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Background: Chemoresistance remains one of the obstacles to overcome in the
treatment of breast cancer. S100 calcium-binding protein P (S100P) has been observed
to be overexpressed in several cancers and has been associated with drug resistance,
metastasis, and prognosis. However, the role of S100P in chemoresistance in breast
cancer has not been thoroughly determined.

Methods: Immunohistochemistry was used to evaluate the expression level of S100P
protein in 22 pairs (pre-chemo and post-chemo) of breast cancer tissue from patients
who underwent neoadjuvant chemotherapy. The influence of S100P on the biological
behavior and chemosensitivity of breast cancer cells was then investigated.

Results: The protein level of S100P in breast cancer tissue was significantly higher
than in benign fibroadenoma (p < 0.001). The S100P expression level was shown
to be decreased by 46.55% after neoadjuvant chemotherapy (p = 0.015). Subgroup
analysis revealed that S100P reduction (57.58%) was mainly observed in the HER2+
tumors (p = 0.027). Our in vitro experiments showed that the knockdown of S100P
suppressed the proliferation, adhesion, migrative and invasive abilities of T47D and SK-
BR-3 breast cancer cells. We further demonstrated that this knockdown increased
the chemoresistance to paclitaxel and cisplatin in SK-BR-3 cells. We found S100P
exerted its function by upregulating NF-κB, CCND1 and Vimentin, but downregulating
E-cadherin.

Conclusion: S100P promotes the aggressive properties of breast cancer cells and
may be considered as a promising therapeutic target. Moreover, S100P can be used to
predict the therapeutic effect of chemotherapy in HER2+ breast cancer patients.

Keywords: breast neoplasms, S100P, tumor progression, chemosensitivity, HER2
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INTRODUCTION

Breast cancer is the most common malignancy and the second
leading cause of cancer death in women (1). Chemotherapy
is widely applied to improve the survival of patients with
breast cancer. However, some patients inevitably manifest
chemoresistance in either an intrinsic or an acquired manner. It
has been a great challenge to tackle this problem for the better
treatments of those breast cancer patients. This is particularly
the case for patients with triple-negative breast cancer (TNBC)
type or metastasis because the response to chemotherapeutic
drugs may be vital for them to survive (2). Therefore, it is a
prerequisite to unveil the complicated mechanisms underlying
the chemoresistance before better treatment could be developed
to fulfill the need clinically.

The S100 family consists of more than 20 small dimeric Ca2+-
binding proteins, and is the largest group of the helix-loop-helix
(EF-hand) superfamily (3). S100 proteins are found to be involved
in the regulation of calcium homeostasis, cell proliferation
and apoptosis, cell invasion and motility, cancer metastasis,
angiogenesis, cytoskeleton interactions, protein phosphorylation,
regulation of transcriptional factors, autoimmunity, chemotaxis,
and inflammation (4). S100P was originally identified in the
human placenta (5) and is also expressed in other organs
such as the stomach, urinary bladder, and bone marrow (6). It
contains a characteristic structural domain known as the EF-
hand motif, which exists as intracellular or secreted homo-
or hetero-dimers with composition depending on the cellular
context (7). The functions of S100P are mainly attributed to
its interaction with or regulation of several molecules that
regulate actin cytoskeleton dynamics and extracellular matrix
remodeling, including Ezrin, IQGAP1, myosin IIA, cathepsin
D, and phosphorylated cofilin (8–11). S100P acts as a signaling
molecule in intracellular components and the extracellular
matrix (12, 13). Although the mechanisms that regulate S100P
have not been fully documented, DNA microarray indicates
that S100P is upregulated by estradiol (14), progesterone (15),
and HER2 overexpression (16), which is in line with the
clinical findings that high S100P levels are related to ER/PR
and HER2 overexpressing tumors. The significant association
between S100P and ER expression implies that S100P is involved
in the early stages of breast carcinogenesis (17). S100P is
also linked to the immortalization of breast epithelial cells
in vitro, tumor progression and early relapse in patients
(17–19).

S100P has recently attracted great attention due to its
implication in malignant transformation and tumor progression,
and in predicting prognosis and metastasis in several cancer
types (20). The implication of S100P in the carcinogenesis
and progression of breast cancer has also been reported
(17, 19). S100P expression is elevated in TNBC tissues (21)
and associated with poor survival of the TNBC patients
(22). TNBC patients with the low cytoplasmic levels of
both S100P and Ezrin have been shown to confer a better
disease-free survival (DFS) compared to other TNBC patients
(23). S100P is thought to exerts its oncogenic activities
via the activation of receptor for advanced glycation end

products (RAGE) (24). The extracellular ligand-binding
domain of RAGE can bind to several ligands, including S100P,
to initiate downstream signaling pathways that promote
cell proliferation, viability and motility. Blocking S100P
interaction with RAGE is sufficient to inhibit the growth of
tumors (25).

