the
circulation, followed by extravasation at distant sites and
subsequent organ colonization (homing) (57). Cancer cells at
the growing front of the tumor undergo EMT, which degrades
the underlying basement membrane and ECM before
intravasation. The CXCR4 receptor and its ligand, CXCL12
(SDF-1) play an important role in the dissemination of BC
cells from the primary site, transendothelial migration, and
eventually trafficking and homing of bCSCs. Chemokines are
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8–12-kDa chemoattractant cytokines that contribute to
differentiation, cell activation, and trafficking. Notably, the
chemoattractant CXCL12 provides directional guidance to
CXCR4+ bCSCs toward the secondary metastatic site and
initiates metastasis (58–60). Hence, targeting the CXCR4-
CXCL12 signaling axis could serve as an alternative approach
to restrict bCSC-driven drug resistance. Additionally, CXCR4+
bCSCs show a higher vimentin/E-cadherin ratio, indicating
EMT. Interestingly, CXCR4 inhibition can enhance the
infiltration of cytotoxic T-cell lymphocytes (CTLs) and
improve the responses to immune checkpoint blockers in
metastatic BC (61). A quantitative phosphoproteomic study by
Yang et al. validated the importance of CXCR4-SDF1 signaling
in bCSCs and also identified several important signaling
pathways in bCSCs, downstream of CXCR4-SDF1 (62).

Evidence on Therapy-Induced bCSC
Enrichment and Drug Resistance
Several studies indicate evidence on bCSC enrichment
postanticancer therapy, although the underlying molecular
mechanisms leading to bCSC enrichment are largely unknown.
Since radiation treatment preferentially kills actively proliferating
non-CSCs, there is a natural enrichment of bCSCs posttherapy.
Furthermore, radiation can induce reversible transformation
between CSC and non-CSC phenotype such that more CSC-like
cells, with an increased level of stemness and tumorigenic
potential, are generated from both normal stem cells as well as
neoplastic nonstem-like cells, which ultimately leads to an increase
in the absolute number of bCSCs within TME (41, 63, 64). It is
hypothesized that in advanced cancer cases, the majority of the
CSCs remain “dormant”, thus remaining unaffected by
radiotherapy. Moreover, it is the unique potential of CSCs that
can modify divisional dynamics, favoring symmetrical division,
generating two identical CD44+CD24−/low daughter cells with
higher radioresistance, postradiotherapy (65, 66). The number of
tumor-initiating bCSCs also increases along with Notch
upregulation, following a brief period of fractionated irradiation
(66). Moreover, a study on non-CSCs isolated from the BC
patients indicates that ionizing radiation (IR) reprograms the
phenotype of differentiated BC cells and converts them into
induced bCSC (i-bCSC). These i-bCSCs reflect a greater
tumorigenic and mammosphere formation potential, along with
a higher expression of stemness-related genes, OCT-4, Sox2,
Nanog, and KIf4 (67). Furthermore, in response to IR, non-
CSCs undergo radiation-induced EMT and show an increased
migratory potential leading to metastasis and disease relapse, thus
closely mimicking the CSC-like phenotype (68). Altogether, this
evidence strongly suggests that acquisition of CSC phenotype by
differentiated BC cells is an example of a direct effect of anticancer
therapy, rather than a random event. Another study on glioma and
breast cancer suggests that around one-third of the CSCs remain
in dormancy and do not enter the cell cycle until challenged with
IR (69). This refers to a mechanism whereby more “awakened
CSCs” are generated from “dormant CSCs”. Moreover,
radiotherapy favors oncogenic metabolism in CSCs upon their
conversion from a slow-cycling “dormant” to “awakened” state,
which increases their therapeutic resistance (68). Chemotherapy
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treatment also enhances the percentage of CD44+CD24−/low BC
cells, indicative of innate chemoresistance exerted by bCSCs (70).
Hence, despite eradicating the CSCs from the tumor, anticancer
therapies including chemo- and radiation therapy rather help the
dormant bCSCs to survive by increasing their intrinsic resistance
and finally leading to tumor recurrence. Recently, an intricate link
between the dormant disseminated tumor cells (DTCs) and
therapeutic resistance has been documented, in the course of
metastasis (71). DTCs also spread via the metastatic cascade and
enter the blood or lymphatic circulation (57). During circulation,
the DTCs undergo a reversible mitotic arrest program, followed by
a long period of dormancy, termed as “quiescence”, when they
remain viable but do not increase in number (72). It is
hypothesized that a percentage of breast DTCs are indeed
bCSCs with long half-lives (73), capable of evading immune
surveillance through expression of PD-L1 and show innately
higher resistance toward standard radiation, chemo-, and even
immunotherapy (74). Upon reaching the distant organs, DTCs
infiltrate into the local tissue stroma, although they cannot form
micrometastases until dormancy is over. This period is termed as
“metastatic cancer dormancy” which reflects the period between
the initial therapy and disease relapse. Once the dormant DTCs
get adjusted to the new microenvironment, they “awaken” from
their dormant state, gain the ability to re-enter the cell cycle, and
proliferate, ensuing the metastatic outgrowth (72). Interestingly,
~62% of all deaths from BC happen after 5-year survival mark,
emphasizing the contribution of dormant DTCs in disease
recurrence (75). Several molecular targets, including integrin
a5b1, b1, a2, avb3, FAK, PKC, STAT3, and Cox1/2 have been
identified to DTCs’ reawakening program, for which specific
therapeutic agents are designed (72). Therefore, if the bCSCs
could be targeted before they awaken from dormancy,
metastatic dissemination and drug resistance can be
potentially restricted.
Factors Contributing to bCSC Drug
Resistance Against Conventional
Therapeutic Drugs
Vasculogenic Mimicry
Vasculogenic mimicry (VM) is a recently defined pattern of
tumor microvascularization that refers to the ability of cancer
cells to organize themselves into vascular-like structures to
procure nutrients and oxygen independently of normal blood
vessels (76, 77). Unlike the concept of angiogenesis or
vasculogenesis where the endothelial cells participate in blood
vessel formation, VM particularly depends on the participation
of highly aggressive tumor cells, having the endothelial
phenotype, to form vessel-like structures (Figure 3A). VM has
been reported in different types of solid aggressive tumors
including BC (78–80). CD133+ breast CSCs reflect VM, with a
higher expression of vascular endothelial-cadherin (VE-
cadherin), along with an upregulated expression of matrix
metalloproteinase, MMP-2, and MMP-9 in TNBC (81).
Notably, both MMP-2 and MMP-9 are critical players in
cellular plasticity and VM formation. According to Sun et al.,
it is the bCSCs that line the VM channels in breast tumor tissues
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from TNBC patients (82). Additionally, bCSCs produce more
VM-related molecules like CD133 and ALDH1, to synergize VM
formation (82, 83). However, cells participating in VM formation
lack the classical endothelial marker CD31, and thus,
administration of angiogenesis inhibitors does not affect VM
formation. In this context, a phytocompound, thymoquinone
(TQ), has been reported to exhibit an inhibitory effect on VM
and promotes mesenchymal–epithelial transition (MET) in
bCSCs derived from MDA-MB-231, in a dose-dependent
manner. Moreover, CD44+CD24− bCSCs when incubated with
TQ can interfere with rhodamine-123 efflux and decrease
stemness . This observation indirect ly denotes that
thymoquinone relieves the drug-resistance properties of bCSCs
(84). Mechanistically, TQ suppresses the PI3K and Wnt3a
signaling, leading to the reduction of the p-Akt/Akt ratio, and
has the potential to reduce the number of bCSCs.

Decreased Ferroptosis in bCSCs
Ferroptosis is an iron-dependent mechanism of regulated cell
death, which is characterized by the intracellular accumulation
of lipid-based ROS, ultimately resulting in the loss of membrane
integrity (Figure 3B) (85). Notably, lipid-ROS is detoxified in a
GPX4-catalyzed enzymatic reaction, which uses glutathione as a
reducing agent. Hence, ferroptosis can be triggered either by
inhibiting GPX4 enzymatic activity or depleting glutathione.
Type I ferroptosis-inducing compounds, including sulfasalazine
and erastin block the amino acid transporter required for cysteine
import to synthesize glutathione. Type II drugs, such as RSL3,
interfere with GPX4 peroxidase activity. Mechanistically, the
execution of ferroptosis requires a high concentration of
intracellular iron. Ferritin, the intracellular iron-storing protein,
can release iron to initiate ferroptosis. The released iron can yield
lipid-ROS in an autoamplifying manner. Ferroptosis can be
inhibited by the presence of iron chelators and activated by
transferrin and its receptor (86). Hence, sensitizing tumor cells
to ferroptosis appears as a possible therapeutic approach for BC
treatment. Notably, drug-tolerant BC cells show a dependency on
the GPX4 activity, thus inhibition of GPX4 can potentially
overcome BC drug resistance (87). Taylor et al. reported an
array of ferroptosis-inducing small molecules that can selectively
kill bCSCs with the mesenchymal phenotype in vitro (88). TNBC
cells are highly susceptible to cysteine starvation, leading to
ferroptosis and necroptosis, via the GCN2-eIF2a-ATF4-CHAC1
pathway (89). Since cysteine serves as the substrate for glutathione
synthesis to prevent ferroptosis, depleting the pool of cysteine can
sensitize BC cells to ferroptosis (89). Another synthetic derivative
from salinomycin, ironomycin (AM5), can trigger cell death in
bCSCs, both in vitro and in vivo, by sequestering iron in
lysosomes, which further indicates that iron homeostasis plays a
crucial role in bCSC survival (90). A novel nanoparticle, ferritin-
bound erastin, and rapamycin (NFER) has shown robust
ferroptosis-inducing properties by interfering GPX4 in 4T1
orthotopic BC mouse model (91).

Increased Autophagy in bCSCs and Drug Resistance
Autophagy is an evolutionarily conserved self-degradation
process that recycles intracellular nutrients, growth factors, and
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energy to sustain survival and cellular activities during stress like
hypoxia, nutrient deprivation, and ischemia (92). Autophagy
provides bCSCs with metabolic flexibility that becomes a
prerequisite for their survival in oxygen- or nutrient-poor
TME (93). Autophagy contributes to bCSC dormancy,
stemness, maintenance, and drug resistance (94–96).
Chaperone-mediated autophagy (CMA) and macroautophagy
are two different modes of the autophagy process, documented in
mammalian cells. Autophagy can elevate bCSC number, and
thus develop drug resistance to conventional chemotherapies
(97). Furthermore, autophagy-related genes (ATGs) such as
ATG4A, ATG5, ATG12, LC3-B, and Beclin1 are expressed in
dormant bCSCs, promoting bCSC survival and sustaining bCSCs
over the progression of BC (96). Expression of Beclin1 is noted to
be higher in mammospheres derived from BC cell lines, MCF-7
and BT474, compared with the adherent cultures (98). Moreover,
the expression of lysosome-associated membrane protein type
2A (LAMP2A), involved in the CMA pathway, is augmented in
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the course of BC metastasis (99). Autophagy of cancer-associated
fibroblasts (CAFs) also contributes to TNBC proliferation and
progression. Notably, autophagy-relevant Beclin1 and LC3-II/I
protein conversion levels are higher in CAFs, compared with the
normal fibroblasts in TNBC (100). Since autophagy serves as one
of the factors in malignant growth, inhibition of autophagy can
suppress tumor growth. Pharmacological targeting of the
autophagic flux with salinomycin can reduce bCSC-driven
drug resistance, interfere with their stemness, and also
compromise the bCSC tumorigenic potential (101).

Enhanced Drug-Efflux in bCSCs
CSCs often express a higher level of ATP-binding cassette (ABC)
transporters that facilitate them to survive chemotherapy, aiding
in the survival of drug-resistant CSCs (102). ABC transporters
can efficiently expel chemo drugs like anthracycline or taxanes out
of the cells and can eventually lead to the acquisition of drug
resistance phenotype in bCSCs (Figure 3C). This group of
A B

D
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FIGURE 3 | Factors responsible for bCSC-mediated drug resistance against traditional anticancer therapeutics. (A) Concept of vasculogenic mimicry observed in
breast CSCs leading to drug resistance. (B) Representative image of ferroptosis pathway involving generation of lipid-ROS in an iron-dependent manner, leading to
oxidative cell death of tumor cells. (C) Increased drug efflux due to enhanced expression of ABC transporters in bCSCs, resulting in lower intracellular
chemotherapeutic drug concentration. (D) Low ROS burden and enhanced DNA damage repair in bCSCs. (E) Restoration of T-cell activity by targeting immune-
checkpoint molecules like PD-1, PD-L1, and CTLA-4 to reverse CSC-mediated immune escape in breast cancer. (F) Epithelial-mesenchymal transition (EMT)
plasticity indicating the gradual transition of cancer cells from epithelial state to mesenchymal state and the transcription factors associated with the process.
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proteins is located on the cell membrane and thus can allow
transmembrane transportation of different toxic molecules.
Notably, CSCs exhibit a higher expression of ABC transporters,
such as ABCB1 (MDR1), ABCG2 (BCRP1), ABCC11 (MRP8),
and ABCB, which are positively correlated with CSC-mediated
drug resistance (103, 104). The activity of drug efflux proteins can
be monitored through the transport of fluorescent dyes like
rhodamine and Hoechst 33342 (105). Based on this property,
the CSCs can be isolated from non-CSCs by fluorescent-activated
cell sorter (FACS). This fraction of cells termed as “side
population” (SP), is identified as CSCs since these cells fall
along the side of the cellular distribution on the FACS profile.
Downregulating ABCG2 with wedelolactone-encapsulated PLGA
nanoparticles increases the chemosensitivity of bCSCs (106). The
Sox2-ABCG2-TWIST1 axis contributes to chemoresistance and
stemness in TNBC, indicating the importance of ABCG2 as a
potential bCSC-specific target in TNBC patients (107). Moreover,
simultaneous blocking of ABCG2 and antiapoptotic gene BCL2
with SiRNA in bCSCs leads to better chemotherapeutic response
to doxorubicin (108). Dofequidar, an ABC transporter inhibitor,
increases the chemosensitivity of bCSCs in advanced or recurrent
BC patients, when administered in combination with chemo
drugs like doxorubicin, fluorouracil, and cyclophosphamide
(109). ABC transporters not only participate in establishing the
drug resistance via increased efflux of chemo drugs but also
contribute to EMT (110). ABCB1 is another group of ABC
transporter implicated in the chemoresistant nature of CSCs
and induction of EMT (111, 112). Therefore, the combined
application of chemotherapeutic drugs and ABC inhibitors
should be employed to kill the bCSCs (111).

Enhanced DNA Repair in bCSCs
Although cancer cells show a reduced DNA damage repair
(DDR) mechanism and reflect many mutations and genomic
instability, CSC-like cells exhibit a highly dynamic DDR system
that protects the DNA effectively (113). Both chemotherapy
drugs and radiotherapy can induce DNA damage.
Mechanistically, radiotherapy contributes to DNA damage
through the production of water-derived free radicals and ROS
that avidly interacts with DNA, protein, and lipids. The
generation of ROS, in turn, switches on the DDR pathway.
However, in contrast to non-CSCs, CSCs have a low ROS
burden and augmented DNA repair system (refer to
Figure 3D). An increased level of ROS scavengers in CSCs
maintains low levels of ROS that protect the CSCs from ROS-
mediated DNA damage and apoptosis. The ROS scavenger, N-
acetylcysteine, can restore both CSC and EMT phenotypes (114).
A novel compound, salinomycin, can effectively target the CSC
niche and kill CD44highCD24−/low bCSCs as it upregulates the
ROS levels (115). The radioresistance property of CSC-like cells
is linked with cell-cycle kinetics, which is reflected by a
significant increase in the doubling time and Chk1/Chk2 basal
activation level (116). The elongated cell-cycle window,
therefore, offers more time to repair the genetic defects in
CSCs. When the DNA defects are corrected, CSCs again enter
into the cell cycle from the quiescent state and escape apoptosis.
Therefore, targeting DDR could reverse therapeutic resistance.
Frontiers in Oncology | www.frontiersin.org 10135
Frizzled 5 (FZD5), a member of the FZD family, contributes to
DDR, G1/S transit ion, proliferation, stemness, and
chemoresistance in TNBC (117). FZD5 knockdown suppresses
the expression of CD133, ALDH, EpCAM, and Oct-4, thus
potentially overcoming chemoresistance and recurrence in
TNBC. Likewise, CCR5 directs the DDR mechanism and bCSC
expansion (118). CCR5 antagonists, vicriviroc and maraviroc,
can substantially increase cell death caused by DNA-damaging
chemo drugs. MYC and MCL1 also cooperatively function in
bCSC maintenance in TNBC patients via increasing ROS
production and HIF-1a expression (119).

Immune Escape in bCSCs and Drug Resistance
CSCs are a crucial driver in immune evasion, metastasis, and
drug resistance. Substantial evidence suggests a reciprocal
interaction between CSCs and immune cells, and that CSCs
adopt different strategies to circumvent immune attacks
mediated by different immune cell types within TME. This, in
turn, contributes to CSC expansion and mediate protumorigenic
immune function, leading to CSC-specific avoidance of immune
detection and destruction of immune cells. Tumor-associated
macrophages (TAMs), tumor-associated neutrophils (TANs),
myeloid-derived suppressor cells (MDSCs), DCs, tumor-
infiltrating lymphocytes (TILs), B cells, natural killer (NK)
cells, and T regulatory (Treg) cells, and proinflammatory
cytokines secreted by these cells, are therefore crucial for
maintaining an immune-resistant phenotype. Treatment of
bCSCs with conditioned medium from TAMs results in an
upregulated expression of Oct3/4, Sox2, Nanog, and ALDH1
activity (120). MDSCs also lead to the enrichment of bCSCs via
IL-6/STAT3 and NO/Notch signaling, leading to the suppression
of T-cell activation (121). The T-cell inhibitory molecule, PD-L1
is overexpressed on the bCSC cell surface, compared with their
differentiated counterparts, and is dependent on PI3K/AKT and
Notch signaling pathway (122). Interestingly, PD-L1 expression
is upregulated in response to EMT induction and facilitates the
immune escape of bCSCs (123, 124). Moreover, bCSCs are not
only resistant to chemotherapy but also immunotherapy (125).
Therefore, restoring the T-cell activity by manipulating immune
checkpoint molecules, targeting either PD-1/PD-L1 (nivolumab/
pembrolizumab) or CTLA-4 (ipilimumab) can be an effective
strategy (Figure 3E). Also, immunosuppressive cytokines
secreted by breast CSCs (IL-4, IL-6, IL-8, IL-10, and IL-13)
result in therapeutic resistance, increased EMT, metastasis, and
recruitment of immunosuppressive immune cell types like Treg
and MDSCs (126). A high circulating level of IL-6 contributes to
disease recurrence, tamoxifen resistance in luminal BC, and
trastuzumab resistance in HER-2 enriched BC. Targeting IL-6
receptor with monoclonal antibody tocilizumab, hence,
suppresses metastatic potential of bCSCs and enhances the
cytotoxicity of cisplatin against TNBC (127).

bCSC-Driven EMT, Metastasis, and Drug Resistance
Like normal tissue stem cells, EMT and the reverse process MET
are critical to CSC features. Substantial evidence exists that
correlates EMT plasticity to the emergence of dedifferentiated
cells with CSC phenotype, ultimately driving metastasis and drug
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resistance (128, 129). EMT inducers such as TGF-b and receptor
tyrosine kinase (RTK) ligands modulate gene expression patterns
through complex signaling networks (112). This results in the
upregulation of transcriptional repressors like Snail, Slug, Zeb1/2,
Twist, and E47. This group of proteins, then, interacts with the
promoter sequence of adherens junction protein, E-cadherin,
recruits histone deacetylases (HDACs), and induces its
chromatin condensation, leading to transcriptional repression of
E-cadherin. EMT involves the dissolution of cell–cell adherens
junction barriers, loss of apico-basolateral polarity of epithelial
cells, along with increased expression of mesenchymal markers
such as fibronectin and vimentin (Figure 3F) (128). This, in turn,
aids in gaining motile characteristics of cancer cells post-EMT.
Mani et al. indicated that when the EMT program is induced in
immortalized human mammary epithelial cells through ectopic
expression of Twist, Snail, or TGF-b treatment, the cells exhibited
mesenchymal appearances, developed many stem-like properties,
and had the potential to form mammary tumors in mice (128).
Importantly, the metastatic cancer cells with mesenchymal-like
features generated post-EMT, exhibited CD44high/CD24low
signature, and formed mammospheres whereas CD44low/
CD24high cells could not. Al-Hajj et al. reported that
disseminated BC cells found in pleural effusions are enriched
in CD44highCD24−/low bCSCs (4). Interestingly, the EMT-
associated emergence of bCSCs is induced by CD8+T cells
that stimulate dedifferentiation of BC cells into bCSCs (130).
An increased expression of stroma cell-related genes, attributed
to the EMT program, could be linked to drug resistance in
BC (131). Hence, blocking the EMT program can eventually
interfere with CSC maintenance and innate or acquired drug
resistance (70). Therapeutic intervention of micro-RNAs can
provide an additional strategy to disrupt the EMT-CSC deadly
axis. Application of HDAC inhibitors and “differentiation-
inducing” agents are also believed to fetch clinical benefits to
BC patients.
MECHANISM OF BCSC-MEDIATED DRUG
RESISTANCE TO CANCER THERAPY

Resistance to Chemotherapy
Chemotherapy involves chemo drugs given to the BC patients
either intravenously or orally, along with other treatments like
surgery, radiation, or hormonal therapy. Through the
bloodstream, the chemo drugs reach the cancer cells and kill
them. Adjuvant and neoadjuvant chemotherapies are two
different modes of chemotherapies. In adjuvant chemotherapy
(following surgery), the chemo drug is given to kill the cancer
cells that have been left behind or could not be seen in imaging
tests; whereas, in neoadjuvant chemotherapy, the chemo drug is
given to shrink the breast tumor to reduce the requirement of
extensive surgery. However, several lines of evidence indicate
bCSC enrichment following exposure to chemo drugs, resulting
in multidrug resistance (MDR). Here, we focus on the variety of
chemo drugs (refer to Table 1), their mode of action, and
potential mechanisms of chemoresistance exerted by bCSCs.
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Paclitaxel Resistance
Paclitaxel, a first-line therapeutic agent for the treatment of
metastatic BC, is a microtubule-stabilizing agent. It interferes
with microtubule dynamic instability at nanomolar
concentrations, thus leading to G2/M mitotic arrest and
apoptosis in BC cells (Figure 4A). Paclitaxel resistance seems
to be one of the primary obstacles that lead to chemotherapeutic
failure in BC. HER2/b-catenin pathway mediates paclitaxel
resistance in BC cells, and hence suppression of the HER2/b-
catenin signaling can overcome paclitaxel resistance (132).
Penfluridol (PFL) treatments that suppress both HER2/b-
catenin pathways significantly inhibit the survival of paclitaxel-
resistant BC cells. Notably, paclitaxel resistance increases both
CD44+CD24− bCSC content and sphere-forming ability in the
paclitaxel-resistant SUM159 metastatic TNBC cell line (133).
According to this report, dasatinib, an Src family kinase
inhibitor, induces epithelial differentiation of mesenchymal
TNBC cells and sensitizes TNBC cells to paclitaxel therapy
through targeting bCSCs. An increased association of ALDH1
expression has been noted in paclitaxel-resistant BC patients
(134). TNBC cell lines, such as MDA-MB-231, SUM-149, and
SUM-159 show an enhanced activity of hypoxia-inducible
factors (HIFs) and their target gene products, with chronic
exposure to paclitaxel therapy. Furthermore, chemotherapy-
induced HIF activation results in bCSC enrichment through
IL-6 and IL-8 signaling and enhanced expression of MDR-1
(135). Hence, combinatorial therapies including HIF inhibitors
along with paclitaxel chemotherapy are being tested in clinical
trials to explore its efficacy in BC patients.