Additionally, S100P dimers, formed in response to the
increase in cellular calcium concentrations, can bind and activate
the cytoplasmic protein Ezrin (7). This interaction promotes
trans-endothelial migration (TEM) in patients with lung cancer,
pancreatic cancer, and TNBC (23). Moreover, S100P enhances
cell proliferation by upregulating cyclin D1 and CDK2 in human
hepatocellular carcinoma (26). NORAD overexpression in the
TNBC cell line MDA-MB-231 can block the interaction of
S100P with IQGAP1 and p53, leading to the downregulation
of cathepsin D and a reduction in cofilin phosphorylation (27).
The protein accumulation of S100P at tumor sites also stimulates
tumor invasion by inducing angiogenesis (28). Although S100P
is mainly located in the cell nucleus and cytoplasm, it can also
be secreted into the extracellular matrix in an autocrine or
paracrine manner (29). High plasma levels of S100P correlate
robustly with poor prognosis of metastatic breast cancer (MBC)
patients. In addition, the plasma level of S100P reduced
significantly in response to the radiographic treatment of these
patients (30).

S100P is also involved in drug response in different cancer
types, either by increasing chemoresistance (9, 31) or enhancing
chemosensitivity (32, 33). S100P overexpression is related to
the resistance to 5-fluorouracil in pancreatic cancer (9) and
irinotecan in prostate cancer (34). There is a correlation between
overexpression of S100P and resistance to cyclophosphamide,
etoposide, methotrexate, and mitoxantrone in different cancer
cell lines (31). S100P also binds p53, together with its negative
regulator HDM2, and perturbs the p53-HDM2 complex binding
and increases the p53 level. However, the S100P-induced p53
is not able to activate its transcriptional targets (e.g., hdm2,
p21WAF, and bax) following the DNA damage and enhances
chemoresistance by binding and inactivating p53 (35). In
contrast to the above findings, studies on ovarian cancer
cells show a chemo-sensitization effect of S100P in response
to drugs including carboplatin and paclitaxel, 5-fluorouracil,
etoposide, and doxorubicin (32). Similarly, studies on the
downregulation of S100P in colon cancer cell line 8307 suggest
that S100P is associated with oxaliplatin sensitivity in the
drug-resistant cells (33). These findings suggest that either
drug resistance or sensitivity may be regulated by S100P in
different cancers.

Until now the role of S100P in the response of breast
cancer to chemotherapeutic drugs remains unclear. In this study,
we collected breast tissue samples from 22 pairs (pre-chemo
and post-chemo) of breast cancer tissues from patients who
underwent neoadjuvant chemotherapy. Immunohistochemistry
was used to investigate expression levels of S100P protein,
and changes between pre-chemotherapy and post-chemotherapy
were analyzed. Using T47D and SK-BR-3 breast cancer cell lines,
the influence of S100P on cell behavior, biological function, and
chemosensitivity was explored in vitro.

Frontiers in Oncology | www.frontiersin.org 2 September 2020 | Volume 10 | Article 5663027

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


fonc-10-566302 September 12, 2020 Time: 19:22 # 3

Cong et al. S100P in Breast Cancer and Chemotherapy

MATERIALS AND METHODS

Cell Lines and Culture
The human breast cancer cell lines including T47D and SK-BR-
3 were obtained from ATCC (Middlesex, United Kingdom). The
cells were subcultured at 37◦C, 5% CO2 in Dulbecco’s Modified
Eagle’s Medium (DMEM/Ham’s F-12 with L-Glutamine) (Sigma-
Aldrich, Dorset, United Kingdom) supplemented with 1×
antibiotics penicillin and streptomycin (Sigma-Aldrich, Dorset,
United Kingdom) and 10% fetal bovine serum (FBS) (Sigma-
Aldrich, Dorset, United Kingdom).

Stable Cell Lines With S100P Knockdown
To establish the stable S100P knockdown breast cancer
cell lines, lentiviral-derived vectors containing S100P
shRNA[pLV(shRNA)-EGFP:T2A:Puro-U6>hS100P(shRNA#1)]
or Scramble shRNA (Scr) negative control [pLV(shRNA)-
EGFP:T2A:Puro-U6>Scramble_shRNA] were transfected into
T47D and SK-BR-3 cells (Vector builder, United States) based on
the manufacturer’s protocol. Briefly, 5×104 cells were loaded into
a 6-well plate, incubated overnight, and changed to medium with
10µg/ml of polybrene and lentiviral particles. After incubation
for 20 h, normal medium was used for subsequent culture for
3 days. Puromycin (Sigma, St. Louis, MO, United States), at a
concentration of 2 µg/ml, was applied for the specific selection
of the stable cells. After selection for 1 week, the stable cells were
cultured in normal medium with the addition of 0.25 µg/ml
puromycin for the maintenance of the stable cell property.

Quantitative Real-Time PCR (q-PCR)
Total RNA was extracted from cultured cells using TRIzol
reagent (Sigma-Aldrich, Dorset, United Kingdom) following
the manufacturer’s instructions. RNA was reverse transcribed
into cDNA using the GoScriptTM Reverse Transcription System
kit (Promega, Madison, WI, United States). The quantitative
real-time PCR was performed with an iCycler iQ (Bio-Rad
Laboratories, Hemel Hempstead, United Kingdom) following
the cycling conditions: 94◦C for 5 min, 100 cycles of 94◦C
for 10 s, 55◦C for 35 s and 72◦C for 20 s. The primer
sequences of S100P were: F: ATCATAGACGTCTTTTCCCG;
zR: ACTGAACCTGACCGTACA CACTTGAGCAATTTATCC
ACGG (Z sequence is highlighted in bold font). The mRNA
levels were normalized to those of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) using the method of 2−1 Ct .

Western Blotting
Cultured cells were detached and lysed with a protein lysis buffer.
Protein concentration was measured using a Bio-Rad DC protein
assay kit (Hemel-Hempstead, United Kingdom). Equal amounts
of protein samples were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and blotted to
PVDF membrane. The membrane was then blocked with 5%
skimmed milk for 2 h. Proteins were specifically probed with a
primary antibody and peroxidase-conjugated secondary antibody
respectively. Protein signals were visualized with a Luminata
Forte Western HRP substrate (Merck Millipore, Hertfordshire,

United Kingdom) and assessed by ImageJ software (National
Institutes of Health, Bethesda, MD, United States) based on the
intensity of the blotted bands.

The antibodies of S100P (#ab133554), NF-κB (p65)
(#ab16502), and Vimentin (#ab137321) were acquired
from Abcam (Cambridge, United Kingdom). GAPDH
(#sc-47724), CCND1 (#sc-8396) antibodies were obtained
from Santa Cruz (Insight Biotechnology Limited, Middlesex,
United Kingdom). E-cadherin (#AF748) was purchased from
R&D Systems (Abingdon, Oxfordshire, United Kingdom). Anti-
mouse (#A5278), anti-rabbit (#A0545) secondary antibodies
were purchased from Sigma-Aldrich (Gillingham, Dorset,
United Kingdom).

Cell Proliferation and Cytotoxicity Assays
AlamarBlue assay was used to assess cell proliferation ability.
Briefly, 3 × 103 cells (T47D) or 5 × 103 cells (SK-BR-3)
per well were seeded into a 96-well cell culture plate and
incubated for 6 days. At the designated time points (Day 0, 2,
4, and 6), the culture medium was aspirated out and 100 µl of
normal medium with 10 µl of the AlamarBlue reagent (Serotec
Ltd., Oxford, United Kingdom) was added to each well. Cells
were then incubated for 3 h at 37◦C. The fluorescence signal
was determined with a fluorescence plate reader (Promega,
Southampton, United Kingdom) with excitation at 525 nm and
emission at 590 nm. The percentage of proliferation during
the incubation period was normalized with the fluorescence
values at Day 0.

For the cytotoxicity assay, 1 × 104 cells per well were loaded
into a 96-well plate with a starving medium containing 1%
FBS. After incubation overnight, the medium was changed with
normal medium containing serial concentrations of paclitaxel
(Sigma-Aldrich, United Kingdom) or cisplatin (Sigma-Aldrich,
United Kingdom), respectively, and cultured for 48 h; cell
cytotoxicity was then evaluated by the AlamarBlue assay
described above.

Scratch Wound Assay
Cells were loaded into a 24-well plate at a density of 2 × 105

cells/well and cultured to reach confluence. The cell monolayer
was then scratched with a 1 ml pipette tip to generate an artificial
wound. After being washed twice with phosphate-buffered saline
(PBS), 1 ml normal medium was added to each well. The
migration of cells across the wound gap was monitored using
an EVOS R© FL imaging system (Life Technologies, Carlsbad, CA,
United States) with a 4× objective every 2 h for 48 h. The
percentage of the gap closed area was measured and normalized
by the data at hour 0 using the ImageJ software.