Platinum Resistance
Platinum-based chemotherapeutic drugs, such as cisplatin,
oxaliplatin, carboplatin, nedaplatin, and lobaplatin are
frequently the choice of drugs for treating advanced BC cases,
including TNBC (136, 137). Mechanistically, platinum-based
drugs interact with guanine and adenine nucleotides, forming
platinum-DNA nonfunctional adducts, disrupting DNA double-
helical structure, and eventually inhibiting cell division
(Figure 4B) (138). However, drug resistance associated with
platinum therapy and the numerous side effects that it causes
have been a long-standing concern for BC patients. According to
Sledge et al., only 47% of the BC patients with metastatic BC are
partially sensitive to platinum therapy (139). Several lines of
evidence indicate a crucial contribution of bCSCs in developing
and maintenance of platinum resistance. In this context, a novel
drug disulfiram (DSF) can reverse cisplatin resistance in different
BC cell lines through inhibiting ALDH enzymatic activity and
interfering with the expression of Oct4, Sox2, and Nanog in
bCSCs. IL-6 secreted by breast tumor-derived mesenchymal
stem-like cells (MSCs), augments cisplatin resistance via
STAT3 signaling (140). Although neutralizing IL-6 can
partially interfere with the IL6-STAT3 axis and reverse the
cisplatin resistance, the specific role of bCSCs remains unclear.
Notably, there is the active involvement of PI3K/AKT/NF-ĸB
signaling in enrichment as well as maintenance of breast CSCs.
Cisplatin is known to stimulate transcriptional upregulation of
PI3KCA, thereby triggering PI3K/AKT signaling in platinum-
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TABLE 1 | Different chemotherapeutic modalities in clinical practice and novel therapeutic drugs being developed against BC subtypes and their mechanism of action.

Breast cancer
subtype

Drug Biological target (mechanism of action)

Hormone positive In clinical practice
Tamoxifen Competitively inhibits interaction between ER and estrogen
Fulvestrant SERD, competitively inhibits estrogen to occupy ER, ER degradation
Aromatase inhibitors (AIs) (exemestane,
anastrozole, letrozole)

Blocks conversion of androgens to estrogens

Leuprolide Reduces production of estrogen and progesterone by the ovary by blocking effects of GnRH
on the pituitary gland

Goserelin Luteinizing hormone-releasing hormone (LHRH) agonist, stops LH production, blocks release of
estrogen

Palbociclib (FDA approval: February 2015) CDK4/6 inhibitors for advanced stage BC along with letrozole
Ribociclib (FDA approval: March 2017) CDK4/6 inhibitors for advanced stage BC along with letrozole
Abemaciclib or verzenio (FDA approval: October
2021)

CDK4/6 inhibitors for treatment of early-stage BC

Everolimus (FDA approval: July 2012) mTOR inhibitor, sensitizes hormone-receptor-positive BC to exemestane
In pipeline
Buparlisib (BKM120) Pan-class I PI3K inhibitor, combination therapy with fulvestrant, phase III trial (NCT01610284)
Alpelisib PI3K inhibitor, inhibiting p110 alpha; combination therapy with fulvestrant, phase III trial

(NCT02437318)
Taselisib Alpha-specific PI3K inhibitor; combination therapy with fulvestrant, phase III trial

(NCT02340221)
Entinostat HDAC inhibitor, phase II trial with exemestane (NCT02115282)
Vorinostat HDAC inhibitor, in combination with tamoxifen, terminated (NCT01194427)
Irosustat Steroid sulfatase inhibitor with AI, phase II trial completed (NCT01785992)

HER2 enriched In clinical practice
Trastuzumab Anti-HER2 mAb interacting with extracellular domain IV of HER2
Pertuzumab Anti-HER2 mAb targeting HER2 extracellular domain II, inhibiting HER2 heterodimerization with

EGFR, HER3, and HER4
Lapatinib Tyrosine kinase inhibitor (TKI) targeting both EGFR and HER2, interacts at ATP-binding site of

kinases
Ado-trastuzumab emtansine Anti-HER2 mAb conjugated with microtubule inhibitor emtansine
Margetuximab (FDA approval: December 2020) HER2-targeted antibody for metastatic HER2+ BC
Tucatinib (FDA approval: April 2020) HER2 inhibitor, used in combination with trastuzumab and capecitabine (Xeloda) in metastatic

HER2+ BC
In pipeline
Patritumab Anti-HER3 mAb in combination with trastuzumab and paclitaxel in phase I/II trial completed

(NCT01276041)
Buparlisib with lapatinib and pilaralisib with
trastuzumab

Pan class-I PI3K inhibitors, phase I/II trial (NCT01589861), phase I/II trial (NCT01042925)

Lonafarnib Inhibits Ras activity, combination therapy with trastuzumab and paclitaxel, phase I completed
(NCT00068757)

NeuVax + trastuzumab Immunotherapy for treatment of early-stage HER2+ BC; phase IIb trial (NCT02297698)
Ridaforolimus with trastuzumab mTOR inhibitors, phase II trial completed (NCT00736970)
Sirolimus with trastuzumab mTOR inhibitors, phase II trial completed (NCT00411788)
MK-2206 Allosteric pan-Akt inhibitor; combination therapy with trastuzumab and lapatinib, terminated

(NCT00963547)
Triple-negative In clinical practice

Anthracyclines Topoisomerase II inhibitors, stabilize DNA breaks and ensuing tumor cell death
Taxanes Microtubule-stabilizing agent, stabilize GDP-bound tubulin in microtubule, G2/M arrest, cell

death
Olaparib PARP inhibitor, blocks repair of single-strand DNA breaks by base excision repair (BER) system
Talazoparib PARP inhibitor
Bevacizumab Antiangiogenic mAb against VEGF bevacizumab + docetaxel anti-VEGF mAb
Atezolizumab (FDA approval: March 2019) Anti PD-L1 antibody as first-line therapy to locally advanced or metastatic PD-L1-positive

TNBC patients
Pembrolizumab (FDA approval: October 2021) Anti PD-1 antibody for high-risk early-stage TNBC
Trodelvy (sacituzumab) (FDA approval: 2020) Trop-2 directed antibody and topoisomerase inhibitor drug conjugate for metastatic TNBC

patients
In pipeline
Cetuximab + cisplatin or carboplatin Anti-EGFR mAb for metastatic TNBC, phase II completed (NCT00463788)
Glembatumumab vedotin mAb-cytotoxic drug conjugate targeting glycoprotein NMB in TNBC, phase II completed

(NCT01997333)
Dasatinib + cetuximab + cisplatin Src inhibitors, tested in TNBC cell lines
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resistant cells. However, a recent report emphasizes that
mechanistically cisplatin leads to CSC enrichment in platinum-
resistant cells through the NF-ĸB-TNF-a-PI3KCA loop (141).

Anthracycline Resistance
Anthracyclines, antibiotics extracted from Streptomyces bacteria,
administered as broad-spectrum chemotherapeutic drugs in BC
patients, are topoisomerase II inhibitors (Figure 4C) (142).
Since, topoisomerases modify DNA topology by breaking or
rejoining DNA double strands, inhibiting its catalytic activity
stabilizes DNA breaks, eventually causing cell death. This class of
drugs includes doxorubicin, daunorubicin, and epirubicin.
Resistance to anthracyclines has been linked with multiple
factors, such as the acquisition of MDR due to overexpression
of drug efflux pumps and permeability glycoprotein-1, alteration
of topoisomerase II activity, CSC enrichment, altered DNA
repair, and metabolic reprogramming (143). A 4-day exposure
to doxorubicin and paclitaxel, followed by a 2-day recovery, leads
to significant enrichment of CD44highCD24−/low bCSCs (144).
In this context, cardamonin, a small molecule, significantly
prevents bCSC enrichment, when administered along with
chemotherapeutic drugs, via downregulation of IL-6, IL-8, NF-
ĸB, and STAT3 signaling (144). Knockdown of Annexin A3 also
influences the drug sensitivity of bCSCs to doxorubicin via an
upregulation of drug uptake, inhibits metastasis, and exhibits a
change in heterogeneity and plasticity in bCSCs (145).

Resistance to Endocrine Therapy
Endocrine therapy is an effective mode of treatment for the ER+
BC cases that blocks ER signaling, depriving the growing tumor
of estrogen (146, 147). ER signaling plays a crucial role in BC
proliferation, invasion, and angiogenesis. Mechanisms, through
which the endocrine therapy works (refer to Table 1), can be
categorized into (1) SERMs, (2) aromatase inhibitors (AIs), (3)
CDK4/6 inhibitors, and (4) SERDs (Figure 4D) (148, 149).
SERMs function by sitting in the ER of breast tissues, blocking
the estrogen from interacting with the ER, and hence the cells
can no longer grow and multiply (150). AIs work by blocking the
function of the aromatase enzyme that converts androgen into
estrogen (151). CDK4/6 inhibitors are generally used in
combination with endocrine therapy to treat hormone-
receptor-positive but HER-2 negative metastatic BC (152, 153).
CDK4/6 is required by BC cells for cell-cycle division. BCSCs
develop resistance to endocrine therapy in ER+ BC and are
mainly responsible for the failure of endocrine therapy (154).
Therefore, specific targeting of drug-resistant bCSCs could serve
as a potential therapeutic strategy in overcoming hormonal
therapy resistance.

Tamoxifen Resistance
ER-a-positive BC cases constitute around 70%–75% of overall
BC incidence. Although, tamoxifen (TAM) has been the
fundamental mode of endocrine therapy for the treatment of
ER+ BC patients for the last three decades, acquired TAM
resistance is frequently held accountable for the disease relapse
(155). TAM competitively inhibits the interaction of estrogen
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ligand with ERs (Figure 4E). Most importantly, an increased
proportion of bCSCs in advanced BC patients have a potential
contribution to TAM resistance and breast tumorigenesis (156).
Poorly differentiated breast tumors contain a higher percentage
of CSC-like cells than well-differentiated breast tumors (157).
TAM-resistant BC cells retain stem-like properties (158).
Notably, TAM-resistant MCF-7 cells showed increased
proliferation rate, enhanced mammosphere formation ability,
increased mRNA expression of OCT-4, SOX-2, and CD133, and
increased EMT signature, compared with wild-type MCF-7 cells
(158). In a parallel study, Wang et al. indicated that TAM-
resistant MCF-7 cells contain a higher proportion of CD44
+CD24−/low bCSCs, exhibit lesser sensitivity to Adriamycin
compared with wild-type MCF-7 cells, and express SOX-2 as a
biomarker for TAM resistance (159). Serine phosphorylation,
particularly at Serine 118, has been documented for activating
the N-terminal transcriptional function of ER-a. SOX-2 can
reprogram the non-genomic estrogen signaling and augment
bCSC proportion through phosphorylation of ER-a at serine
118, making it hypersensitive to circulating estrogen (160).
Phosphorylation, ubiquitination, and other posttranslational
modifications play an important role in activating ER and its
coregulators and can influence the sensitivity to different
endocrine therapies (161). Therefore, inhibition of SOX-2
could restore the sensitivity of BC cells to TAM (162).
Furthermore, ER splicing variants, including estrogen-related
receptors (ERRs), and the recently identified estrogen receptor
a-variant (ER-a36) are involved in TAM resistance and estrogen
hypersensitivity (163). However, the contribution of ER-b in
bCSC-mediated TAM resistance is still under investigation.
Upregulation of different growth factors including HER2,
epidermal growth factor receptor (EGFR), and insulin-like
growth factor 1 receptor (IGF1R) has been documented in BC
endocrine resistance, although direct evidence has been found in
support of PI3K-mediated TAM resistance (164). Hence,
targeting PI3K and IGF1R is considered a major therapeutic
target to reverse TAM resistance in bCSCs. Different signaling
pathways, such as Wnt and Notch, induce TAM resistance,
promoting bCSC activity in TAM-resistant MCF-7 cells, while
inhibition of these pathways could overcome TAM resistance
(165, 166). A positive correlation has been noted between
activation of Hedgehog (Hh) signaling and reduction in
disease-free or recurrence-free survival in BC patients, which
can even result in TAM resistance (167). The intervention of
Hedgehog (Hh) signaling, thus, can potentially interfere with
bCSC proliferation, migration, and invasion and reverse TAM
resistance. Therefore, inhibition of Notch, Hedgehog (Hh), and
Wnt/b-catenin signaling pathways should serve as another
strategy to overcome TAM resistance in bCSCs.

Fulvestrant Resistance
Fulvestrant is a selective estrogen receptor degrader (SERD)
administered in both first and subsequent lines of treatment in
ER-a+ metastatic BC patients (149, 168). Fulvestrant
competitively inhibits estrogen to occupy the ER, eventually
promotes degradation of the receptor, and thus interferes with
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estrogen signaling in breast tumor tissues (169). Unfortunately,
there has not been extensive research done on fulvestrant
resistance in bCSCs as well as the molecular mechanisms
responsible for the resistance. Dysregulation of both G protein-
coupled estrogen receptor-1 (GPER) and CDK6 are associated
with fulvestrant resistance in BC (170). Notably, GPER-induced
signaling is essential for the survival of bCSCs (171). Very recently,
Kaminska et al. reported that cyclin E2 overexpression has been
recognized as a biomarker for persistent fulvestrant-resistant
metastatic BC and reduced disease-free survival (172). However,
AI-resistant BC cells, having a higher proportion of bCSC-like
cells and increased stemness, are inhibited by fulvestrant (173).
Several signaling pathways, such as MEK/ERK, NF-ĸB, EGFR,
PI3K/AKT, and b-catenin have been implicated so far to
fulvestrant resistance in BC. MiRNA-221/222 confers estrogen-
independent growth and fulvestrant resistance in BC through
multiple signaling networks. Strikingly, miR-221/222 contributes
to acquired fulvestrant resistance through activation of the b-
catenin pathway, and miR-221/222 has recently been documented
in CD44+CD24−/low bCSCs (174).
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Aromatase Inhibitor Resistance
AIs constitute the first-line therapeutic approach for the
treatment of ER+ BC in postmenopausal women (175, 176).
AIs deplete the circulating level of estrogen in the human body
by interfering with estrogen biosynthesis through blocking
aromatase activity (177). Hence, in the presence of AIs,
estrogen production is inhibited, which slows down tumor
progression in ER+ BC settings. When treating early-stage ER+
BC, AIs are frequently the choice of hormonal therapy over TAM
due to the fewer side effects it causes. However, acquired AI
resistance may develop in over 20% of early-stage BC patients
and found to be inevitable in metastatic BC patients (178).
Acquired AI resistance involves a switch from dependence on
ER signaling to growth-factor-mediated signaling, such as HER2
signaling (179). Both cancer-cell intrinsic (enhanced activity of
FGFR, ERBB2, and IGF1R and the downstream signaling of
PI3K-AKT-mTOR and MAPK pathways) and extrinsic
mechanisms (interaction of TME with other cell types)
cumulatively coordinate the development and maintenance of
AI resistance (180). AIs are classified into 2 subtypes—steroidal
A B D

E F G

C

FIGURE 4 | Mechanism of action of different anticancer drugs for the treatment of breast cancer. (A) Tubulin dimers stabilized with microtubule-stabilizing drug
paclitaxel (PDB code: 6WVR). (B) Interaction of chemo drug cisplatin with double-stranded DNA (PDB code: 1AIO), forming major adducts of cisplatin with guanine
nucleotides. (C) Doxorubicin intercalation with DNA base pairs (PDB code: 2DES). (D) Cartoon representation of mechanism of action of endocrine therapeutic
drugs, such as selective estrogen receptor modulators (SERMs), selective estrogen receptor degrader (SERDs), and aromatase inhibitors (AIs). (E) Human ER-a-
ligand-binding domain in complex with tamoxifen (PDB code: 3ERT). (F) Extracellular domain IV of HER2 in association with recombinant humanized IgG1
monoclonal antibody, trastuzumab (PDB code: 6OGE). (G) EGFR kinase domain in complex with lapatinib, a selective receptor tyrosine kinase inhibitor, targeting
both EGFR and HER2 (PDB code: 1XKK). Lapatinib interacts in the ATP-binding pocket of EGFR (L718, V726, A743, M793, and L844); highlighted in lemon green.
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(type I) and nonsteroidal (type II). The three different AIs
anastrozole (nonsteroidal), letrozole (nonsteroidal), and
exemestane (steroidal) are being used in adjuvant therapy as
the first line of treatment modality for both early and metastatic
BC in postmenopausal women. BCSCs in ER-a+ settings reflect
an activated PI3K signaling, which confers endocrine resistance
including AI resistance (181). Notably, different PI3K inhibitors
such as alpelisib, buparlisib, and taselisib (https://clinicaltrials.
gov/ct2/show; ClinicalTrials.gov Identifier: NCT02437318,
NCT01610284, and NCT02340221) are being administered as
novel therapeutic drugs in phase III clinical trials for the
treatment of breast cancer AI resistance (Table 1). The
expression of HIF-1a has also been recognized as a biomarker
and therapeutic target that promotes AI resistance (179).

Resistance to Targeted Therapy
HER2 is an oncogenic RTK, which is frequently genetically
amplified or overexpressed in around 15%–20% of invasive BC
cases (182). However, although the emergence of anti-HER2
drugs, trastuzumab and lapatinib, significantly improved the
clinical outcome in HER2-enriched BC, the associated drug
resistance problem poses challenges to effective treatment.
Resistance to anti-HER2 drugs occurs due to the presence of
bCSCs in the tumor milieu that can remain “hidden” from the
activity of these drugs (111). Therefore, we need to understand
the mechanisms responsible for the associated drug resistance
followed by the application of anti-HER2 drugs to encounter the
involvement of bCSCs in therapeutic resistance (refer
to Table 1).

Trastuzumab Resistance
Amplification of ERBB2 (HER2) is associated with clinically
aggressive breast tumors, shorter disease/recurrence-free
survival, and poor overall survival (183). Trastuzumab is a
recombinant humanized IgG1 monoclonal antibody that
interacts with extracellular domain IV of ERBB2, inhibiting
dimerization between ERBB2 and other EGFR family members
(Figure 4F) (184). Although HER2+ BC responds quite well to
trastuzumab (Herceptin™) therapy plus chemotherapy in the
early stages of the disease, acquired resistance, however, to
trastuzumab after 1–2 years of treatment is a frequent event
following metastasis (185). Factors like HER2 degradation,
overexpression of other RTKs, mutation of PI3KCA (PI3K
catalytic subunit p110a), and loss of Phosphatase and Tensin
Homolog Deleted on Chromosome 10 (PTEN) tumor-
suppressive function have been linked with trastuzumab
resistance (186). Continued application of trastuzumab in
HER2+ cells with loss of PTEN encourages EMT and
transforms HER2+ BC to TNBC (187). Strikingly, these
transformed cells frequently exhibit mesenchymal features
along with mesenchymal-specific gene expression profile,
although the parental HER2+ cells show epithelial morphology
with epithelial-specific gene signature. Since bCSCs exhibit
chemoresistance to small-molecule targeted therapy, exploring
the mechanism of trastuzumab resistance must have clinical
implications. BCSCs confer drug resistance by activation of
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different prosurvival pathways, such as PI3K/AKT, NFĸB, and
JAK/STAT pathways (188). Thus, CD44+CD24−/low bCSC
phenotype serves as a prognostic factor for clinical outcome
and predictive factor for poor trastuzumab response in patients
with HER2+ BC. Importantly, PI3K/AKT/mTOR activation has
been implicated in both de novo and acquired trastuzumab
resistance (189). Since PTEN loss and mutation of PI3KCA
lead to aberrant downstream activation of PI3K/AKT/mTOR
pathway, which in turn sustains bCSC population, both the
factors correlate with trastuzumab resistance (190). Therefore,
combining PI3K/AKT/mTOR inhibitors along with HER2
targeting drugs to overcome trastuzumab resistance provides an
active area of research. Pan-class I PI3K inhibitors, such as
buparlisib and pilaralisib when administered with trastuzumab
(189), lapatinib (191), or trastuzumab and paclitaxel (192), are
proven to be safer and successful in HER2+ advanced stage BC
patients. IL-6-mediated bCSC expansion is another independent
mechanism resulting in trastuzumab resistance (36). Moreover,
STAT3 activation also stimulates breast cancer stem-like
properties resulting in HER2 overexpression and trastuzumab
resistance (193). Hence, targeting JAK/STAT3 pathway or
administering IL-6 receptor-targeted antibody should overcome
the trastuzumab resistance by reducing the bCSC burden.
Additionally, CD47 blockade with trastuzumab also eliminates
HER2+ BC cells, overcoming trastuzumab tolerance (194).

Lapatinib Resistance
Lapatinib is a reversible and selective receptor tyrosine kinase
inhibitor, targeting both epidermal growth factor receptor
(EGFR) and HER2 (195). In contrast to trastuzumab, lapatinib
blocks kinases’ active ATP-binding site, thus interfering with
receptor phosphorylation (Figure 4G). However, despite the
initial response in HER2-overexpressing BC, acquired
resistance to lapatinib turns out to be a frequent event in the
course of treatment. Liu et al. have isolated and characterized
several lapatinib-resistant HER2/ER+ BC clones from lapatinib-
sensitive BT474 cells through chronic exposure to lapatinib. This
group has identified that activation of AXL is associated with
lapatinib resistance in these resistant BT474 clones (196).
Evidence indicates a close association of breast CSCs in
exerting lapatinib resistance. In this context, a recent study
suggests that miR-205-5p is highly expressed in bCSCs. miR-
205-5p represses ERBB/HER receptors in bCSCs, leading to
resistance to targeted therapy (197). Silencing miR-205-5p in
bCSCs, followed by lapatinib treatment, significantly reduces BC
proliferation, resensitizing BC cells toward EGFR/anti-HER2
treatments. Furthermore, knockdown of miR-205-5p by locked
oligonucleotides significantly reduces EMT and metastatic
potential exerted by bCSCs (198). TGF-b-SMAD3 signaling
also contributes to trastuzumab and lapatinib resistance,
maintaining CSC phenotype in HER2+ settings (199). CD24
supports the expression of HER2 along with activation of PI3K/
AKT signaling, resulting in lapatinib resistance (200). Hence,
small-molecule inhibitors of SMAD3, or targeting CD24, can
attenuate lapatinib resistance and increase the sensitivity of
HER2+ BC cells to lapatinib.
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BCSC-RELATED miRNA SIGNATURE
MODULATING STEMNESS AND DRUG
RESISTANCE

The regulation of bCSCs by miRNAs (~less than 25 nucleotides) is
emerging as an innovative tool to deal with bCSC-driven drug
resistance. Tumor suppressor miRNAs and OncomiRs have been
implicated to play an essentially important role in the regulation of
bCSC self-renewal, differentiation, tumor initiation, EMT,
metastasis, and therapeutic resistance (3, 7, 201). In this section,
we will briefly discuss these 2 types of bCSC-related microRNA
signature, either suppressing or favoring drug resistance, through
their regulation of multiple signaling networks.

Tumor Suppressor miRs in bCSCs
Several miRNAs, miR-30, miR-34, miR-200 family, miR-223, let-
7, and miR-600 have been documented for tumor suppressive
function (201). miR-223 is downregulated in CD44+CD24−/low
bCSC in TNBC compared with non-CSCs (202). Thus,
overexpression of miR-223 sensitizes the TNBC cells to tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL)-
induced apoptosis (202). miRNA expression profiling indicates
that miR-200 family (miR-200a, miR-200b, miR-200c, miR-141,
miR-429) is significantly downregulated in bCSCs (203).
Overexpression of miR-200c inhibits clonogenicity and tumor-
initiation potential of bCSCs, mainly through suppressing Notch
signaling and its component JAG1 (201, 204). Similarly, miR-205
and miR-200 families are significantly downregulated in post-
EMT metastatic BC, and thus overexpression of the miR200
family prevents TGF-b-induced EMT by negatively regulating
both ZEB1 and ZEB2 (205). Let-7 miRNA, downregulated in
bCSCs, is mainly engaged in restricting cell-cycle progression,
self-renewal, and pluripotency of bCSCs by regulating factors
like H-RAS, E2F2, and HMGA2 (206). Let-7 miRNA can block
self-renewal of bCSCs in ER+ BC background by targeting the
Wnt/b-catenin pathway (207). Similarly, miR-30 negatively
regulates the stemness of bCSCs and is significantly
downregulated in bCSCs. Hence, overexpression of miR-30
diminishes anoikis resistance and self-renewal potential of
bCSCs by directly targeting integrin b3 and ubiquitin-
conjugating enzyme 9 (208). Overexpression of miR-600
inhibi ts bCSC se l f -renewal and decreases in vivo
tumorigenicity by inhibiting the Wnt/b-catenin pathway, as it
targets the enzyme, SCD1, essential for producing active WNT
proteins (209). Therefore, in absence of miR-600, the activated
Wnt signaling promotes self-renewal, whereas overexpression of
miR-600 induces bCSC differentiation into BC cells. Likewise,
miR-34a restricts bCSC stemness and chemoresistance to
doxorubicin via directly inhibiting the Notch signaling
pathway. Notably, miR-34a is downregulated in bCSCs, and
hence, overexpression of miR-34a inhibits the Notch signaling
pathway, sensitizes bCSCs to paclitaxel, and inhibits BC
proliferation, migration, and invasion (210). Similarly, miR-34c
has reduced expression in breast CSCs, and overexpressing it
significantly interferes with EMT, migration, and self-renewal
properties through targeting Notch4 (211).
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Oncogenic miRNAs (OncomiR) in bCSCs
Unlike tumor suppressor miRs, oncomiRs such as miR-21, miR-
22, miR-155, miR-181, miR-9, and miR-221/222 cluster, show
aberrant expression, and stimulate breast tumor growth, by
suppressing apoptotic pathways, allowing proliferation,
migration, invasion, and cell-cycle progression (3). Hence,
strategies that target oncomiR can effectively block bCSC
surv iva l and funct ion . miR-155 s t imula te s bCSC
chemoresistance to doxorubicin by targeting CD44, CD90, and
ABCG2, and inhibiting miR-155 resensitizes MDA-MB-231 BC
cells to doxorubicin (212). Similarly, miR-181 also offers to be a
promising therapeutic target to restrict bCSC function as it
stimulates bCSC self-renewal potential and colony-formation
properties (213). The miR-181/BRCA1 axis has been suggested
to promote bCSC phenotypes in primary BC settings.
Interestingly, a positive correlation is found between TGF-b
expression level and miR-181/BRCA1 pathway activation in
primary breast tumor samples (214). TGF-b pathway promotes
bCSC population by inducing miR-181 at the posttranscriptional
level and downregulating ATM kinase (215). An upregulated
expression of miR-21 is positively correlated with poor
prognosis, metastasis, and advanced stages of BC (216). miR-21
stimulates proliferation of BC cells and inhibition of apoptosis via
suppressing tumor suppressors like PTEN, tropomyosin a1
(TPM1), and programmed cell death protein 4 (PDCD4) (7,
217, 218). Importantly, in BC cells, miR-21 regulates EMT
through inhibition of PTEN function via p-AKT and p-ERK
pathways, and re-expression of miR-21 leads to the acquisition
of EMT phenotype in bCSCs with the activation of mesenchymal
markers (vimentin, N-cadherin, a-SMA) (219, 220). Another
important piece of evidence recognizes miR-22 as a crucial
epigenetic modifier, regulating stemness, EMT, and metastasis in
BC by silencing TET family-dependent chromatin remodeling
(221). Importantly, two other oncomiRs, miR-9 and miR-221,
are associated with poor clinical outcomes in BC patients. An
enhanced expression of both miR-9 and miR-221 leads to an
increase in the SP colonies with CSC-like features, and radically
increasing bCSC stemness, migration, and invasion via
upregulating Oct-4, Nanog, and CD133. However, knockdown
of both miR-9 and miR-221 reduced the number of SP colonies
and accordingly reduced bCSC self-renewal potency, migration,
and invasion (222). Therefore, drugs targeting this class of drug-
resistant oncomiRs can resensitize the BC cells to chemotherapies.
Recently, MSC-released exosomes, containing specific miRNA
sequences, are being utilized for the targeted killing of
chemoresistant bCSCs (201, 223).
MECHANISMS AND APPROACHES
TO OVERCOME MULTIMODAL
DRUG RESISTANCE

In this section, we review the recent development of bCSC-
targeting therapeutic platforms, based on small-molecule
inhibitors, nanotherapeutics, molecules affecting different BC
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signaling networks, and bCSC-specific immunotherapy for
targeting breast cancer-associated multidrug resistance.

ALDH1 Inhibitors, HIF1a Inhibitors, and
EGFR/HER2 Inhibitors
The previously established bCSC marker, ALDH, is a prerequisite
for the maintenance of the drug-tolerant breast cancer stem-like
population as it protects them from ROS-associated toxic effects
(224). Since the ALDHhighCD44+ subpopulation reflects higher
metastatic ability both in vitro and in vivo relative to
ALDHlowCD44− and shows resistance to standard cancer
therapies, inhibition of ALDH activity through all-trans retinoic
acid (ATRA) or diethylaminobenzyldehyde (DEAB) sensitizes this
population to treatment (51). ATRA reduces the activity of both
ALDH1A1 and ALDH3A1 and stimulates CSC differentiation.
Hence, combination therapy of ATRA with a standard
chemotherapy regimen could fetch promising results for
eliminating bCSCs. The HIF family members, HIF1a and HIF2a
are crucial regulators of cancer stemness (135). Mechanistically,
HIF1a activates the survival genes in hypoxic conditions, whereas
HIF2a interacts with the promoter of Oct4 and Nanog. Hence,
HIFs are critical for the chemoresistance exerted by bCSCs (135).
This study proposes that the treatment of human BC cells with
chemotherapeutic agents such as paclitaxel and gemcitabine leads
to survival and enrichment of bCSCs, which in turn depends on the
HIFs. Studies involving mice breast tumor models further
elaborated that chemotherapy along with HIF inhibitors, such as
digoxin (interferes with HIF1a translation) or acriflavine (inhibits
dimerization of HIF1a or HIF2a with HIF1b), might improve the
survival of BC patients (225–227). Several HIF1 inhibitors
including 2-methoxyestradiol, BAY 87-2243, and PX-478 2HCI
are, therefore, undergoing clinical trials (228). Moreover, inhibition
of the EGFR/HER2 signaling axis by lapatinib blocked the
expression of ABC transporter proteins, ABCB1 and ABCG2,
which sensitizes MCF-7 tumor spheres to doxorubicin (229).

Targeting Signaling Pathways in bCSCs
There is an intricate relationship between bCSC maintenance
and Notch, PI3K/AKT/mTOR, Wnt/b-catenin, and Hedgehog
signaling pathways. The interplay between these signaling
pathways also influences the disease outcomes in BC
progression. Therefore, targeting these pathways serve as an
essential strategy to restrict bCSC expansion and overcome
drug resistance phenomena.

Notch Signaling
Deregulated Notch signaling in bCSCs represents poor clinical
outcomes in drug-resistant BC. Evolutionarily conserved Notch
signaling is linked with cell differentiation and cell fate decisions.
Notch signaling pathways include 4 receptors (Notch1–4) and 5
ligands such as delta-like ligand (DLL)1, DLL3, DLL4, JAG1, and
JAG2 (230, 231). Interaction with the Notch ligand leads to the
release of its intracellular domain (NICD), which then
translocates to the nucleus and impacts gene expression in
association with different transcription factors. Studies have
established links between bCSCs, aberrant Notch signaling, and
radio-/endocrine-/chemoresistance. A significantly higher
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expression of activated Notch1 is noted in the culture media of
bCSCs, postradiation (66). A substantial induction of the JAG1
ligand is also evident on the surface of nonadherent bCSCs after
fractionated radiation (232). Both JAG1 and Notch pathway
contributes to chemoresistance in BC metastasizing to bone
(233). Moreover, suppression of Notch1 signaling enhances
antitumor efficacy of chemotherapy agents via reduction of
bCSCs in TNBC (234). Notably, Notch ligand DLL1+
quiescent bCSCs drive chemoresistance via NFĸB pathway in
BC (235), and disease progression in ER+ BC is dependent on
DLL1-mediated Notch1 signaling in bCSCs (236). Notch1
ligands, JAG1, and JAG2 are also overexpressed in endocrine-
resistant luminal BC, resulting in an increased bCSC activity
(237). Therefore, the blockade of Notch signaling is of clinical
importance to eradicate resistant bCSCs and offer long-term
disease-free survival.

PI3K/AKT/mTOR Signaling
PI3K is a family of lipid kinases that phosphorylate
phosphatidylinositol (PI) at the intracellular membrane and
plasma membranes. An increased PI3K/AKT/mTOR signaling
in bCSCs has been documented over the years, contributing to
survival, proliferation, metastasis, and drug resistance in BC cells
(238, 239). Mutations, specifically in its catalytic domain, p110a,
are the most frequent genetic events, affecting around one-third
of BC patients. Alterations in the PI3K/AKT/mTOR pathway in
bCSCs result in the TAM resistance in ER+ BC (240, 241). The
interaction between PI3K and Wnt/b-catenin pathway is
responsible for stemness and self-renewal abilities of bCSCs
(242). Therefore, small-molecule inhibitors targeting the key
players, PI3K, AKT, and mTOR can reverse the drug resistance
and self-renewal abilities of breast cancer stem-like cells. Pan-
PI3K inhibitors, such as buparlisib and pictilisib (inhibiting
p110a/b/g/d); PI3K isoform-specific inhibitors such as alpelisib
and taselisib (inhibiting p110a and p110a/g/d, respectively);
AKT inhibitors such as ipatasertib, capivasertib (AZD5363),
and vevorisertib (MK-2206); PI3K/AKT dual inhibitor
gedatolisib (PF-05212384); and mTOR inhibitors such as
everolimus, vistusertib, and sapanisertib are currently available
for the treatment of BC (243). B591, a novel PI3K inhibitor, has
shown promising results in targeting breast CSCs in the mouse
xenograft model, affecting both its self-renewal potential and
EMT (244). However, despite substantial preclinical evidence,
the innate and acquired resistance has limited the application of
this group of inhibitors in BC.

Wnt/b-Catenin Signaling
Wnt/b-catenin signaling contributes to self-renewal, migration,
and invasion of bCSCs, leading to systematic dissemination in
BC. A significantly higher level of Wnt/b-catenin signaling is
noted in bCSCs compared with the bulk of the tumor (245).
Hence, Wnt/b-catenin signaling serves as a novel target for
restricting BC progression. A highly potent small-molecule
inhibitor CWP232228 can preferentially inhibit bCSC
proliferation via antagonizing the binding of b-catenin to T-
cell factor (TCF) in the nucleus (246). Another natural product,
gomisin M2, downregulates Wnt/b-catenin signaling and
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inhibits bCSC proliferation, mammosphere formation, and self-
renewal (247). Studies indicate multiple interaction points or
crosstalk between Notch and Wnt/b-catenin signaling pathways,
and thus it is essential to focus on Notch-Wnt synergies in BC
progression (248). In a normal mammary setting, in response to
Notch ligand DLL1, macrophages express Wnt ligands (Wnt3,
Wnt10A, and Wnt16), important for mammary stem cell
numbers and activity (249). Thus, the proteins exerting
regulatory effects on both these pathways should serve as a
novel therapeutic target and targeted in BC. GSK3b is one
such protein that regulates b-catenin stability as well as
phosphorylates Notch ICD (250).

Hedgehog Signaling
The Hh signaling is another novel target in BC since it is frequently
upregulated in bCSCs and contributes to CSC self-renewal and
stemness maintenance. The cancer-associated fibroblasts (CAFs)
within TME support the maintenance of CSC function in breast
tumors via their regulation of both Wnt/b-catenin and Hh
signaling. Briefly, CAFs promote BC progression through
proliferation, invasion, matrix remodeling (via matrix production
and crosslinking, matrix stiffness, force-mediated matrix
remodeling), macrophage, and endothelial cell crosstalk (via
secretion of VEGF, exosomes, HGF production), chemoresistance,
and immunosuppression (251–253). Notably, BC shows divergent
CAF phenotypes, including FAP-positive (fibroblast-activating
protein a1) CAFs driving immunosuppression and resistance to
PD-L1 therapy (254). According to Friedman et al., two distinct
subpopulations of CAFs (S100A4+ and PDPN+) exist in human
breast tumors, where their ratio decides the clinical outcomes across
subtypes and is highly correlated with BRCA mutations in TNBC
(255). The interaction between the breast cancer cell and fibroblasts
also induces the CAF phenotype through activation of Notch
signaling (256). Hence, understanding the full repertoire of CAFs
and the dynamic changes as breast tumors evolve can improve the
precision of treatment and reverse drug resistance. BCSCs secrete
the Hedgehog ligand, SHH, which controls CAFs through
activation of Hh signaling (257). The CAFs, in turn, secrete some
factors that result in the expansion and self-renewal of bCSCs.
Therapeutic targeting of CAFs using the inhibitor molecule of
Smoothened, the main effector molecule of the Hh pathway,
sensitizes TNBC xenograft models to docetaxel (258). Tetraspanin
8 (TSPAN8), a membrane glycoprotein, enhances BC stemness by
activating SHH signaling (259). Activation of Hh signaling results in
salinomycin resistance in tumor spheres, generated from the MCF-
7 cell line (260). However, the inhibition of the Hh pathway by
cyclopamine can sensitize the MCF-7 cells to paclitaxel. Therefore,
exploring the detailed mechanisms of Hh-driven bCSC signaling
can help in the designing of novel drug candidates to reverse BC
drug resistance.

Targeting bCSC Metabolism
Maintenance of a reduced level of ROS through metabolic
reprogramming is one of the strategies adopted by bCSCs to
avoid oxidative stress, which is attributed to the higher
expression of ROS scavengers including glutathione peroxidase,
superoxide dismutase, and catalase. There is a close association
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between ROS levels and bCSC-driven radioresistance.
Pharmacological inhibition of ROS scavengers in bCSCs
distinctly reduces their clonogenicity potential, resulting in
radiosensitization (261). Moreover, ROS generating drugs can
target drug-resistant bCSCs through induction of premature
senescence (262). To mitigate a higher energy demand of fast-
growing tumor cells, bCSCs further reshape their metabolic
machinery. BCSCs are metabolically plastic, which allows them
to dynamically switch their metabolic state to favor glycolysis or
oxidative phosphorylation (OXPHOS). Unlike the non-CSCs
that majorly depend on glycolysis, bCSCs can favor either
glycolysis or OXPHOS, depending on the niche. The glycolytic
switch in CSCs, in general, contributes to stemness. Metabolic
switching from OXPHOS to glycolytic phenotype, known as the
Warburg effect, is another survival adaptation exhibited by
bCSCs, to sustain growth in nutrient-deprived or hypoxic
environments (263–265). Since BCL-2 protein is a crucial
regulator of mitochondrial respiration, inhibition of BCL-2
prevents OXPHOS (266). This, in turn, reduces the bCSC
burden that depends on OXPHOS. Several OXPHOS-targeting
compounds, such as atovaquone, arsenic trioxide, and
phenformin are undergoing clinical trials for different solid
tumors (267, 268). Interestingly, CSCs with metastatic
potential follows a distinct metabolic signature. According to
Luo et al., metabolic or oxidative stress plays a crucial role
concerning bCSCs’ plasticity between quiescent mesenchymal-
like (M) state and proliferative epithelial-like (E) state. Oxidative
stress produced due to H2O2, 2DG, and hypoxia regulates the
transition from ROSlow M-bCSCs into ROSHigh E-bCSCs (269).
Importantly, hexokinase 2, which catalyzes the initial step of
glucose metabolism, is a major target of metformin for altering
bCSC metabolism. Therefore, exploiting the metabolic switching
of bCSCs could essentially provide a novel platform targeting the
multidrug-resistant bCSC population.

Nanotherapeutics Against bCSCs
Nanoparticle-based drug carriers (nanocarriers) are often used to
specifically deliver chemotherapeutic drugs, siRNAs, miRNAs,
and antibodies, designed based on identifying antibodies/
aptamers against bCSC-specific markers (Figure 5A) (270, 271).
Due to the site-specific delivery and improved stability and
bioavailability, nanocarriers are appearing as novel platforms for
targeting (1) bCSC-specific antigens such as CD44 and ALDH1,
(2) drug-efflux ABC transporters (ABCB1 and ABCG2), (3) self-
renewing signaling pathways, (4) autophagy process, (5)
metabolism, and (6) TME. Sahli et al. developed a triple-drug
delivery platform, composed of paclitaxel, verteporfin, and
combretastatin (CA4) inside polymer-lipid hybrid nanoparticles
to target bCSCs and associated tumor vasculature (272). Gao et al.
have further improvised these smart platforms to simultaneously
target bCSCs and bulk breast tumor cells by encapsulating the
combination of bCSC-specific inhibitor with a chemotherapeutic
agent, along with a phytochemical agent or RNA-based therapy
(273). HA-modifiedmesoporous silica nanoparticles loaded with 8
hydroxyquinoline consisting of docetaxel have been designed to
eliminate bCSCs (274). This HA modification enables an
enhanced uptake of nanoparticles by bCSCs. Another novel
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chitosan-decorated doxorubicin-encapsulated nanocarrier has
been developed to target CD44 surface receptors of bCSCs
(275). Recently, a nanocarrier system using PEG-PLA
copolymers has been designed for the delivery of autophagy
inhibitor molecule, chloroquine, in complex with doxorubicin
and docetaxel to eliminate both bCSCs and non-bCSCs (276).
Since bCSCs require a specialized niche to survive, nanoparticle-
based platforms targeting ECM modifying enzyme lysyl
oxidase result in TME disruption (277). A novel HA-based
platform encapsulating CD44-targeted docetaxel conjugate is
another example of nanocarrier, killing both bCSCs and non-
bCSCs (278).

bCSC-Targeting Strategy Focusing on
Immunotherapy
Since CSCs exhibit distinct immune characteristics and express
specific immune markers, targeting those molecules as a part of
immunotherapy is employed to target CSCs. Different strategies
like DC vaccine, adaptive T-cell transfer, oncolytic virus, ICIs, and
combination therapies are recent approaches to target bCSCs.

DC-Based Vaccine
DCs loaded with CSC lysate or mRNA, administered as vaccines,
are capable of eliciting cancer-specific immune responses (279).
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Notably, DCs are the professional antigen-presenting cells
(APCs) that process the antigenic material and present peptide
antigens to T cells and activate them. Interestingly, DCs in BC
patients exhibit decreased antigen uptake, reduced antigen
processing, reduced expression of costimulators, weak
migration profile, along decreased IL-12 production (280, 281).
Patients with advanced breast and ovarian cancers can be
successfully vaccinated by DC loaded with HER2/Neu- or
MUC1-derived antigenic peptides (282). Phase-I clinical trial
with metastatic BC showed that fusion of breast tumor cells with
DCs resulted in immunological and clinical antitumor responses
(283). DC pulsed with breast tumor lysate has proved to be a
standard method for a source of BC antigen, capable of eliciting
anticancer immune responses (284). BCSC-RNA-pulsed DC
vaccine also effectively kills breast tumor cells through
activation of CD4+ Th lymphocytes and CD8+ cytotoxic T
cells. This study highlights the efficacy of bCSC-RNA for
priming DC cells in evoking immune response against drug-
resistant CSC populations. However, DC-based vaccines present
a few drawbacks; they are both cost-effective and time-
consuming for patient-specific treatment. Factors like antigenic
peptide or CSC-RNA loading on DC, route of administration,
and doses are yet to be standardized to resolve these
technical limitations.
A B

DC

FIGURE 5 | Novel upcoming strategies to reverse bCSC drug resistance. (A) Cartoon structure of a nanoparticle-based drug carrier encapsulated with multiple
chemotherapeutic drugs targeting bCSC antigens. (B) a- or b-emitting radionuclide conjugated with monoclonal antibody targeting breast CSC-specific antigens.
(C) Design of oncolytic viral particles targeting tumor cells. (D) Cartoon representation of chimeric antigen receptor (CAR-T therapy) against CSC surface antigens.
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Adoptive T-Cell Therapy
Adoptive T-cell therapy is a personalized mode of
immunotherapy to target CSCs. Here, tumor immune
lymphocytes (TILs) with intrinsic antitumor activity are
isolated from cancer-bearing patients. Following isolation, TILs
are cultured in the presence of IL-2 so that they can recognize
tumor-associated antigens on cancer cells, and eventually release
cytotoxic cytokines, perforin, and granzymes (285). The recent
approach focuses on designing CAR-T cells against the CSC
surface antigens in different cancer models to achieve complete
regression of tumor (286). CARs generally constitute the
extracellular binding domain, a single-chain variable fragment
(scFv) specific for a tumor antigen, an extracellular spacer
domain, a transmembrane domain, followed by an intracellular
signaling domain (Figure 5D). EGFR-specific CAR-T cells have
shown promising results in high EGFR-expressing TNBC cell
lines and patient-derived xenograft mouse models (287).
Another recent report highlights promising results for HER2-
specific second-generation CAR-T therapy for the treatment of
breast-to-brain metastasis (288). Other bCSC markers targeted
by CAR-T therapy include c-Met, CD133, CD166, CD47,
EpCAM, and LGR5 (55, 289, 290). Despite the remarkable
clinical success of CAR-T therapy in hematologic cancers, its
application is limited in solid tumors. Due to the lack of
chemokine expression required for the infiltration of CAR-T
cells into the tumor tissues and dense fibrotic matrix in solid
tumors, the ability of CAR to get recruited at the tumor site and
infiltrate is considerably affected (291). Frequently, CAR-T cells
fail to penetrate the tumor tissues through the vascular
endothel ium (292) . Therefore , instead of systemic
administration, regional administration of CAR-T cells in solid
cancers will be more effective. Altogether, the major limitation of
this approach includes burdensome and expensive preparation
to isolate the patient-derived T cells and the major side effects
resulting from cytokine release syndrome.

Oncolytic Viral Therapy
Oncolytic viruses (OVs), a novel class of DNA/RNA-attenuated
viruses that selectively infect, replicate inside the tumor cells, and
eventually kill them either through modulating the TME or via
antitumor response (Figure 5C) (293). These naturally occurring
or genetically engineered viruses have the potential to convert an
“immunologically cold” TME into an “immunologically hot” one
by increasing the net influx of TILs, consisting of CD4+ and CD8
+ T cells, B cells, and NK cells (293, 294). Activated CD8+
cytotoxic T cells and NK cells are associated with a good
prognosis, whereas the presence of Foxp3+ Treg cells within
the breast TME is associated with a poor prognosis, due to their
role in immunosuppression. Immunologically “cold” tumors
exhibit a low mutational burden, poor MHC presentation of
tumor antigen, poor migration of TILs, and also have reduced
expression of PD-L1 on the surface of tumor cells, thus making
the response to ICIs inadequate (295). Interestingly, OVs induce
a strong antiviral tumor immune response through the
production of cytokines like type-1 interferon that in turn
promotes PD-L1 expression on tumor cells and also cytokines,
such as CCL3 and CCL4, attracting PD-1+ or CTLA-4+ immune
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cells within TME (296). Eriksson et al. indicated that OVs, Ad5/
3-Delta24 and Ad5.pk7-Delta 24, can selectively kill CD44+
CD24−/low bCSC population. Oncolytic herpes simplex virus,
oHSV G47D, effectively kills bCSCs both in vitro and in vivo,
derived from SK-BR-3 and primary human BC cells (297). A
randomized phase II study by Bernstein et al. reported that the
combination of oncolytic reovirus (pelareorep) with paclitaxel
significantly increased survival of metastatic BC patients (298).
Combining pelareoprep with paclitaxel, along with anti-PD-L1
antibody, avelumab (NCT04215146) is presently undergoing
phase II clinical study in BC patients (299).

Immune Checkpoint Inhibitors
Immune checkpoint ligands such as PD-L1 and PD-L2 are highly
expressed on CSCs. The immune cells, on the other hand, express
the receptor for these ligands, PD-1. Now, the interaction between
PD-1 and PD-L1/PD-L2 interferes with T-cell proliferation and
activity, leading to tumor immune suppression, thus serving as a
strategy to immune escaping of CSCs (300). Therefore, immune
checkpoint blockade of PD-L1/PD-L2 is emerging as a novel
therapeutic approach, whereby these CSC-specific ligands are
engaged by ICIs, thus making it possible to target CSCs for
programmed cell death. Notably, multiple clinical trials on ICIs,
targeting CTLA-4, PD-1, and PD-L1 are in progress that are either
administered as a single agent or in combination with trastuzumab
or with chemotherapeutic drugs, in HER2-enriched and TNBC
settings, respectively. In March 2019, FDA has approved the
clinical application of anti-PD-L1 antibody, atezolizumab, in
combination with nab-paclitaxel, to be administered as the first-
line therapy to metastatic or locally advanced PD-L1+ TNBC
patients (301). A recent phase Ib clinical study by Nanda et al.
explored the antitumor efficacy and safety profile of PD-1 inhibitor
molecule pembrolizumab in advanced TNBC patients (302).
Furthermore, certain drugs that stimulate PD-L1 degradation
can be administered as a combination therapy with
ICIs to significantly enhance the efficacy of cancer
immunotherapy (303).
CONCLUSION AND PERSPECTIVES

Despite ongoing efforts using novel chemotherapeutics, ICIs,
small-molecule inhibitors, or combinations of these innovative
therapeutic platforms, bCSC-driven drug resistance remains a
public health concern globally. Exploring better bCSC-targeting
substitutes is thus the way forward. Radionuclides conjugated
with monoclonal antibodies (mAb), administered in radio-
immunotherapy (RIT), involve highly potent a- or b-particles
to deliver cytotoxic radiation to cancer cells or TME (Figure 5B)
(304). 212Pb-TCMC-trastuzumab using lead-212 (a-particle
emitter), is undergoing phase I clinical trial to study its
antitumor effects in HER2+ intraperitoneal cancer patients
(305, 306). Another isotope, 111In-NLS-trastuzumab, is being
administered to kill trastuzumab-resistant BC cell lines via the
emission of Auger electrons (307). Recently, radionuclide
therapy using 223Ra (a-particle emitter) has been successful in
delaying the growth of DTCs in early-stage BC (308). Radioactive
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iodine therapy with single-domain antibodies targeting HER2
(131I-GMIB-anti-HER2-VHH1) documents the first-in-human
study, demonstrating the safety profile and efficacy of
radionuclide in the treatment of HER2+ BC (309).
Importantly, RIT is advantageous in the management of MRD,
residual tumor margins following surgery, and CTCs in
hematologic malignancy, compared with external beam
radiation therapy. Likewise, nanobiotechnology should be fully
explored to precisely target bCSC-specific novel antigens, to
eliminate the same. The efficacy of synthetic nanoparticles,
such as silver (AgNPs) (310), gold (AuNPs) (311), and
selenium (SeNPs) (312), has been studied extensively in
different types of solid cancers. Notably, AgNPs (313) and
AuNPs (314) both have shown encouraging results in BC,
although the potency of the same in target killing of breast
Frontiers in Oncology | www.frontiersin.org 21146
CSCs is not known. Hence, the potential of this family of
radionuclides and nanoparticles should be considered in the
targeted killing of bCSCs. In conclusion, cotargeting of multiple
signaling networks contributing to bCSC survival and
proliferation, by virtue of multimodal targeted therapeutics,
will lay the foundation to overcome BC drug resistance.
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281. Gervais A, Levêque J, Bouet-Toussaint F, Burtin F, Lesimple T, Sulpice L,
et al. Dendritic Cells are Defective in Breast Cancer Patients: A Potential Role
for Polyamine in This Immunodeficiency. Breast Cancer Res (2005) 7:R326.
doi: 10.1186/bcr1001

282. Brossart P, Wirths S, Stuhler G, Reichardt VL, Kanz L, Brugger W. Induction
of Cytotoxic T-Lymphocyte Responses In Vivo After Vaccinations With
Peptide-Pulsed Dendritic Cells. Blood (2000) 96:3102–8. doi: 10.1182/
blood.V96.9.3102.h8003102_3102_3108

283. Avigan D, Vasir B, Gong J, Borges V, Wu Z, Uhl L, et al. Fusion Cell
Vaccination of Patients With Metastatic Breast and Renal Cancer Induces
Immunological and Clinical Responses. Clin Cancer Res (2004) 10:4699–708.
doi: 10.1158/1078-0432.CCR-04-0347

284. Qi C-J, Ning Y-L, Han Y-S, Min H-Y, Ye H, Zhu Y-L, et al. Autologous
Dendritic Cell Vaccine for Estrogen Receptor (ER)/progestin Receptor (PR)
Double-Negative Breast Cancer. Cancer Immunol Immunother (2012)
61:1415–24. doi: 10.1007/s00262-011-1192-2

285. Fuentes-Antrás J, Guevara-Hoyer K, Baliu-Piqué M, Garcıá-Sáenz JÁ, Pérez-
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Background: Pyrotinib, a small-molecule tyrosine kinase inhibitor, has been investigated
as a component of neoadjuvant therapy in phase 2 trials of human epidermal growth
factor receptor 2 (HER2)-positive breast cancer. This study aimed to evaluate the
effectiveness and safety of pyrotinib-containing neoadjuvant therapy for patients with
HER2-positive early or locally advanced breast cancer in the real-world setting.

Methods: Data of 97 patients with HER2-positive breast cancer from 21 centers across
China treated with pyrotinib-containing neoadjuvant therapy were reviewed. Neoadjuvant
therapy consisted of taxane/carboplatin/trastuzumab plus pyrotinib (TCbH+Py, 30
[30.9%]), anthracycline/cyclophosphamide followed by taxane/trastuzumab plus pyrotinib
(AC-TH+Py) or taxane followed by anthracycline/cyclophosphamide/trastuzumab plus
pyrotinib (T-ACH+Py, 29 [29.9%]), taxane/trastuzumab plus pyrotinib (TH+Py, 23
[23.7%]), and other pyrotinib-containing neoadjuvant treatment (15 [15.5%]). The primary
outcome was breast pathological complete response (bpCR, ypT0/is) rate. Secondary
outcomes included total pathological complete response (tpCR, ypT0/is ypN0) rate,
objective response rate (ORR), and the incidence of preoperative adverse events.

Results: The ORR of pyrotinib-containing neoadjuvant therapy was 87.6% (85/97). The
bpCR and tpCR rates were 54.6% (95% confidence interval [CI], 44.2%-64.7%) and 48.5%
[95% CI, 38.2%-58.8%], respectively. The most common grade 3 or 4 treatment-related
adverse events included diarrhea (15 [15.5%]), decreased hemoglobin (nine [9.3%]), and
decreased neutrophil count (eight [8.2%]). No treatment-related deaths occurred.
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Conclusion: Pyrotinib-containing neoadjuvant therapy for patients with HER2-positive
early or locally advanced breast cancer shows favorable effectiveness with manageable
toxicity in the real-world setting. Trastuzumab plus pyrotinib may be a novel option of dual
HER2-targeted blockade.
Keywords: human epidermal growth factor receptor 2, breast cancer, pyrotinib, neoadjuvant, real-world
INTRODUCTION

Breast cancer is the most common malignant tumor in women.
Approximately 10%-13% of women will develop breast cancer
during their lifetime (1). Human epidermal growth factor
receptor 2 (HER2)-positive breast cancer accounts for 15%-
20% of all breast cancers (2). HER2-targeted therapy
dramatically improved outcomes in HER2-positive breast
cancer. Chemotherapy combined with dual HER2-targeted
blockade has become a standard neoadjuvant regimen (3–8).
Actually, more than half of patients can achieve pathological
complete response (pCR) with neoadjuvant chemotherapy plus
dual HER2-targeted monoclonal antibodies (trastuzumab and
pertuzumab) (9–11). A randomized, open-label phase 3
KRISTINE trial showed a pCR rate of 44.4% (99 of 223) with
trastuzumab emtansine plus pertuzumab and 55.7% (123 of 221)
with docetaxel, carboplatin, and trastuzumab plus pertuzumab
(absolute difference, -11.3%; 95% confidence interval [CI],
-20.5% to -2.0%; P=0.016) (9). Chemotherapy combined with
trastuzumab and a small-molecule tyrosine kinase inhibitor
(TKI, such as lapatinib and neratinib) could also result in
favorable breast pCR (bpCR) rate (51.3%-62.0%) (12–16) with
acceptable safety profile. A meta-analysis demonstrated that pCR
was associated with substantially longer event-free survival and
overall survival in HER2-positive breast cancer (17). Thus, the
dual HER2-targeted blockade with a macromolecular monoclonal
antibody and a small-molecule TKI as components of neoadjuvant
therapy deserves further investigation.

Pyrotinib is a small-molecule, irreversible TKI, targeting
HER1, HER2, and HER4 (18). The phase 3 PHOEBE study
confirmed the superiority of pyrotinib over lapatinib when
combined with capecitabine in the treatment of HER2-positive
relapsed or metastatic breast cancer, with significantly better
objective response rate (ORR, 67.2% vs. 51.5%) and progression-
free survival (12.5 months vs. 6.8 months) (19). Pyrotinib as a
component of HER2-targeted neoadjuvant therapy has been
investigated in small phase 2 clinical trials (20–22). We did a
multicenter retrospective analysis to assess effectiveness and
safety of pyrotinib-containing regimens as neoadjuvant therapy
for patients with HER2-positive breast cancer in the real-
world setting.
METHODS

Study Design and Participants
This was a retrospective, observational real-world study of female
adult patients with HER2-positive breast cancer who received
2156
pyrotinib-containing neoadjuvant therapy and surgery at 21
centers (Supplementary Table S1) across China between
November 2018 and January 2021. All eligible patients should
have histopathologically confirmed stage II-III HER2-positive
(immunohistochemistry score of 3+, or 2+ with gene
amplification by fluorescence in-situ hybridization) invasive
breast cancer, with at least one measurable lesion according to
the Response Evaluation Criteria In Solid Tumors (RECIST)
version 1.1. Pyrotinib must be used for at least one neoadjuvant
cycle. Patients who received other neoadjuvant HER2-TKIs were
excluded. This study was approved by the ethics committee of
the First Hospital of China Medical University (No. [2021]308).
Informed consent was waived due to the retrospective nature of
the study.

Treatment
The standard dose of pyrotinib was 400 mg once a day. The
combination regimen of neoadjuvant therapy and the initial dose
of pyrotinib were at the discretion of local investigator. Dose
reduction, interruption, and discontinuation of pyrotinib were
allowed according to the adverse events (AEs).

Data Collection
Demography, baseline disease characteristics, information of
neoadjuvant therapy and surgery, imaging and pathological
results, and safety data were all extracted from the medical
records. Radiographic images were assessed by the local
investigator according to RECIST 1.1. Pathological reports
were completed by the local pathologist.

Outcomes
The primary outcome was bpCR rate, defined as the proportion
of patients with no histological evidence of residual invasive
tumor cells in the breast (ypT0/is). Secondary outcomes included
total pCR (tpCR) rate, ORR, and the incidence of AEs before
surgery. The tpCR rate was defined as the proportion of patients
with no residual invasive tumor cells in breast and axillary lymph
nodes (ypT0/is ypN0). ORR was defined as the proportion of
patients with best response of complete or partial response before
surgery as per RECIST 1.1. The AEs were graded according to the
National Cancer Institute Common Terminology Criteria for
Adverse Events version 5.0.

Statistical Analysis
Statistical analysis was performed using SPSS 15.0 (SPSS Inc.,
Chicago, IL, USA). Continuous variables were expressed as
median (range), and categorical variables were expressed as
frequency (percentage). The 95% CIs of bpCR and tpCR were
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calculated using the Clopper-Pearson method. The bpCR and
tpCR rates were also described in subgroups by hormone
receptor (HR) status and different neoadjuvant regimens. HR-
positive was defined as positive estrogen receptor (ER) and/or
progesterone receptor (PR), and HR-negative was defined as
negative ER and PR. Comparisons of bpCR and tpCR rates
between subgroups by ER, PR, or HR status were performed
using chi-square test or Fisher exact test, where appropriate.
P<0.05 was considered statistically significant.
RESULTS

Patient Characteristics
A total of 119 patients were assessed for eligibility. Twenty-two
patients did not meet inclusion criteria or met the exclusion
criteria, leaving 97 patients included in the analysis (Figure 1).
The median age was 51 years (range, 24-68). More than half of
patients had T2 (59.8%) and N1 (54.6%) disease. Fourteen
(14.4%) of 97 patients switched from other anti-HER2
neoadjuvant regimen to pyrotinib-containing regimen (Table 1).

Treatment Exposure
Among the 97 patients, 30 (30.9%) received taxane/carboplatin/
trastuzumab plus pyrotinib (TCbH+Py), 29 (29.9%) received
anthracycline/cyclophosphamide followed by taxane/
trastuzumab plus pyrotinib (AC-TH+Py) or taxane followed by
anthracycline/cyclophosphamide/trastuzumab plus pyrotinib
(T-ACH+Py), 23 (23.7%) received taxane/trastuzumab plus
pyrotinib (TH+Py), and 15 (15.5%) received other neoadjuvant
regimens (Table 2). Twenty-one (70.0%) of 30 patients with
TCbH+Py received standard 6-cycle treatment. Twenty-seven
(97.2%) of 29 patients with AC-TH+Py or T-ACH+Py received
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standard 8-cycle treatment. Of 23 patients with TH+Py, 4
(17.4%) received standard 4-cycle treatment, and 17 (73.9%)
received treatment for more than 4 cycles (one for 5 cycles and 16
for 6 cycles). Eighty-one (83.5%) of 97 patients had available data
of initial dose for pyrotinib. Among them, 66 (81.5%) patients
received pyrotinib at an initial dose of 400 mg, and 15 (18.5%) at
320 mg. Fifty-seven (70.4%) patients received 400 mg pyrotinib
without dose reductions throughout the neoadjuvant
therapy period.

Pyrotinib-Containing Neoadjuvant
Therapy Outcomes
After pyrotinib-containing neoadjuvant therapy, 22 (22.7%) of
97 patients had a complete response, and 63 (64.9%) had a partial
response, with an ORR of 87.6% according to RECIST 1.1. Five
patients had stable disease, and seven patients were not evaluable
due to no imaging assessment after baseline.

After pyrotinib-containing neoadjuvant therapy and surgery,
53 (54.6% [95% CI, 44.2%-64.7%]) patients had pCR in breast,
and 47 (48.5% [95% CI, 38.2%-58.8%]) had pCR in both breast
and lymph nodes (Figure 2A). Among 45 patients with HR-
positive disease, the bpCR and tpCR rates were 42.2% (95% CI,
28.0%-57.8%) and 31.1% (95% CI, 18.6%-46.8%), respectively.
The bpCR and tpCR rates were 65.4% (95% CI, 50.8%-77.7%)
and 63.5% [95% CI, 48.9%-76.0%] in 52 patients with HR-
negative disease, respectively (Figure 2A). ER, PR, or HR
status correlated with tpCR (P<0.05), HR status correlated with
bpCR (P=0.022; Table 3). Of 13 patients with ER-positive/PR-
negative disease, 61.5% (8/13) had bpCR and 53.8% (7/13) had
tpCR. For four patients with ER-negative/PR-positive disease,
three (75.0%) had bpCR and tpCR.

For subgroups by different neoadjuvant regimens, the bpCR rate
was 76.7% (95% CI, 57.3%-89.4%) in 30 patients with TCbH+Py,
FIGURE 1 | Patient flowchart.
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60.9% (95% CI, 38.8%-79.5%) in 23 patients with TH+Py, and
51.7% (95% CI, 32.9%-70.1%) in 29 patients with AC-TH+Py or T-
ACH+Py. The tpCR rate was 73.3% (95% CI, 53.8%-87.0%) in 30
patients with TCbH+Py, 44.8% (95% CI, 27.0%-64.0%) in 29
patients with AC-TH+Py or T-ACH+Py, and 43.5% (95% CI,
23.9%-65.1%) in 23 patients with TH+Py (Figure 2B).

Safety
Treatment-related AEs (TRAEs) before surgery occurred in
92.8% (90/97) of patients. Grade ≥3 TRAEs were observed in
35.1% (34/97) of patients. Serious TRAEs were observed in 5.2%
(5/97) of patients. The most common TRAEs were diarrhea (62
[63.9%]), decreased hemoglobin (57 [58.8%]), increased alanine
transaminase (36 [37.1%]), nausea (34 [35.1%]), decreased
neutrophil count (31 [32.0%]), and decreased white blood cell
count (30 [30.9%]). The most frequent grade 3 or 4 TRAEs
included diarrhea (15 [15.5%]), decreased hemoglobin (nine
[9.3%]), and decreased neutrophil count (eight [8.2%];
Table 4). There were eight (8.2%) patients having pyrotinib
dose reductions due to TRAEs: the dose was reduced to 320 mg
Frontiers in Oncology | www.frontiersin.org 4158
for six patients, 240 mg for one patient, and 160 mg for one
patient. No treatment-related deaths occurred.
DISCUSSION

To identify the effectiveness and safety of pyrotinib-containing
regimens as neoadjuvant therapy for patients with HER2-
positive early or locally advanced breast cancer in the real-
world setting, we here made a multicenter retrospective
analysis. Lapatinib, neratinib, and pyrotinib are three TKIs
investigated in the neoadjuvant setting for patients with HER2-
positive breast cancer. Lapatinib is a reversible TKI blocking
HER1 and HER2, while pyrotinib is an irreversible pan-ErbB
receptor TKI targeting HER2, HER1 and HER4, with similar
molecular structure to neratinib (23). In a phase 1 clinical trial,
pyrotinib plus capecitabine was well-tolerated and demonstrates
promising antitumor activity in patients with HER2-positive
metastatic breast cancer (24). Pyrotinib in combination with
capecitabine had a significantly higher ORR (78.5% vs. 57.1%,
P=0.01) and longer progression-free survival (18.1 months vs. 7.0
months, P<0.001) compared with lapatinib plus capecitabine in a
phase 2 study (25). Results from the phase 3 PHOEBE study
confirmed that pyrotinib plus capecitabine could lead to
progression-free survival benefit compared with lapatinib plus
capecitabine (12.5 months [95% CI, 9.7-not reached] vs. 6.8
months [95% CI, 5.4-8.1]; hazard ratio, 0.39 [95% CI, 0.27-0.56];
P<0.0001) in HER2-positive metastatic breast cancer who had
previously received anthracycline or taxane chemotherapy (19).
Pyrotinib has the advantages of stability, safety, and good
tolerance, with encouraging antitumor effects observed in
patients with HER2-positive metastatic breast cancer. However,
data on its activity in the neoadjuvant setting are still lacking.
We supplemented real-world evidence on the basis of previous
phase 2 neoadjuvant trials (20–22). The bpCR rate in 97
patients was 54.6% (95% CI, 44.2%-64.7%), and the tpCR rate
was 48.5% (95% CI, 38.2%-58.8%). Grade 3 and 4 TRAEs
were observed in 35.1% of patients, with the most common
events of diarrhea (15.5%), decreased hemoglobin (9.3%),
and decreased neutrophil count (8.2%). The safety profile
was acceptable.

Taxane/carboplatin/trastuzumab/pertuzumab (TCbHP) and
taxane/trastuzumab/pertuzumab (THP) are two class I
recommendations in the 2021 version of Chinese Society of
Clinical Oncology breast cancer guideline, while other regimens
based on anti-HER2 monoclonal antibody and taxane (such as
anthracycline/cyclophosphamide followed by taxane/
t ra s tuzumab/per tuzumab [AC-THP]) are c l a s s I I
recommendations (3, 4). The National Comprehensive Cancer
Network guideline recommended TCbHP as preferred dual anti-
HER2 regimens, and recommended the use of AC-THP and
taxane followed by anthracycline/cyclophosphamide/
trastuzumab/pertuzumab (T-ACHP) in certain circumstances
(6). In our study, 84.5% of patients received the common
combinations with chemotherapy plus dual HER2-targeted
blockade, including 30 patients with TCbH+Py, 29 with AC-
TABLE 1 | Baseline characteristics.

Characteristics Patients (N = 97)

Median age (range), yearsa 51 (24-68)
T stage, n (%)
T1 8 (8.2)
T2 58 (59.8)
T3 20 (20.6)
T4 10 (10.3)
Tx 1 (1.0)

N stage, n (%)
N0 14 (14.4)
N1 53 (54.6)
N2 13 (13.4)
N3 17 (17.5)

Clinical stage, n (%)
II 52 (53.6)
III 45 (46.4)

ECOG performance status, n (%)
0 82 (84.5)
1 15 (15.5)

Hormone receptor status, n (%)
ER and/or PR positive 45 (46.4)
ER and PR negative 52 (53.6)

Ki-67 level, n (%)
<30% 19 (19.6)
≥30% 78 (80.4)

Menstrual status, n (%)
Premenopausal 51 (52.6)
Menopausal 39 (40.2)
Unknown 7 (7.2)

Pathological grading, n (%)
I 2 (2.1)
II-III 54 (55.7)
Unknown 41 (42.3)

Switching from other anti-HER2 neoadjuvant regimens, n (%) 14 (14.4)
Due to intolerable toxicity 3 (3.1)
Due to poor response 11 (11.3)
ECOG, Eastern Cooperative Oncology Group; ER, estrogen receptor; PR, progesterone
receptor; HER2, human epidermal growth factor receptor 2.
aThree patients had missing age.
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TABLE 2 | Neoadjuvant therapy regimens (N = 97).

Regimens Number of patients (%) Median treatment cycles (range)

Dual-target
TCbH+Py 30 (30.9) 6 (1-6)
AC-TH+Py or T-ACH+Py 29 (29.9) 8 (6-8)
TH+Py 23 (23.7) 6 (1-6)
ACH+Py 2 (2.1) 4 (4-4)
AI+H+Py 1 (1.0) 6
ATH+Py 1 (1.0) 1
N+Pb+H+Py 1 (1.0) 2
OFS+AI+H+Py 1 (1.0) 2
TCH+Py 1 (1.0) 4
AC+Py, then switched to TCbHPa 1 (1.0) 8
TCbH+Py, then switched to THPb 1 (1.0) 5

Single-target or triple-target
OFS+EC+Py-T+Py 1 (1.0) 8
Py+X 1 (1.0) 6
T+Py+X 1 (1.0) 6
TC+Py 1 (1.0) 6
TCb+Py 1 (1.0) 6
TCbHP+Py 1 (1.0) 4
Frontiers in Oncology | www.frontiersin.org
 April5159
T, taxane (docetaxel, albumin-bound paclitaxel, or paclitaxel); Cb, carboplatin; H, trastuzumab; Py, pyrotinib; A, anthracycline (epirubicin, pirarubicin, or doxorubicin);
C, cyclophosphamide; AI, aromatase inhibitor (anastrozle or exemestane); N, vinorelbine; Pb, cisplatin; OFS, ovarian function suppression (goserelin); X, capecitabine; P, pertuzumab.
aThis patient received 2 cycles of AC+Py regimen, then switched to 6 cycles of TCbHP regimen for unknown reason.
bThis patient received 2 cycles of TCbH+Py regimen, then switched to 3 cycles of THP regimen because of intolerance to Py.
A

B

FIGURE 2 | Pathological response. (A) Overall population and subgroups by HR status. (B) Subgroups by different neoadjuvant regimens. bpCR, breast
pathological complete response; tpCR, total pathological complete response; HR, hormone receptor; T, taxane (docetaxel, nanoparticle albumin-bound paclitaxel, or
paclitaxel); Cb, carboplatin; H, trastuzumab; Py, pyrotinib; A, anthracycline (epirubicin, pirarubicin, or doxorubicin); C, cyclophosphamide.
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TH+Py or T-ACH+Py, and 23 with TH+Py. The selection of
neoadjuvant therapy regimens was in accordance with the
guidelines (3, 4, 6). Sixty-nine (84.1%) of 82 patients with these
common regimens completed the full course of neoadjuvant
therapy, including 17 (73.9%) of 23 patients with TH+Py
receiving more than standard 4 cycles. The appropriate
selection of neoadjuvant therapy regimens and good
compliance might contribute to the high pCR rate. This also
reflects a standardized clinical practice environment in China.

In the present study, the tpCR rate in patients with TCbH+Py
was 73.3%, higher than docetaxel/carboplatin/trastuzumab/
pertuzumab (55.7%) in the KRISTINE study (9) and docetaxel/
carboplatin/trastuzumab/lapatinib (51.7%) in the TRIO-US B07
study (15). Patients who received TH+Py had a consistent tpCR
rate with paclitaxel/trastuzumab/lapatinib in the NeoALTTO study
(43.5% vs. 46.8%) (12). The tpCR rate in patients with AC-TH+Py
or T-ACH+Py was 44.8%, similar with paclitaxel/trastuzumab/
neratinib followed by doxorubicin/cyclophosphamide (50.0%) in
the NSABP FB-7 study (16), and paclitaxel followed by fluorouracil/
epirubicin/cyclophosphamide/trastuzumab/lapatinib (46.7%) in the
CHER-LOB study (26). A previous phase 2 neoadjuvant trial of
Frontiers in Oncology | www.frontiersin.org 6160
pyrotinib also showed a high tpCR rate with epirubicin/
cyclophosphamide/pyrotinib followed by docetaxel/trastuzumab/
pyrotinib (73.7%) (20), but the efficacy might be exaggerated due
to the limited sample size (n=19; Table 5). Although the cross-study
comparisons need to be interpreted in cautions, and the number of
patients with different neoadjuvant regimens was small, these results
indirectly suggest that trastuzumab plus pyrotinib as dual HER2-
targeted blockade is feasible when combined with chemotherapy as
neoadjuvant therapy in the real-world setting.

Patients with HR-negative disease accounted for 53.6% of the
total population. The bpCR and tpCR rates were 65.4% and 63.5%,
respectively, numerically higher than those of patients with HR-
positive disease (42.2% and 31.1%). This trend was consistent with
previous studies (12–16). Actually, we found that ER status just
correlated with tPCR, not bPCR. PR status correlated with both
bPCR and tPCR. Compared with PR-positive subgroup, PR-negative
patients showed higher bpCR (61.5% vs. 40.6%) and tpCR (58.5% vs.
28.1%) rates with pyrotinib-containing neoadjuvant therapy. PR
synthesis requires estrogen and ER, and PR expression is
upregulated by ER; thus, ER-positive/PR-positive breast cancer is
common (29). PR is also a biomarker used routinely at diagnosis to
TABLE 3 | Comparisons of bpCR and tpCR rates between subgroups by ER, PR, or HR status.

Characteristics bpCR, n (%) Non-bpCR, n (%) P tpCR, n (%) Non-tpCR, n (%) P

ER status 0.069 0.030
Positive (n = 41) 18 (43.9) 23 (56.1) 13 (31.7) 28 (68.3)
Negative (n = 56) 35 (62.5) 21 (37.5) 34 (60.7) 22 (39.3)

PR status 0.052 0.005
Positive (n = 32) 13 (40.6) 19 (59.4) 9 (28.1) 23 (71.9)
Negative (n = 65) 40 (61.5) 25 (38.5) 38 (58.5) 27 (41.5)

HR status 0.022 0.002
ER and/or PR positive (n = 45) 19 (42.2) 26 (57.8) 14 (31.1) 31 (68.9)
ER and PR negative (n = 52) 34 (65.4) 18 (34.6) 33 (63.5) 19 (36.5)
April 2
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bpCR, breast pathological complete response; tpCR, total pathological complete response; ER, estrogen receptor; PR, progesterone receptor; HR, hormone receptor.
TABLE 4 | Treatment-related adverse events before surgery.

Events, n (%) Patients (N = 97)

Any grade Grade 3 Grade 4

Diarrhea 62 (63.9) 15 (15.5) 0
Hemoglobin decreased 57 (58.8) 9 (9.3) 0
ALT increased 36 (37.1) 2 (2.1) 0
Nausea 34 (35.1) 4 (4.1) 0
Neutrophil count decreased 31 (32.0) 7 (7.2) 1 (1.0)
White blood cell count decreased 30 (30.9) 4 (4.1) 0
Vomiting 28 (28.9) 4 (4.1) 0
AST increased 28 (28.9) 0 0
Hypokalemia 23 (23.7) 2 (2.1) 2 (2.1)
Fatigue 23 (23.7) 2 (2.1) 0
Platelet count decreased 22 (22.7) 0 2 (2.1)
Creatinine increased 13 (13.4) 0 0
Hand-foot syndrome 7 (7.2) 0 0
Hypomagnesemia 7 (7.2) 0 0
Hyponatremia 4 (4.1) 0 0
Rash 2 (2.1) 0 0
Febrile neutropenia 1 (1.0) 0 1 (1.0)
Upper respiratory infection 1 (1.0) 1 (1.0) 0
Weight loss 1 (1.0) 0 0
ALT, alanine transaminase; AST, aspartate transaminase.
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characterize breast cancer. It participates in molecular subtyping and
plays a determining factor in treatment decisions. The absence of PR
reflects a nonfunctional ER pathway, which is less responsive to
selective ER modulators (30). Our findings suggest that both ER and
PR status are potential prognostic factors for tpCR in HER2-positive
breast cancer with pyrotinib-containing neoadjuvant therapy.
Further investigation is needed.

The incidence of TRAEs in our study was 92.8%, and the most
common TRAEs were diarrhea (63.9%), decreased hemoglobin
(58.8%), increased alanine transaminase (37.1%), nausea (35.1%),
decreased neutrophil count (32.0%), and decreased white blood cell
count (30.9%). The AE profile was consistent with previous
neoadjuvant trials of pyrotinib (20–22) and the phase 3 results of
pyrotinib in advanced breast cancer (19, 31). The incidence of hand-
foot syndrome was 7.2%, and only grade 1 events occurred.
Capecitabine is a partner of pyrotinib when used in advanced
breast cancer, and one of its frequently reported AEs is hand-foot
syndrome. However, capecitabine is not a common component of
standard neoadjuvant regimens, with only two (2.1%) patients
receiving capecitabine in our study. This might explain the low
incidence and severity of hand-foot syndrome. In addition, only
35.1% of patients had grade ≥3 TRAEs, mainly grade 3 diarrhea
(15.5%). The incidence of serious TRAEs was 5.2%. The overall
safety of pyrotinib-containing neoadjuvant therapy was
manageable, without new safety signals. Of patients with available
data of initial dose for pyrotinib, 70.4% received 400 mg pyrotinib
without dose reductions throughout the neoadjuvant therapy
period, indicating a good tolerability.

There are some limitations in this multicenter real-world study.
First, bias is inevitable due to the retrospective nature. Second, the
judgement of AEs needs incorporation of medical records, laboratory
test reports, and medical advice. There could be recall bias and
missing reports in the real-world setting. Thus, the AE data might be
underestimated. Third, some patients could not complete the full
course of neoadjuvant therapy due to the impact of coronavirus
disease 2019 (COVID-19), leading to reduced effectiveness. Fourth,
this study only reported pathological response. The long-term
outcomes in patients with HER2-positive breast cancer who
received pyrotinib-containing neoadjuvant regimens needs further
investigation. Finally, although all patients were treated with
Frontiers in Oncology | www.frontiersin.org 7161
pyrotinib, the effectiveness and safety might be attributed to other
components as many combination regimens were included.
CONCLUSIONS

Small-molecule TKI pyrotinib as a component of neoadjuvant
therapy for patients with HER2-positive early or locally
advanced breast cancer shows effectivenesswith manageable
toxicity in the real-world setting. Trastuzumab plus pyrotinib
may be a novel option of dual HER2-targeted blockade when
combined withchemotherapy as neoadjuvant therapy. Our study
suggests a trend PR-negative was a significant prognostic factor
for tPCR or bPCR in HER2+ breast cancer with pyrotinib-
containing neoadjuvant therapy.
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TABLE 5 | Pathological response results from current published neoadjuvant trials of tyrosine kinase inhibitor in HER2-positive breast cancer.

Study Treatment tpCR rate, n/N (%) bpCR rate, n/N (%)

HR-positive HR-negative Total HR-positive HR-negative Total

NSABP FB-7 (16) TH+Ne-AC 7/23 (30.4) 14/19 (73.7) 21/42 (50.0) NA NA 22/42 (52.4)
NeoALTTO (12) TH+L NA NA 68/145 (46.8) 32/77 (41.6) 46/75 (61.3) 78/152 (51.3)
CALGB 40601 (13) TH+L 28/69 (40.6) 32/47 (68.1) 60/116 (51.7) 28/69 (40.6) 37/47 (78.7) 65/116 (56.0)
NSABP B-41 (14) AC-TH+L 59/108 (54.6) 44/63 (69.8) 103/171 (60.2) 60/108 (55.6) 46/63 (73.0) 106/171 (62.0)
CHER-LOB (27) Td-FuECH+L 10/28 (35.7) 10/17 (58.8) 21/45 (46.7) NA NA NA
TRIO-US B07 (15) TdCbH+L 14/34 (41.2) 16/24 (66.7) 30/58 (51.7) NA NA NA
GBG-70 (28) H+Af-TH+Af-ECH 20/46 (43.5) 12/19 (63.2) 32/65 (49.2) NA NA 36/65 (55.4)
Xuhong et al. (20) EC+Py-TdH+Py 7/11 (63.6) 7/8 (87.5) 14/19 (73.7) NA NA NA
Zhong et al. (21) AbTH+Py 3/8 (37.5) 9/13 (69.2) 12/21 (57.1) NA NA NA
Panphila (22) TdCbH+Py 19/47 (40.4) 19/22 (86.4) 38/69 (55.1) NA NA 40/69 (58.0)
April
 2022 | Volume 12 |
HR-positive was defined as positive estrogen receptor and/or progesterone receptor, and HR negative was defined as negative estrogen receptor and progesterone receptor. HER2,
human epidermal growth factor receptor 2; T, paclitaxel; H, trastuzumab; Ne, neratinib; A, doxorubicin; C, cyclophosphamide; L, lapatinib; Td, docetaxel; Fu, fluorouracil; E, epirubicin; Cb,
carboplatin; Af, afatinib; NA, not available; Py, pyrotinib; AbT, albumin-bound paclitaxel.
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Introduction: Breast cancer affects two million patients worldwide every year and is the
most common cause of cancer-related death among women. The triple-negative breast
cancer (TNBC) sub-type is associated with an especially poor prognosis because currently
available therapies fail to induce long-lasting responses. Therefore, there is an urgent need
to develop novel therapies that result in durable responses. One universal characteristic of
the tumor microenvironment is a markedly elevated concentration of extracellular adenosine
triphosphate (eATP). Chemotherapy exposure results in further increases in eATP through
its release into the extracellular space of cancer cells via P2RX channels. eATP is degraded
by eATPases. Given that eATP is toxic to cancer cells, we hypothesized that augmenting the
release of eATP through P2RX channels and inhibiting extracellular ATPases would sensitize
TNBC cells to chemotherapy.

Methods: TNBC cell lines MDA-MB 231, Hs 578t and MDA-MB 468 and non-
tumorigenic immortal mammary epithelial MCF-10A cells were treated with increasing
concentrations the chemotherapeutic agent paclitaxel in the presence of eATPases or
specific antagonists of P2RXs with cell viability and eATP content being measured.
Additionally, the mRNA, protein and cell surface expressions of the purinergic receptors
P2RX4 and P2RX7 were evaluated in all examined cell lines via qRT-PCR, western blot,
and flow cytometry analyses, respectively.

Results: In the present study, we observed dose-dependent declines of cell viability and
increases in eATP of paclitaxel-treated TNBC cell lines in the presence of inhibitors of
eATPases, but not of the MCF-10A cell line. These effects were reversed by specific
antagonists of P2RXs. Similar results, as those observed with eATPase inhibitors, were
seen with P2RX activators. All examined cell lines expressed both P2RX4 and P2RX7 at
the mRNA, protein and cell surface levels.

Conclusion: These results reveal that eATP modulates the chemotherapeutic response
in TNBC cell lines, which could be exploited to enhance the efficacy of chemotherapy
regimens for TNBC.
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INTRODUCTION

Breast cancer affects millions of women every year. At 47.8 new
cases and 13.6 deaths per 100000 per year, it has the highest
global incidence rate and is the most common cause of cancer-
related mortality among women in 2020 (1). Patients with triple-
negative breast cancer (TNBC) have a markedly worse outcome
in comparison to other breast cancer subtypes due to the
aggressive and rapidly progressive nature of the disease and
lack of specific targeted therapies (2–4). Hence, there is a critical
need for more effective therapeutic strategies.

One universal characteristic of cancer is a marked elevation in
extracellular adenosine triphosphate (eATP) (5–7). Under
physiological conditions, the concentration of eATP is
extremely low, in the 0-10 nanomolar (nM) range as compared
to intracellular levels of 3 to 10 millimolar (mM), a difference of
more than 106-fold (8). However, eATP concentrations are
markedly elevated in neoplastic and inflamed tissues, into the
range of 100s of micromoles/liter (8).

Purinergic P2 receptors (P2Rs), integral plasma membrane
receptors activated by ATP, are divided into the ionotropic P2
(P2RX) and metabotropic P2 (P2RY) sub-types (9). P2XRs, of
which there are seven sub-types, are ATP-gated ion channels that
are inducibly permeable to cations. With prolonged activation,
P2RX7channels becomenon-selectivelypermeable, resulting in the
diffusion of high molecular weight molecules such as ATP; IL-1b
and IL-18 release; largemolecular weight dye uptake; K+ efflux;Na+

and Ca2+ influx; membrane phosphatidylserine-flip; membrane
blebbing and cell death (10–14). Most P2RXs are activated by
ATPconcentrations in thenanomolar to lowmicromolar range, but
P2RX7 activation requiresmillimolar concentrations of eATP (15–
17). However, because P2RXs can homo and heterotrimerize to
form functional channels with intermediate properties, ATP-
dependent interactions between P2RX4 and the C-terminus of
P2RX7 can potentiate P2RX7-dependent cell death (18).

Extracellular ATP release occurs through a variety of
mechanisms, including tumor necrosis and apoptosis, vesicular
exocytosis, active efflux via ATP-binding cassette subfamily C
member 6 (ABCC6) and the ankylosis gene product ANK and
diffusion via P2RX7 and Pannexin1 channels (10, 11, 19–24).
Multiple pathways for eATP disposal have been described. These
pathways hydrolyze nucleotides and limit their availability to activate
nucleotide-specific P2Rs while increasing the concentration of
extracellular nucleosides such as adenosine (25). There are four
major classes of ecto-nucleotidases, including ecto-nucleoside
triphosphate diphosphohydrolases (E-NTPDase), 5’ nucleotidases,
ecto-nucleotide pyrophosphatases/phosphodiesterases (E-NPPase),
and tissue non-specific alkaline phosphatases (TNAP) (25).
E-NTPDases, which are nucleotide specific, are believed to be the
major degradative enzymes for eATP. Extracellular 5’nucleotidase,
which is classified asCD73as per the cluster of differentiation system,
catalyzes the conversion of AMP to adenosine and inorganic
phosphate. Thus, eATP levels result from a balance between
numerous synthetic and secretory pathways and degradative and
endocytic pathways.

When cancer cells are exposed to cytotoxic chemotherapy,
there is a release of ATP and K+ ions through P2RXs such as
Frontiers in Oncology | www.frontiersin.org 2165
P2RX7 and P2RX4 into the extracellular space along with an
influx of Ca2+ ions (17, 26–28). Exposure of various epithelial
cancer cell lines to elevated eATP in culture and xenografts
results in growth arrest or cell death (29–31). Notably, P2XR7
activation is a prerequisite for inflammasome activation, IL-1
and IL-18 secretion, and a highly inflammatory form of
programmed cell death known as pyroptosis, which can lead to
bystander cell death and immune activation (18). In addition,
ATP has been administered to patients with advanced cancers
with minimal side effects, and ATP administered in mice was
associated with inhibitory effects on cancer cells (30, 32, 33).

Overall, these data suggest that the extracellular purinergic
signaling pathway may be a promising target for cancer
therapeutics. We hypothesized that increased eATP would increase
the response to chemotherapy in TNBCs through the activation of
P2RX channels, leading to increases in non-selective membrane
permeability, the release of eATP and increased cancer cell death.
MATERIALS AND METHODS

Cell Culture and Drugs and Chemicals
Breast cancer cell lines MDA-MB 231 (ATCC HTB-26, RRID :
CVCL_0062), MDA-MB 468 (ATCC HTB-132, RRID :
CVCL_0419), Hs 578t (ATCC HTB-126, RRID : CVCL_0332), and
HEK-293T ATCC Cat# CRL-3216, RRID : CVCL_0063) were
maintained in DMEM (Corning) and supplemented with 10% FBS
(Cytiva), 1% MEM non-essential amino acids (Gibco), 1 mM sodium
pyruvate (Gibco), 4 mML-glutamine (Gibco) and antimicrobial agents
(100 units/ml Penicillin, 100 µg/ml streptomycin, and 0.25 µg/ml
amphotericin B) (Gibco). Non-tumorigenic immortal mammary
epithelial MCF-10A cells (ATCC Cat# CRL-10317, RRID :
CVCL_0598) were maintained in DMEM/F12 (Gibco) supplemented
with 5% horse serum (Gibco), hydrocortisone (Sigma), epidermal
growth factor (Sigma), cholera toxin (Sigma), insulin (Sigma) and
antimicrobial agents. All cell lines were authenticated and were
maintained in a humidified incubator at 37°C and 5% CO2.

The following drugs and chemicals were used: dimethyl
sulfoxide/DMSO (Sigma), ATP (Sigma), UTP (Sigma), paclitaxel
(Calbiochem), sodium polyoxotungstate or POM-1 (Tocris), PSB
069(Tocris), levamisolehydrochloride (Abcam),A438079 (Tocris),
5-BDBD (Tocris), ENPP1 inhibitor C (Cayman Chemical, Ann
Arbor,MI), SBI-425 (MedChemExpress), etidronate disodium and
ivermectin (Sigma). ATP and POM-1 were dissolved in nuclease-
free water (Invitrogen); paclitaxel, A438079, Iso-PPADS, 5-BDBD,
SBI-425, ENPP1 inhibitor C, levamisole hydrochloride, etidronate
disodium (Sigma), and ivermectin were dissolved in DMSO.
Table 1 shows drugs’ concentrations and functions; we optimized
the drug concentrations thatwere applied for the different assays by
using previously described drugs’ concentrations as starting points
(34–43). Drugs were added to media at designated concentrations
and applied to cells in an in vitro system.

Cell Viability and eATP Assays
TNBC cell lines, MDA-MB 231, Hs 578t, MDA-MB 468 cells and
non-tumorigenic immortal mammary epithelial MCF-10A cells
were plated on 96 well plates (Costar) at a high density of 25,000
April 2022 | Volume 12 | Article 855032
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cells/well and after 24 hours treated with paclitaxel, inhibitors, or
ATP for 6 or 48 hours. PrestoBlue™ HS cell viability reagent
(Invitrogen) was added to each well according to the
manufacturer’s instructions. Fluorescence readings (excitation
and emission ranges: 540–570 nm and 580–610 nm) were
obtained using a Bioteck Synergy HT plate reader. ATP was
measured in supernatants according to the protocol described by
the ATPlite 1 step Luminescence Assay System (PerkinElmer).
Luminescence readings were measured on a Bioteck Synergy HT
plate reader. The student’s t-testwas applied to the applicable assays
(Figures 1, 4, 5) to ascertain significance. * represents p<0.05 and **
represents p<0.01; for Figure 1 comparing ATP to UTP, for
Figure 4 comparing PSB alone to PSB 069 and A438079 or to
Frontiers in Oncology | www.frontiersin.org 3166
PSB 069 and 5-BDBD, for Figure 5 comparing vehicle addition
(paclitaxel alone) and ivermectin. For Figures 2, 3, one way
ANOVA with Tukey’s HSD (Honestly Significant Difference) was
applied to ascertain significance. For Figure 2 * represents p<0.05
and ** represents p<0.01 when comparing vehicle addition to Iso-
PPADS,A438079 or 5-BDBD. ForFigure 3 * represents p<0.05 and
** represents p<0.01 when comparing vehicle addition to PSB 069.
We highlighted just the significance in the presence of PSB 069
because the cell viability results were consistently significant.

RNA Analysis of P2RX4 and P2RX7
MDA-MB 231, Hs 578t, MDA-MB 468, cell lines and MCF-10A
cells were maintained under standard conditions in subconfluent
FIGURE 1 | Cell viability of ATP and UTP-treated cells. TNBC MDA-MB 231, Hs 578t and MDA-MB 468 cell lines and non-tumorigenic immortal mammary epithelial
MCF-10A cells were treated for 48 hours with increasing concentrations of ATP or UTP, and cell viability was measured with the PrestoBlue HS assay. Error bars
represent standard deviations calculated from three independent experiments performed in triplicate. The student’s t-test was applied to the to ascertain significance.
* represents p < 0.05 and ** represents p < 0.01 when comparing ATP to UTP.
TABLE 1 | Drug concentrations and functions. The table shows the drugs administered, their concentrations applied and their functions.

Drug Concentration(s) Function

Paclitaxel 12.5, 25, 50, 100 mmol/L Chemotherapeutic agent

Iso-PPADs 20 mmol/L P2RX inhibitor

A437809 20 mmol/L P2RX7 inhibitor

5-BDBD 20 mmol/L P2RX4 inhibitor

POM-1 10 mmol/L ecto-nucleoside triphosphate diphosphohydrolases (ENTPDase) inhibitor

PSB 069 10 mmol/L ENTPDase inhibitor

ENNP1 C inhibitor 10 mmol/L ecto-nucleoside pyrophosphatases/ phosphodiesterase 1 (ENPP1) inhibitor

SBI-425 10 mmol/L tissue-nonspecific alkaline phosphatase (TNAP) inhibitor

Levamisole hydrochloride 10 mmol/L TNAP inhibitor

Etidronate disodium 10 mmol/L protein tyrosine phosphatase inhibitor

Ivermectin 20 mmol/L P2RX4 and P2RX7 activator
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cultures. RNA was extracted via the TRIzol method (Invitrogen),
and qRT-PCR was performed on a Bio-Rad T100 thermal cycler
using the following exon-exon junction-spanning primers: for
P2RX4, the forward primer TGGCGGATTATGTGATACCAGC
and the reverse primer GTCGCATCTGGAATCTCGGG; for
P2RX7, the forward primer GTGTCCCGAGTATCCCACC
and the reverse primer GGCACTGTTCAAGAGAGCAG; and
for GAPDH forward primer GTCGTATTGGGCGCCTGGTC
and the reverse primer TTTGGAGGGATCTCGCTCCT. The
student’s t-test was applied to the applicable assays to ascertain
significance. * represents p<0.05 and ** represents p<0.01 relative
to MCF-10A; + represents p<0.05 and ++ represents p<0.01
relative to HEK293-empty vector transfected.

Western Blot Analysis of P2RX4
and P2RX7
Total cell lysates were prepared in lysis buffer (50 mM Tris HCl
at pH 8.0, 1.0 mM EDTA, 1% SDS, and 1% Igepal CA630) with a
protease inhibitor cocktail (Thermo Scientific). The lysates were
sonicated, placed on ice for 30 minutes, and spun at 10,000 rpm
for 10 minutes at 4°C to collect the cleared supernatants for
analysis. Protein quantification was performed using the Pierce
BCA Protein Assay (Thermo Scientific) and absorbance readings
taken at 595 nm. Protein samples (P2RX4: 100 µg, positive
control-293T/empty vector 99.5 µg + 293T/O/E P2RX4 0.5 µg
and P2RX7: 200 µg, positive control-293T/empty vector 199,
197.5, or 195 µg + 293T/O/E P2RX7 1, 2.5 or 5 µg, respectively, as
shown in Figure 6) were denatured with 4X Laemmli sample
buffer (250 mM Tris-HCl, 8% SDS, 40% glycerol, 8% BME, and
0.06% Bromophenol Blue) at 98°C for 5 minutes and separated
Frontiers in Oncology | www.frontiersin.org 4167
on 12% sodium dodecyl sulfate (SDS)-polyacrylamide gels
(Invitrogen). Proteins were transferred to nitrocellulose
membranes (Millipore) employing the wet transfer method
(Bio-Rad, Hercules, CA). The membranes were blocked with
TBS-T (0.15 M NaCl, 0.02 M Tris-HCl, pH 7.4 and 0.1% Tween-
20) containing non-fat milk at room temperature for an hour
and incubated overnight at 4°C with a primary antibody: P2RX4
(1:500 dilution; Cell Signaling Technology, Cat# 70659, RRID :
AB_2799789) and anti-P2RX7 (1:200 dilution; Cell Signaling
Technology, Cat# 13809, RRID : AB_2798319), diluted in 5%
BSA (GoldBio) or 5% non-fat milk. The membranes were
washed in TBS-T (0.15 M NaCl, 0.02 M Tris HCl, pH 7.4),
incubated with horseradish peroxidase (HRP)-conjugated
secondary anti-rabbit/mouse antibodies diluted in 5% non-fat
milk (1:5000) for one hour and washed in TBS-T. The blots were
analyzed using enhanced chemiluminescence Immobilon
Western Chemiluminescent HRP Substrate (Millipore). The
membranes were then stripped and re-probed for GAPDH
(Cell Signaling Technology) as the internal loading control.
Densitometry was performed on Image Studio (Licor). The
student’s t-test was applied to the applicable assays to ascertain
significance. * represents p<0.05 and ** represents p<0.01 relative
to MCF-10A; + represents p<0.05 and ++ represents p<0.01
relative to HEK293-empty vector transfected.

Flow Cytometry Analysis of P2RX4
and P2RX7
MDA-MB 231, MDA-MB 468, Hs 578t, MCF-10A cells, and HEK
293T cells were maintained as previously described. HEK 293T
were transfected with either P2RX4 or P2RX7 expression plasmids
FIGURE 2 | Cell viability of ATP-treated cells in the presence of P2RX inhibitors. TNBC cell lines and MCF-10A cells were treated for 48 hours with increasing
concentrations of ATP in the presence of the P2RX inhibitor Iso-PPADS (20 µmol/L), the P2RX7 inhibitor A438079 (20 µmol/L) or the P2RX4 inhibitor 5-BDBD
(20 µmol/L) or vehicle addition, and cell viability was measured using the PrestoBlue HS assay. Error bars represent standard deviations calculated from three
independent experiments performed in triplicate. One way ANOVA with Tukey’s HSD was applied to ascertain significance. * represents p < 0.05 and ** represents
p < 0.01 when comparing vehicle addition to Iso-PPADS, A438079 or 5-BDBD.
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A B

FIGURE 3 | Comparing eATP release from paclitaxel-treated cells in the presence of inhibitors or vehicle addition. (A) TNBC and MCF-10A cells were treated with
increasing concentrations of paclitaxel and the nucleoside phosphohydrolase inhibitors POM-1 (E-NTPDase inhibitor, 10 µmol/L), PSB 069 (E-NTPDase inhibitor,
10 µmol/L), ENNP1 inhibitor C (ENPP1 inhibitor, 10 µmol/L) or vehicle addition for six hours, and cell viability was measured using the PrestoBlue HS assay.
Standard deviation was calculated from three independent experiments performed in triplicate. (B) eATP concentrations were measured in the supernatants of TNBC
and MCF-10A cells after six hours of treatment with increasing concentrations of paclitaxel and nucleoside phosphohydrolase inhibitors or vehicle addition. Standard
deviation was calculated from three independent experiments performed in triplicate. One way ANOVA with Tukey’s HSD was applied to ascertain significance.
* represents p < 0.05 and ** represents p < 0.01 when comparing vehicle addition to PSB 069. We highlighted just the significance in the presence of PSB 069
because the cell viability results were consistently significant.
A B

FIGURE 4 | Examining the influence of P2RX inhibitors in combination with E-NTPDase inhibitor on cell viability and eATP release in paclitaxel-treated cells.
(A) Paclitaxel-treated breast cancer MDA-MB 468 cell lines were treated for six hours with P2RX7 inhibitor A438079 (20 µmol/L) or P2RX4 inhibitor 5-BDBD (20 µmol/L)
in the presence or absence of PSB 069 (10 µmol/L), and cell viability was measured by applying PrestoBlue HS assay. Standard deviation was calculated from three
independent experiments performed in triplicate. We used the same values for both graphs for vehicle addition and PSB 069. (B) eATP concentrations were measured in
the supernatants of paclitaxel-treated MDA-MB 468 cells after six hours of treatment. Standard deviation was calculated from three independent experiments performed
in triplicate. We used the to the same values for both graphs for vehicle addition and PSB 069. The student’s t-test was applied to the applicable assays to ascertain
significance. * represents p < 0.05 and ** represents p < 0.01 for A438079 and PSB 069 or 5-BDBD and PSB 069 when compared to PSB 069 alone.
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FIGURE 5 | Determining relative eATP content and cell viability in paclitaxel-treated cells in the presence of ivermectin or vehicle addition. (A) The graphs represent cell
viability as measured using the Presto Blue HS assay +/- standard deviation from three independent experiments performed in triplicate in TNBC and MCF-10A cells
after six hours of treatment with increasing concentrations of paclitaxel and the P2RX4 and P2RX7 activator ivermectin (10 µmol/L) or vehicle addition. (B) eATP content
was measured in the supernatants of paclitaxel-treated TNBC and MCF-10A cell lines in the presence of the P2RX4 and P2RX7 activator ivermectin (10 µmol/L) or
vehicle addition. The student’s t-test was applied to the applicable assays to ascertain significance. * represents p < 0.05 and ** represents p < 0.01 when comparing
ivermectin to vehicle addition.
A B D

C

FIGURE 6 | mRNA and protein expression analysis of P2RX4 and P2RX7 for all cell lines. (A) qRT-PCR was performed on mRNA of TNBC cell lines and MCF-10A
cells using specific primers for P2RX4 and P2RX7. * represents p < 0.05 and ** represents p < 0.01. TNBC cell lines, MCF-10A cells, and HEK 293T cells
transfected with P2RX4 or P2RX7 as positive controls were probed for (B) P2RX4 and (C) P2RX7, and GADPH was used as a loading control for western blot
analysis repeated twice. HEK 293T cells transfected with P2RX7 were loaded at increasing protein concentrations of 1.0 µg, 2.5 µg, and 5.0 µg combined with
lysates of control vector-transfected cells to keep the total loaded protein the same in each lane. Densitometry analysis was performed using Image Studio on the
75 kDa P2RX7 band. The student’s t-test was applied to the applicable assays to ascertain significance. * represents p<0.05 and ** represents p < 0.01 relative to
MCF-10A; + represents p < 0.05 and ++ represents p < 0.01 relative to HEK293-empty vector transfected. (D) The calculated difference in mean fluorescence
intensity (MFI) values between TNBC cell lines, MCF-10A cells, and HEK 293T cells transfected with P2RX4 or P2RX7 as positive controls stained with P2RX4 or
P2RX7 specific antibody and the isotype control for the different cell lines examined. * represents p < 0.05 and ** represents p < 0.01 relative to MFI difference in
MCF-10A cells; + represents p < 0.05 and ++ represents p < 0.01 relative to MFI difference in HEK293-empty vector transfected. O/E represents overexpressed.
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derived from pcDNA3.1 (RRID: Addgene_79663) using
Lipofectamine 3000 (Thermo Fisher Scientific). Cells were
detached with accutase (Thermo Fisher Scientific). One million
cells were washed in PBS with 0.05% BSA, stained with P2RX7 –
FITC (Sigma Aldrich, # P8997, RRID : AB_477416) antibodies or
stained with rabbit IgG Isotype Control-FITC (Invitrogen, Cat#
PA5-23092, RRID : AB_2540619), or with anti-P2RX4 (Cell
Signaling Technology) plus goat anti-rabbit IgG (H+L) secondary
antibody-FITC (Novus Biologicals, # NB 7168, RRID : AB_524413)
or IgG isotype control plus secondary antibody-FITC in Flow
Cytometry Staining Buffer (2% FBS, 0.02% sodium azide and PBS).
Analysis was performed on BD FACS Fortessa using the FITC
channel (530/30 nm) and Flowjo software (RRID: SCR_008520).
The student’s t-test was applied to the applicable assays to ascertain
significance. * represents p<0.05 and ** represents p<0.01 relative
to MFI difference in MCF-10A cells; + represents p<0.05 and ++
represents p<0.01 relative to MFI difference in HEK293-empty
vector transfected. O/E represents overexpressed.
RESULTS

Cell Viability of ATP and UTP-Treated
Cells and the Impact of P2RX Inhibitors
on Cell Viability of ATP-Treated Cells
We examined the toxic effects of ATP using UTP as a control.
We observed a dose-dependent loss of viability in TNBC MDA-
MB 231, MDA-MB 468 and Hs 578t cell lines upon exposure to
ATP but not UTP and not in non-tumorigenic immortal
mammary epithelial MCF-10A cells (Figure 1). For example,
in MDA-MB 231 cells treated with increasing concentrations of
ATP, there was a mean loss of viability between 10 and 50%.
Similar effects were observed in ATP-treated Hs 578t cells with a
mean loss in viability between 15 and 40%. For ATP-treated
MDA-MB 468 cells, there was a mean loss of viability between 10
and 13%. We did not see any significant change in cell viability in
ATP-treated MCF-10A cells. There were no significant changes
in viability in UTP-treated cells.

We next treated the cells with various purinergic receptor
antagonists to determine whether P2RX receptors mediate the
effects of eATP on cell viability (Figure 2). As with Figure 1, we
did not see any change in cell viability in ATP-treated MCF-10A
cells and therefore, did not see any additional changes with
exposure to P2RX antagonists. However, for ATP-treated TNBC
cells, in the absence of inhibitors we saw decreases in viability
that were attenuated by P2RX inhibitors, which decreased their
sensitivity to inhibition by ATP. For example, in MDA-MB 231
cells treated with increasing concentrations of ATP, when
compared to vehicle addition, there was an improvement in
cell viability between 7 and 15% when exposed to the non-
specific P2RX inhibitor Iso-PPADS (20 µmol/L), an
improvement in cell viability between 10 and 30% when
exposed to the P2RX7 inhibitor A438079 (20 µmol/L), and an
improvement in cell viability between 0 and 30% when exposed
to the P2RX4 inhibitor 5-BDBD (20 µmol/L). Similar effects were
seen in ATP-treated Hs 578t cells when compared to vehicle
Frontiers in Oncology | www.frontiersin.org 7170
addition, there was an improvement in cell viability between 14
and 33% when exposed to Iso-PPADS, an improvement in cell
viability between 14 and 30% when exposed to A438079, and an
improvement in cell viability between 10 and 32% when exposed
to 5-BDBD. For ATP-treated MDA-MB 468 cells as compared to
vehicle-addition, there was an improvement in cell viability
between 12 and 23% when exposed to Iso-PPADS, an
improvement in cell viability between 10 and 12% when
exposed to A438079, but no significant improvement in cell
viability when exposed to 5-BDBD.

Examining the Effects of eATPase
Inhibitors on Cell Viability and
eATP Release
We next studied the effects of combinations of eATPase
inhibitors with chemotherapy (paclitaxel) to determine their
effects on the efficacy of chemotherapy. For these experiments,
all the cell lines were treated for six hours to simulate the
duration of systemic exposure in patients (Figure 3). For this
reason, we did not see changes in the viability of cells treated with
paclitaxel alone. Additionally, there were decreases in cell viability
in the paclitaxel-treated TNBC cell lines in the presence of POM-1
and the ENPPase inhibitor ENPP1 inhibitor C, but these results
were not consistently significant. For MDA-MB 231 cells treated
with increasing concentrations of paclitaxel, there was a mean
decrease in cell viability between 15 to 30% in the presence of the
E-NTPDase inhibitor PSB 069 when compared to vehicle addition.
Similarly for paclitaxel-treated Hs 578t cells in in the presence of
PSB 069, there was a loss of viability between 0 to 14%. For
paclitaxel-treated MDA-MB 468 cells there was a decrease in cell
viabilitybetween0 to50%in thepresenceofPSB069as compared to
vehicle addition. However, there was no significant change in the
viability of paclitaxel-treated MCF-10A cells in the presence of the
three inhibitors (Figure 3A). We also confirmed that under these
experimental conditions, treatment with the eATPase inhibitors
alonedid not significantly change cell viability in anyof the cell lines
(Supplementary Figure 1). Therefore, PSB 069 most potently and
consistently decreased the viability of TNBC cell lines when
combined with paclitaxel.

In the same experiments, we measured the amount of eATP
in the supernatants of chemotherapy-treated cells (Figure 3B).
Treating cells with paclitaxel alone produced quite modest
increases in eATP that were generally not statistically
significant when compared to vehicle control: for MDA-MB
231 cells treated with increasing concentrations of paclitaxel,
eATP increments ranged from 66 to 120 nmol/L, for Hs 578t,
from 9 to 20 nmol/L, for MDA-MB 468, eATP increased from 34
to 213 nmol/L, and for MCF-10A, to 12 to 18 nmol/L. However,
in the presence of inhibitors, we saw significant increases in
eATP levels. For instance, in MDA-MB 231 cells treated with
increasing concentrations of paclitaxel, the increments in eATP
concentration upon treatment with POM-1 ranged from 130 to
450 nmol/L), with PSB 069 54 to 550 nmol/L and with ENPP1
inhibitor C 86 to 410 nmol/L. Similarly, for Hs 578t cells treated
with increasing concentrations of paclitaxel, with POM-1 the
increase in eATP ranged from 34 to 219 nmol/L, with PSB 069 21
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to 188 nmol/L and with ENPP1 inhibitor C from 12 to 204 nmol/
L. For MDA-MB 231 cells treated with increasing concentrations
of paclitaxel, the increments in eATP concentration with POM-1
ranged from 84 to 450 nmol/L, with PSB 069 between 284 nmol/
L to 1.3 µmol/L and with ENPP1 inhibitor C 129 nmol/L to 1.4
µmol/L. For MCF-10A cells treated with increasing
concentrations of paclitaxel, the increments in eATP
concentration increased with POM-1 ranged from 18 to 40
nmol/L, with PSB 069 16 to 41 nmol/L and with ENPP1
inhibitor C 18 to 39 nmol/L. Thus, ENTPDase and NPPase
inhibitors significantly increased eATP release upon
chemotherapy treatment although the magnitude of this
increase was much higher in TNBC cell lines than in immortal
mammary epithelial cells.

Examining the Effects of P2RX Inhibitors
on the E-NTPDase Inhibitor-Induced
Exaggerated Loss of Cell Viability and
eATP Release
Of the eATPase inhibitors tested, we consistently saw an
exaggerated loss of cell viability with the E-NTPDase inhibitor
PSB 069. Therefore, we sought to determine if the increased loss
of cell viability in the presence of PSB 069 is dependent on eATP
induced activation of P2RX4 or P2RX7 (Figure 2). We chose the
MDA-MB 468 cell line because the baseline effects of PSB 069
were maximal and therefore, the reversal of these effects would be
most meaningful.

We did see reversal of the effects of PSB 069 on cell viability and
eATP release upon concurrent treatment with both the P2RX7
inhibitor A438079 and the P2RX4 inhibitor 5-BDBD (Figure 4A).
In paclitaxel - treated MDA-MB 468 cells, there was an
improvement in viability that ranged from 8 to 34% for the
combination of A438079 with PSB 069 when compared to vehicle
addition with PSB 069 and an improvement in cell viability ranging
from 24 to 27% in the presence of 5-BDBD and PSB 069 when
compared to vehicle addition with PSB 069. These results show that
the increased loss of cell viability observed when PSB 069 is
combined with paclitaxel is dependent on the activation of
P2RX4 and P2RX7 by eATP.

In the same experiments, we determined the effects of A438079
and5-BDBDoneATPrelease inMDA-MB468 cells treatedwith10
µmol/L PSB 069 and increasing concentrations of paclitaxel
(Figure 4B). There was a decrease in eATP from a range of
between 284 nmol/L and 1.3 µmol/L to a range of between 40 and
70nmol/LwhenA438079was combinedwithPSB069.Therewas a
decrease in eATP from a range of between 284 nmol/L and 1.3
µmol/L to a range between 30 to 80 nmol/L when 5-BDBD was
combined with PSB 069. These results show that the increased
eATP release observedwhenPSB 069 is combinedwith paclitaxel is
dependent on the activation of P2RX4 and P2RX7 by eATP.

Previous reports indicate that tissue non-specific alkaline
phosphatase also metabolizes eATP. We sought to ascertain if
two tissue non-specific alkaline phosphatase inhibitors (SBI 425
and levamisole hydrochloride) could augment the effects on cell
viability and eATP release in paclitaxel-treated cells while using a
protein tyrosine phosphatase inhibitor, etidronate disodium, as a
control. Although we observed substantial changes in eATP upon
Frontiers in Oncology | www.frontiersin.org 8171
treatment of the TNBC cell lines, there was no significant change in
cell viability (Supplementary Figure 2).

Evaluating the Impact of a P2RX Activator
on Cell Viability and ATP Release in
Chemotherapy-Treated Cells
Previous research had shown that ivermectin is a P2RX4 and
P2RX7 activator (44, 45). Hence, we examined the effects of
ivermectin on eATP and cell viability in chemotherapy-treated
MCF10A cells and TNBC cell lines. We observed significant
decreases in cell viability in paclitaxel and ivermectin-treated
TNBC cell lines but not in MCF-10A cells (Figure 5A). As an
example, for ivermectin addition (20 mmol/L) compared with
vehicle addition to cells treated with increasing concentrations of
paclitaxel, MDA-MB 231, Hs 578t and MDA-MB 468 cells
showed between 3 to 35%, 7 to 38% and 6 to 50% mean
decreases in cell viability, respectively.

In the same experiments, we also looked at eATP release upon
exposure to the combined treatment of ivermectin and paclitaxel.
For paclitaxel-treated cells, there were increases in eATP release in
the presence of ivermectin when compared to the vehicle addition.
These increases were much more dramatic in the TNBC cell lines
than immortal mammary epithelial cells (Figure 5B). As an
example, for MDA-MB 231 cells in the presence of ivermectin,
eATP increased from a range of between 66 and 120 nmol/L
(vehicle addition) to a range of between 108 nmol/L and 1.2 µmol/
L, for Hs 578t cells eATP increased from a range of between 9 and
20 nmol/L (vehicle addition) to a range of between 25 and 517
nmol/L and for MDA-MB 468 cells eATP increased from a range
of between 34 and 213 nmol/L (vehicle addition) to a range of
between 730 nmol/L and 1 µmol/L. For MCF-10A cells in the
presence of ivermectin, eATP increased from a range of between 12
and 18 nmol/L (vehicle addition) to a range of between 42 and 68
nmol/L. Therefore, ivermectin potentiated the effects of paclitaxel
on TNBC cell lines.
Expression of P2RX4 and P2RX7 in
TNBC Cell Lines
We next sought to assess the expression of P2RX4 and P2RX7
mRNA and protein. qRT-PCR was performed on TNBC and
MCF-10A cells with specific exon-exon junction-spanning
primers for P2RX4, P2RX7 and GAPDH, and fold change was
calculated relative to the expression of the receptors in MCF-10A
cells (Figure 6A). Some TNBC cell lines expressed more P2RX4
mRNA in comparison to MCF-10A cells: MDA-MB 231 (5-fold;
p=0.0012 and MDA-MB 468 (10-fold; p=0.0001); whereas Hs
578t cells expressed levels that were not significantly different
(p>0.05). MDA-MB 231 and Hs 578t cells expressed significantly
less P2RX7 mRNA when compared to MCF-10A cells (p=0.0001
for both); whereas, MDA-MB 468 cells expressed 25-fold more
P2RX7 mRNA when compared to MCF-10A cells (p=0.0006).

Western blot analysis was performed on TNBC cell lines,
MCF-10A cells and HEK 293T cells transfected with either a
P2RX4 or P2RX7 expression plasmid as positive controls,
probing for P2RX4 and P2RX7 with GAPDH as the internal
loading control (Figure 6B). Two of three TNBC cell lines
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expressed more P2RX4 protein when compared to MCF-10A
cells when assessed by semi-quantitative densitometry: MDA-
MB 231 (20-fold; p=0.001), MDA-MB 468 (22-fold; p=0.001)
while Hs 578t cells expressed significantly less P2RX4 protein
(p=0.01). We separately probed for P2RX7 protein in the same
cell lines. We did detect specific bands corresponding to the full-
length glycosylated P2RX7A isoform (75kDa) in the MCF-10A
cells but significantly less protein was detected in MDA-MB 231
and Hs 578t cells while a specific 69 kDa band was detected in
MDA-MB 468 and Hs 578t cells; we did detect specific bands at
69 and 75 kDa in transfected 293T cells that increased in
intensity with increasing loaded mass of lysate from P2RX7-
transfected 293T cells. The P2RX7 expression plasmid
incorporates the cDNA for the full-length P2RX7A isoform.
The P2RX7 protein includes 5 N-linked glycosylation sites. Thus,
the 69 kDa band corresponds to the unglycosylated form of the
protein and the 75 kDa band likely represents the fully
glycosylated form of the protein.

Given that unglycosylated form may not represent the plasma
membrane-localized fraction of a protein, we used flow
cytometry to quantitate the expression of P2RX7 and P2RX4 at
the cell surface. Flow cytometry analysis was performed on
TNBC, MCF-10A, and HEK 293T cells transfected with either
vector control or P2RX4 expression plasmid as a positive control,
probing for cell surface expression P2RX4 (Figure 6D) using a
primary antibody that targets the extracellular domains of
P2RX4. MDA-MB 231, Hs 578t and MDA-MB 468 expressed
significantly less cell surface P2RX4 in comparison to MCF-10A
cells. The calculated mean fluorescence intensity (MFI)
difference between the P2RX4 specific and isotype control
antibody for MCF-10A cells was 498, for MDA-MB 231 cells
316 (p=0.05 when compared to MFI difference for MCF-10A),
for MDA-MB 468 cells 246 (p=0.02), and Hs 578t cells
189 (p=0.01).

We performed flow cytometry analysis on TNBC, MCF-
10A, and HEK 293T cells transfected with either empty vector
or P2RX7 expression plasmid as a positive control, probing for
cell surface expression P2RX7 (Figure 6D) using a primary
antibody that targets the extracellular domains of P2RX7.
MDA-MB 231, Hs 578t and MDA-MB 468 expressed
significantly more cell surface P2RX7 in comparison to MCF-
10A cells. The calculated mean fluorescence intensity (MFI)
difference between P2RX7 and the isotype control for MCF-
10A cells was 51, for MDA-MB 231 cells 129 (p=0.003 when
compared to MFI difference to MCF-10A), for MDA-MB 468
cells 182 (p=0.002), and for Hs 578t cells 703 (p=0.0001). Thus,
all cell lines expressed both receptors at the cell surface when
measured by flow cytometry, and all the TNBC cell lines
expressed significantly more P2RX7 protein at the cell surface
than immortal mammary epithelial cells.

Additionally, all cell lines were treated with 100 µmol/L
paclitaxel and the cell surface expressions of P2RX4 and
P2RX7 were examined with the calculated difference in MFI
values between cells stained with P2RX4 or P2RX7 specific
antibodies to cells stained with the corresponding isotype
control (Supplementary Figure 4). Upon treatment, cell
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surface expression of P2RX7 increased significantly in some
TNBC cell lines but this was not a consistent effect.
DISCUSSION

Chemotherapy by itself fails to ablate metastatic TNBC.
Extracellular ATP, in the high micromolar to millimolar range,
induces cytotoxicity in cancer cell lines. Chemotherapy is known
to induce increases in eATP. We hypothesized that interventions
that augment chemotherapy-induced increases in eATP would
increase cancer cell death.

Our results show that inhibitors of E-NTPDases, ENPPases
and TNAP all significantly increased the release of eATP with
chemotherapy exposure. However, only the E-NTPDase
inhibitor PSB 069, a sulfonated tetracyclic compound, but not
POM-1, another E-NTPDase inhibitor, consistently and
significantly increased chemotherapy-induced cell death. Both
are inhibitors of multiple E-NTPDase isoforms. Some reports
suggest that POM-1 also blocks several P2XRs. This may
interfere with cell death and may explain their differing effects
on chemotherapy-induced cell death. ENPPase and TNAP
substrates are not limited to ATP and can affect other
nucleotides and cyclic nucleotides, and therefore, inhibition of
these enzymes may have ATP non-specific effects (46–48). Each
metabolite may have different effects on cell viability, either
positive or negative, and this could explain why ENPPase and
TNAP increase eATP levels but do not impact cell viability.

We also showed that the addition of exogenous eATP in the
absence of chemotherapy significantly reduced TNBC cell
viability. Specific inhibitors of P2RX4 and P2RX7, but not a
non-specific P2RX inhibitor, attenuated the effects of ATP on cell
viability and the effects of E-NTPDase inhibitors on eATP levels
and their positive effects on chemotherapy-induced cell death.
These data show that ATP-induced cell death and E-NTPDase-
inhibitor induced augmentation of chemotherapy-induced cell
death are mediated through P2RX4 and P2RX7 channels.
However, two observations suggest that P2RX4 and P2RX7
activation alone may not be sufficient for the loss of cell
viability observed. Firstly, the addition of eATP to cells was
toxic to MDA-MB 231 and Hs 578t cells but minimally affected
MDA-MB 468 cells. However, upon chemotherapy treatment, an
E-NTPDase inhibitor significantly increased eATP levels and
augmented chemotherapy-induced cell death in all the TNBC
cell lines. Secondly, the addition of eATP induced loss of TNBC
cell viability at concentrations that were higher than those that
were observed upon chemotherapy treatment in the presence of
eATPase inhibitors. Thus, although P2RX4 and P2RX7 activation
are necessary for the augmentation of chemotherapy-induced cell
death by eATP, other factors may be required in parallel. For
example, the NLRP3 inflammasome is one such death pathway
whose activation is dependent on eATP butmust also be primed by
other factors such as NF-kB activation. Also, it is important to
consider previous research which suggests that eATP
concentrations in the immediate pericellular region may far
exceed those in the bulk interstitial fluid (21). Thus, our
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measurements of eATP in the bulk supernatants may have
underestimated pericellular eATP concentrations. In addition,
ATP-induced signaling may occur in membrane demarcated
intracellular organelles such as lysosomes, where ATP
concentrations are independent of eATP concentrations (49).

The effects of eATP on cell viability and the effects of
extracellular ATPase inhibitors on eATP levels were reversed
by specific P2RX4 and P2RX7 inhibitors suggesting that these
receptors are not only necessary for the accentuated cell death
downstream of increased eATP but also necessary for increased
eATP release. The fact that P2RX4 and P2RX7 antagonists
significantly attenuated eATP release even at concentrations of
paclitaxel at which cytotoxicity was similar between the
treatment groups, suggests that their attenuation of eATP was
not due to attenuation of cell death. Given that the P2RX4 and
P2RX7 antagonists but not a non-specific P2RX blocker reversed
these effects, they are likely specific to these two receptor types.

We aimed to identify clinically approved compounds that
modulate eATP levels. The antiparasitic drug ivermectin is an
activator of P2RX4 and P2RX7 (44, 45). We showed that
consistent with this activity, ivermectin sensitized TNBC cell
lines to chemotherapy. Interestingly, we also observed increased
eATP release in chemotherapy-treated cells in the presence of
ivermectin. This finding is consistent with our data indicating
that P2RX4 and P2RX7 channels are not only necessary for ATP-
induced loss of viability but also for eATP release.

Concerning expression levels, our western blot data show that
P2RX4 is highly expressed in some TNBC cell lines as compared
to immortal mammary epithelial cells. However, our flow
cytometry data revealed significantly decreased cell surface
expression of P2RX4 in the TNBC cell lines as compared to
between MCF-10A cells. Previous publications suggest that the
Frontiers in Oncology | www.frontiersin.org 10173
majority of P2RX4 is expressed on lysosomal membranes and
that cell surface expression can be increased by stimuli that
induce lysosomal exocytosis such as calcium ions (49). This may
explain the different expression patterns detected by western blot
and flow cytometry.

On western blot analysis of mammary cells, we detected a
specific band corresponding to the full-length glycosylated form
of P2RX7 in the MDA-MB 231 and MCF-10A cells and lower
molecular weight bands that may represent unglycosylated forms
of P2RX7 in the MDA-MB 468 and Hs 578t cells. Although
expression levels may be low, given that a specific inhibitor of
P2RX7 markedly attenuated the cytotoxic effects of eATP and
attenuated the positive effects of E-NTPDase inhibitors on eATP
levels and loss of cell viability upon chemotherapy exposure, it is
possible that even low levels of expression P2RX7 may have
functional consequences due to the formation of non-selective
macropores in the cell membrane.

On the other hand, our flow cytometry data shows that
P2RX7 is expressed at the cell surface of all the TNBC cell
lines at higher levels than MCF-10A cells and in the presence of
paclitaxel some TNBC cell lines expressed more P2RX7. This
suggests there may be selection pressure for higher expression of
P2RX7 in TNBC cell lines. Several published data support the
facilitator role played by extracellular adenosine, derived from
the metabolism of eATP, for the survival of cancer cells by
inducing cell-autonomous effects on proliferation and cancer
stem cell-like properties as well as paracrine effects on
angiogenesis and immunoevasion (50–53). Additionally, this
expression analysis was applied to check if expression levels of
P2RX4 and P2RX7 could explain the difference in the observed
effects between the MDA-MB 468 and other TNBC cell lines; the
expression analysis did reveal significant differences in
FIGURE 7 | Schematic displaying our proposed model for ATP release. Our proposed model suggests that ivermectin activates P2RX4 and P2RX7 leading to the
release of ATP and the more ATP that accumulates extracellular can promote cell death especially in the presence of paclitaxel. In addition, the breakdown of ATP
can be prevented in the presence of E-NTPDase inhibitors POM-1 or PSB 069. However, the release of ATP can be prevented in the presence of P2RX4 inhibitors
5-BDBD or Iso-PPADS or P2RX7 inhibitors A438079 or Iso-PPADS.
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expression levels. This could explain differences in sensitivity of
the cell lines to the eATPase inhibitors and to ivermectin.

In summary, our data indicate that eATP is toxic to several
TNBC cell lines and P2RX4 and P2RX7 purinergic channels are
necessary for this effect. Chemotherapy exposure induces the release
of ATP from TNBC cell lines and inhibitors of eATP metabolism
augment chemotherapy-induced loss of TNBC cell viability, and
these effects are reversed by specific inhibitors of P2RX4 and P2RX7,
suggesting that both eATP release and eATP induced loss of cell
viability are mediated by these channels. A heterocyclic-sulphonate
inhibitor of multiple E-NTPDases, PSB 069, was most effective at
accentuating chemotherapy-induced cell death. A P2RX4 and
P2RX7 activator, ivermectin, also accentuated chemotherapy-
induced increases in eATP and loss of TNBC cell viability
(Figure 7). Although only E-NTPDase inhibitors consistently
increased chemotherapy-induced loss of cell viability, all the
different classes of extracellular ATPase inhibitors increased eATP
levels in the setting of chemotherapy exposure. Thus, to maximally
augment eATP levels and reduce adenosine in the tumor
microenvironment, inhibitors that have broad inhibitory effects
on multiple classes of extracellular ATPases may be necessary.
This is in contrast to current monoclonal antibody-based
strategies that narrowly focus on E-NTPDase1/CD39 (54). Our
future goals are to examine the effects of eATPase inhibition and
P2RX4 and P2RX7 activation on TNBC models in vivo in the
context of an intact tumor microenvironment and functional
immune system. These preclinical experiments may lead to
therapeutic strategies for TNBC that modulate purinergic
signaling in the tumor microenvironment.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
Frontiers in Oncology | www.frontiersin.org 11174
AUTHOR CONTRIBUTIONS

All authors contributed to review and analysis. JMM performed a
majority of the assays with NW executing the RNA analysis and
JD carrying out the Western blot analysis. JM and MAC
conceived of and designed the experiments, reviewed the data,
authored and edited the manuscript. All authors contributed to
the article and approved the submitted version.
FUNDING

Research reported in this publication was supported by The Ohio
State University Comprehensive Cancer Center. Institutions that
provided funding support had no role in the design or conduct of
this study or the preparation of the manuscript. This publication
was also supported, in part, by the National Center for
Advancing Translational Sciences of the National Institutes of
Health under Grant Numbers KL2TR002734. The content is
solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.
ACKNOWLEDGMENTS

This manuscript is available for preprint: doi: https://doi.org/10.
1101/2022.01.11.475873.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2022.
855032/full#supplementary-material
REFERENCES

1. WHO Breast Cancer (2020). Available at: https://www.who.int/cancer/
prevention/diagnosis-screening/breast-cancer/en/.

2. Dent R, Hanna WM, Trudeau M, Rawlinson E, Sun P, Narod SA. Pattern of
Metastatic Spread in Triple-Negative Breast Cancer. Breast Cancer Res Treat
(2009) 115(2):423–8. doi: 10.1007/s10549-008-0086-2

3. Fisher CS, Ma CX, Gillanders WE, Aft RL, Eberlein TJ, Gao F, et al.
Neoadjuvant Chemotherapy is Associated With Improved Survival
Compared With Adjuvant Chemotherapy in Patients With Triple-Negative
Breast Cancer Only After Complete Pathologic Response. Ann Surg Oncol
(2012) 19(1):253–8. doi: 10.1245/s10434-011-1877-y

4. Ovcaricek T, Frkovic SG, Matos E, Mozina B, Borstnar S. Triple Negative
Breast Cancer - Prognostic Factors and Survival. Radiol Oncol (2011) 45
(1):46–52. doi: 10.2478/v10019-010-0054-4

5. Pellegatti P, Raffaghello L, Bianchi G, Piccardi F, Pistoia V, Di Virgilio F.
Increased Level of Extracellular ATP at Tumor Sites: In Vivo Imaging With
Plasma Membrane Luciferase. PloS One (2008) 3(7):e2599. doi: 10.1371/
journal.pone.0002599

6. Yegutkin GG. Nucleotide- and Nucleoside-Converting Ectoenzymes:
Important Modulators of Purinergic Signalling Cascade. Biochim Biophys
Acta (2008) 1783(5):673–94. doi: 10.1016/j.bbamcr.2008.01.024

7. Fan M, Yan PS, Hartman-Frey C, Chen L, Paik H, Oyer SL, et al. Diverse Gene
Expression and DNAMethylation Profiles Correlate With Differential Adaptation
of Breast Cancer Cells to the Antiestrogens Tamoxifen and Fulvestrant.Cancer Res
(2006) 66(24):11954–66. doi: 10.1158/0008-5472.CAN-06-1666

8. BakkerWW, Donker RB, Timmer A, van Pampus MG, van SonWJ, Aarnoudse
JG, et al. Plasma Hemopexin Activity in Pregnancy and Preeclampsia.Hypertens
Pregnancy (2007) 26(2):227–39. doi: 10.1080/10641950701274896

9. Antonioli L, Pacher P, Vizi ES, Hasko G. CD39 and CD73 in Immunity and
Inflammation. Trends Mol Med (2013) 19(6):355–67. doi: 10.1016/
j.molmed.2013.03.005

10. Chekeni FB, Elliott MR, Sandilos JK, Walk SF, Kinchen JM, Lazarowski ER,
et al. Pannexin 1 Channels Mediate ‘Find-Me’ Signal Release and Membrane
Permeability During Apoptosis. Nature (2010) 467(7317):863–7. doi: 10.1038/
nature09413

11. Brandao-Burch A, Key ML, Patel JJ, Arnett TR, Orriss IR. The P2X7 Receptor
is an Important Regulator of Extracellular ATP Levels. Front Endocrinol
(Lausanne) (2012) 3:41. doi: 10.3389/fendo.2012.00041

12. Ferrari D, Pizzirani C, Adinolfi E, Lemoli RM, Curti A, Idzko M, et al. The
P2X7 Receptor: A Key Player in IL-1 Processing and Release. Jof Immuno
(2006) 176(7):3877–83. doi: 10.4049/jimmunol.176.7.3877

13. Yaron JR, Gangaraju S, Rao MY, Kong X, Zhang L, Su F, et al. K(+) Regulates
Ca(2+) to Drive Inflammasome Signaling: Dynamic Visualization of Ion Flux
in Live Cells. Cell Death Dis (2015) 6(10):e1954. doi: 10.1038/cddis.2015.277

14. Mackenzie AB, Young MT, Adinolfi E, Surprenant A. Pseudoapoptosis
Induced by Brief Activation of ATP-Gated P2X7 Receptors. J Biol Chem
(2005) 280(40):33968–76. doi: 10.1074/jbc.M502705200
April 2022 | Volume 12 | Article 855032

https://doi.org/10.1101/2022.01.11.475873
https://doi.org/10.1101/2022.01.11.475873
https://www.frontiersin.org/articles/10.3389/fonc.2022.855032/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2022.855032/full#supplementary-material
https://www.who.int/cancer/prevention/diagnosis-screening/breast-cancer/en/
https://www.who.int/cancer/prevention/diagnosis-screening/breast-cancer/en/
https://doi.org/10.1007/s10549-008-0086-2
https://doi.org/10.1245/s10434-011-1877-y
https://doi.org/10.2478/v10019-010-0054-4
https://doi.org/10.1371/journal.pone.0002599
https://doi.org/10.1371/journal.pone.0002599
https://doi.org/10.1016/j.bbamcr.2008.01.024
https://doi.org/10.1158/0008-5472.CAN-06-1666
https://doi.org/10.1080/10641950701274896
https://doi.org/10.1016/j.molmed.2013.03.005
https://doi.org/10.1016/j.molmed.2013.03.005
https://doi.org/10.1038/nature09413
https://doi.org/10.1038/nature09413
https://doi.org/10.3389/fendo.2012.00041
https://doi.org/10.4049/jimmunol.176.7.3877
https://doi.org/10.1038/cddis.2015.277
https://doi.org/10.1074/jbc.M502705200
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Manouchehri et al. Enhancing Chemotherapy Through Extracellular ATP
15. Gilbert SM, Oliphant CJ, Hassan S, Peille AL, Bronsert P, Falzoni S, et al. ATP
in the Tumour Microenvironment Drives Expression of Nfp2x7, a Key
Mediator of Cancer Cell Survival. Oncogene (2019) 38(2):194–208. doi:
10.1038/s41388-018-0426-6

16. Adinolfi E, Raffaghello L, Giuliani AL, Cavazzini L, Capece M, Chiozzi P, et al.
Expression of P2X7 Receptor Increases In Vivo Tumor Growth. Cancer Res
(2012) 72(12):2957–69. doi: 10.1158/0008-5472.CAN-11-1947

17. Haag F, Adriouch S, Brass A, Jung C, Moller S, Scheuplein F, et al.
Extracellular NAD and ATP: Partners in Immune Cell Modulation.
Purinergic Signal (2007) 3(1-2):71–81. doi: 10.1007/s11302-006-9038-7

18. Perez-Flores G, Levesque SA, Pacheco J, Vaca L, Lacroix S, Perez-Cornejo P,
et al. The P2X7/P2X4 Interaction Shapes the Purinergic Response in Murine
Macrophages. Biochem Biophys Res Commun (2015) 467(3):484–90. doi:
10.1016/j.bbrc.2015.10.025

19. Gobeil S, Boucher CC, Nadeau D, Poirier GG. Characterization of the
Necrotic Cleavage of Poly(ADP-Ribose) Polymerase (PARP-1): Implication
of Lysosomal Proteases. Cell Death Differ (2001) 8(6):588–94. doi: 10.1038/
sj.cdd.4400851

20. Elliott MR, Chekeni FB, Trampont PC, Lazarowski ER, Kadl A, Walk SF, et al.
Nucleotides Released by Apoptotic Cells Act as a Find-Me Signal to Promote
Phagocytic Clearance. Nature (2009) 461:282–6. doi: 10.1038/nature08296

21. Pellegatti P, Falzoni S, Pinton P, Rizzuto R, Di Virgilio F. A Novel
Recombinant Plasma Membrane-Targeted Luciferase Reveals a New
Pathway for ATP Secretion. Mol Biol Cell (2005) 16(8):3659–65. doi:
10.1091/mbc.e05-03-0222

22. Akopova I, Tatur S, Grygorczyk M, Luchowski R, Gryczynski I, Gryczynski Z,
et al. Imaging Exocytosis of ATP-Containing Vesicles With TIRF Microscopy
in Lung Epithelial A549 Cells. Purinergic Signal (2012) 8(1):59–70. doi:
10.1007/s11302-011-9259-2

23. Fader CM, Aguilera MO, Colombo MI. ATP is Released From Autophagic
Vesicles to the Extracellular Space in a VAMP7-Dependent Manner.
Autophagy (2012) 8(12):1741–56. doi: 10.4161/auto.21858

24. Jansen RS, Duijst S, Mahakena S, Sommer D, Szeri F, Varadi A, et al. ABCC6-
Mediated ATP Secretion by the Liver is the Main Source of the Mineralization
Inhibitor Inorganic Pyrophosphate in the Systemic Circulation-Brief Report.
Arterioscler Thromb Vasc Biol (2014) 34(9):1985–9. doi: 10.1161/
ATVBAHA.114.304017

25. Zimmermann H, Zebisch M, Strater N. Cellular Function and Molecular
Structure of Ecto-Nucleotidases. Purinergic Signal (2012) 8(3):437–502. doi:
10.1007/s11302-012-9309-4

26. Martins I, Tesniere A, Kepp O, Michaud M, Schlemmer F, Senovilla L, et al.
Chemotherapy Induces ATP Release From Tumor Cells. Cell Cycle (2009) 8
(22):3723–8. doi: 10.4161/cc.8.22.10026

27. Di Virgilio F, Adinolfi E. Extracellular Purines, Purinergic Receptors and
Tumor Growth. Oncogene (2017) 36(3):293–303. doi: 10.1038/onc.
2016.206

28. Xia J, Yu X, Tang L, Li G, He T. P2X7 Receptor Stimulates Breast Cancer Cell
Invasion and Migration via the AKT Pathway. Oncol Rep (2015) 34(1):103–
10. doi: 10.3892/or.2015.3979

29. Yoshihara K, Shahmoradgoli M, Martinez E, Vegesna R, Kim H, Torres-
Garcia W, et al. Inferring Tumour Purity and Stromal and Immune Cell
Admixture From Expression Data. Nat Commun (2013) 4:2612. doi: 10.1038/
ncomms3612

30. Lertsuwan K, Peters W, Johnson L, Lertsuwan J, Marwa I, Sikes RA.
Purinergic Receptor Expression and Cellular Responses to Purinergic
Agonists in Human Prostate Cancer Cells. Anticancer Res (2017) 37
(2):529–37. doi: 10.21873/anticanres.11345

31. Rapaport E. Experimental Cancer Therapy in Mice by Adenine Nucleotides.
Eur Jof Cancer Clin Oncol (1988) 24(9):1491–7. doi: 10.1016/0277-5379(88)
90340-9

32. Fontaine E. Anticancer Activities of Adenine Nucleotides in Mice are
Mediated Through Expansion of Erythrocyte ATP Pool. Proc Nati Acad Sci
(1996) 86:1662–6. doi: 10.1073/pnas.86.5.1662

33. Haskell EA. Phase I Trial of Extracellular Adenosine 5’-Triphosphate
in Patients With Advanced Cancer. Med Pediatr Oncol (1996) 27:165–
73. doi: 10.1002/(SICI)1096-911X(199609)27:3<165::AID-MPO6>3.
0.CO;2-C
Frontiers in Oncology | www.frontiersin.org 12175
34. du Bois A, Luck HJ, Meier W, Adams HP, Mobus V, Costa S, et al. A
Randomized Clinical Trial of Cisplatin/Paclitaxel Versus Carboplatin/
Paclitaxel as First-Line Treatment of Ovarian Cancer. J Natl Cancer Inst
(2003) 95(17):1320–9. doi: 10.1093/jnci/djg036

35. Jacques-Silva MC, Correa-Medina M, Cabrera O, Rodriguez-Diaz R, Makeeva
N, Fachado A, et al. ATP-Gated P2X3 Receptors Constitute a Positive
Autocrine Signal for Insulin Release in the Human Pancreatic Beta Cell.
Proc Natl Acad Sci USA (2010) 107(14):6465–70. doi: 10.1073/pnas.
0908935107

36. Fleck D, Mundt N, Bruentgens F, Geilenkirchen P, Machado PA, Veitinger T,
et al. Distinct Purinergic Signaling Pathways in Prepubescent Mouse
Spermatogonia. J Gen Physiol (2016) 148(3):253–71. doi: 10.1085/
jgp.201611636

37. Balazs B, Danko T, Kovacs G, Koles L, Hediger MA, Zsembery A.
Investigation of the Inhibitory Effects of the Benzodiazepine Derivative,
5-BDBD on P2X4 Purinergic Receptors by Two Complementary
Methods. Cell Physiol Biochem (2013) 32(1):11–24. doi: 10.1159/
000350119

38. Pimenta-Dos-Reis G, Torres EJL, Quintana PG, Vidal LO, Dos Santos BAF,
Lin CS, et al. POM-1 Inhibits P2 Receptors and Exhibits Anti-Inflammatory
Effects in Macrophages. Purinergic Signal (2017) 13(4):611–27. doi: 10.1007/
s11302-017-9588-x

39. Draganov D, Gopalakrishna-Pillai S, Chen YR, Zuckerman N, Moeller S,
Wang C, et al. Modulation of P2X4/P2X7/Pannexin-1 Sensitivity to
Extracellular ATP via Ivermectin Induces a Non-Apoptotic and
Inflammatory Form of Cancer Cell Death. Sci Rep (2015) 5:16222. doi:
10.1038/srep16222

40. Carozza JA, Brown JA, Bohnert V, Fernandez D, AlSaif Y, Mardjuki RE,
et al. Structure-Aided Development of Small-Molecule Inhibitors of
ENPP1, the Extracellular Phosphodiesterase of the Immunotransmitter
Cgamp. Cell Chem Biol (2020) 27(11):1347–58.e5. doi: 10.1016/j.chembiol.
2020.07.007

41. Li Q, Huang J, Pinkerton AB, Millan JL, van Zelst BD, Levine MA, et al.
Inhibition of Tissue-Nonspecific Alkaline Phosphatase Attenuates Ectopic
Mineralization in the Abcc6(-/-) Mouse Model of PXE But Not in the Enpp1
Mutant Mmouse Models of GACI. J Invest Dermatol (2019) 139(2):360–8. doi:
10.1016/j.jid.2018.07.030

42. Ramanadham M, Nageshwari B. Anti-Proliferative Effect of Levamisole on
Human Myeloma Cell Lines. Vitro J Immunotoxicol (2010) 7(4):327–32. doi:
10.3109/1547691X.2010.514871

43. Davidson TG. Conventional Treatment of Hypercalcemia of Malignancy.
Am J Health Syst Pharm (2001) 58:S8–S15. doi: 10.1093/ajhp/58.
suppl_3.S8

44. Khakh BS, Proctor WR, Dunwiddie TV, Labarca C, Lester HA. Allosteric
Control of Gating and Kinetics at P2X(4) Receptor Channels. Jof
Neuroscience: Off J Soc Neurosci (1999) 19(17):7289–99. doi: 10.1523/
JNEUROSCI.19-17-07289.1999

45. Nörenberg W, Sobottka H, Hempel C, Plötz T, Fischer W, Schmalzing G, et al.
Positive Allosteric Modulation by Ivermectin of Human But Not Murine
P2X7 Receptors. BritishJournal Pharmacol (2012) 167(1):48–66. doi: 10.1111/
j.1476-5381.2012.01987.x

46. Millan JL. Alkaline Phosphatases: Structure, Substrate Specificity and
Functional Relatedness to Other Members of a Large Superfamily of
Enzymes. Purinergic Signal (2006) 2(2):335–41. doi: 10.1007/s11302-005-
5435-6

47. Onyedibe KI, Wang M, Sintim HO. ENPP1, an Old Enzyme With New
Functions, and Small Molecule Inhibitors-a STING in the Tale of ENPP1.
Molecules (2019) 24(22):1–18. doi: 10.3390/molecules24224192

48. Sebastian-Serrano A, de Diego-Garcia L, Martinez-Frailes C, Avila J,
Zimmermann H, Millan JL, et al. Tissue-Nonspecific Alkaline Phosphatase
Regulates Purinergic Transmission in the Central Nervous System During
Development and Disease. Comput Struct Biotechnol J (2015) 13:95–100. doi:
10.1016/j.csbj.2014.12.004

49. Qureshi OS, Paramasivam A, Yu JC, Murrell-Lagnado RD. Regulation of
P2X4 Receptors by Lysosomal Targeting, Glycan Protection and Exocytosis.
J Cell Sci (2007) 120(Pt 21):3838–49. doi: 10.1242/jcs.010348

50. Lan J, Lu H, Samanta D, Salman S, Lu Y, Semenza GL. Hypoxia-Inducible
Factor 1-Dependent Expression of Adenosine Receptor 2B Promotes Breast
April 2022 | Volume 12 | Article 855032

https://doi.org/10.1038/s41388-018-0426-6
https://doi.org/10.1158/0008-5472.CAN-11-1947
https://doi.org/10.1007/s11302-006-9038-7
https://doi.org/10.1016/j.bbrc.2015.10.025
https://doi.org/10.1038/sj.cdd.4400851
https://doi.org/10.1038/sj.cdd.4400851
https://doi.org/10.1038/nature08296
https://doi.org/10.1091/mbc.e05-03-0222
https://doi.org/10.1007/s11302-011-9259-2
https://doi.org/10.4161/auto.21858
https://doi.org/10.1161/ATVBAHA.114.304017
https://doi.org/10.1161/ATVBAHA.114.304017
https://doi.org/10.1007/s11302-012-9309-4
https://doi.org/10.4161/cc.8.22.10026
https://doi.org/10.1038/onc.2016.206
https://doi.org/10.1038/onc.2016.206
https://doi.org/10.3892/or.2015.3979
https://doi.org/10.1038/ncomms3612
https://doi.org/10.1038/ncomms3612
https://doi.org/10.21873/anticanres.11345
https://doi.org/10.1016/0277-5379(88)90340-9
https://doi.org/10.1016/0277-5379(88)90340-9
https://doi.org/10.1073/pnas.86.5.1662
https://doi.org/10.1002/(SICI)1096-911X(199609)27:3%3C165::AID-MPO6%3E3.0.CO;2-C
https://doi.org/10.1002/(SICI)1096-911X(199609)27:3%3C165::AID-MPO6%3E3.0.CO;2-C
https://doi.org/10.1093/jnci/djg036
https://doi.org/10.1073/pnas.0908935107
https://doi.org/10.1073/pnas.0908935107
https://doi.org/10.1085/jgp.201611636
https://doi.org/10.1085/jgp.201611636
https://doi.org/10.1159/000350119
https://doi.org/10.1159/000350119
https://doi.org/10.1007/s11302-017-9588-x
https://doi.org/10.1007/s11302-017-9588-x
https://doi.org/10.1038/srep16222
https://doi.org/10.1016/j.chembiol.2020.07.007
https://doi.org/10.1016/j.chembiol.2020.07.007
https://doi.org/10.1016/j.jid.2018.07.030
https://doi.org/10.3109/1547691X.2010.514871
https://doi.org/10.1093/ajhp/58.suppl_3.S8
https://doi.org/10.1093/ajhp/58.suppl_3.S8
https://doi.org/10.1523/JNEUROSCI.19-17-07289.1999
https://doi.org/10.1523/JNEUROSCI.19-17-07289.1999
https://doi.org/10.1111/j.1476-5381.2012.01987.x
https://doi.org/10.1111/j.1476-5381.2012.01987.x
https://doi.org/10.1007/s11302-005-5435-6
https://doi.org/10.1007/s11302-005-5435-6
https://doi.org/10.3390/molecules24224192
https://doi.org/10.1016/j.csbj.2014.12.004
https://doi.org/10.1242/jcs.010348
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Manouchehri et al. Enhancing Chemotherapy Through Extracellular ATP
Cancer Stem Cell Enrichment. Proc Natl Acad Sci (2018) 115(41):E9640–E8.
doi: 10.1073/pnas.1809695115
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