Matrigel Invasion Assay
A transwell Matrigel assay was applied to evaluate the invasive
ability of cells in vitro. Briefly, transwell inserts (8 µm pores)
for a 24-well plate were pre-coated with 0.5 mg/ml Matrigel
(BD Bioscience, Oxford, United Kingdom) for 1 h at 37◦C.
Subsequently, 2 × 105 cells were loaded into the upper chamber
in 150 µl of DMEM. The lower chamber was filled with 650 µl of
normal medium. After incubation for 48 h, cells on the top side
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of the inserts were removed using a cotton swab. Chambers were
fixed with 4% formalin for 30 min, and stained with 1% crystal
violet for 30 min before rinsing with PBS. The number of invasive
cells (underneath the inserts) was calculated by counting under a
microscope (at least five counts per experimental setting).

Cell-Matrix Adhesion Assay
A 96-well plate was pre-coated with Matrigel (10 µg/well) for 2 h
at 37◦C. 5 × 104 cells were then added to each well and cultured
for 4 h, followed by washing twice with PBS. Adhesive cells were
fixed with 4% formalin and stained with 1% crystal violet. The
number of adhesive cells was counted under a microscope (at
least five counts per experimental setting).

Patients and Specimens
The study protocol was approved by the Ethics Committee
of Yantai Yuhuangding Hospital (Approval NO. 2018-109).
Consecutive breast cancer patients (n = 22) who underwent
neoadjuvant chemotherapy and surgery, from January 2017
to June 2017, were selected. All patients received ACx4
(Epirubicin and Cyclophosphamide) followed by Tx4 (Paclitaxel
or Docetaxel) regimen for neoadjuvant chemotherapy. All
patients recruited for this study were not pathological complete
response after neoadjuvant chemotherapy in order to evaluate
the differential expression level of S100P on tumor cells. During
the same period, 10 cases of fibroadenoma were randomly
selected as a control. Hormonal receptor status was determined
by immunohistochemistry (IHC) described below. The HER2
status was examined following the American Society of Clinical
Oncology guidelines. Based on the different combinations of ER,
PR, HER2, and Ki67, patients were divided into four subgroups:
luminal A, luminal B (luminal B HER2+ and luminal B HER2−),
HER2+ and triple-negative.

IHC
Formalin-fixed and paraffin-embedded tissue sections were
freshly cut (4 µm) and mounted on silane-coated slides.
After deparaffinization, the activity of endogenous peroxidase
was blocked by exposure to 3% H2O2 for 5 min. All the
sections were then boiled for 15 min at 250W in the
Antigen Retrieval Solution (Dako Cytomation, Denmark). Non-
specific binding was blocked with normal goat serum at
room temperature for 20 min. Immunostaining was then
carried out using the primary antibody S100P (1:100, Rabbit,
#ab133554, Abcam) and incubated at 4◦C overnight. After
incubation for 25 min at room temperature using a biotinylated
secondary antibody, slides were incubated with streptavidin–
peroxidase complex (Avidin/Biotin Blocking Kit, #SP-2001,
Vector Laboratories, Burlingame, CA, United States) for
25 min. Staining was visualized with 3,3’-Diaminobenzidine
(DAB) and Mayer’s hematoxylin (1:10, Merck, Darmstadt,
Germany) counterstain.

The intensity of S100P expression was evaluated by two
qualified pathologists independently using a semi-quantitative
scale of the Immuno Reactive Score (IRS). Briefly, the staining
intensity was scored as 0 = none, 1 = weak, 2 = moderate, and
3 = high intensity. Additionally the percentage of positive stained

cells was scored as 0 = no positive cells detectable, 1 = <10% of
cells, 2 = 10–50% of cells, 3 = 51–80% of cells and 4 = >80% of
cells. For the IRS, both scores were multiplied. The cases were
divided into two groups showing no or weak staining (S100P:
IRS < 4) and strong staining (S100P: IRS ≥ 4) (22).

Statistical Analysis
Statistical analyses were performed using SPSS v25.0 (IBM
Corporation, New York, NY, United States). Two-group
comparisons were analyzed by a two-sided t-test when data
were normally distributed, or Mann–Whitney U test when
data were not normally distributed. Non-parametric test of
two paired samples (Wilcoxon signed-rank test) or independent
sample [Mann–Whitney or Kruskal–Wallis H(K)] was used
to analyze the IHC results. Differences were defined as
statistically significant when p-values were less than 0.05.
In vitro experiments were repeated 2–4 times unless otherwise
stated. The significance was shown in the figures as follows:
∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001, and the p > 0.05 (no
significance) was not shown.

RESULTS

S100P Is Upregulated in Breast Cancer
and Associated With Poor Prognosis
The expression levels of S100P in 22 cases of breast cancer
tissue samples before and after neoadjuvant chemotherapy,
and 10 cases of breast fibroadenoma were detected by IHC.
The results indicated that expression levels of S100P in breast
cancer were higher than those in fibroadenoma (p < 0.001)
(Figure 1A). Six out of twenty-two (27.27%) breast cancer
patients showed strong staining of S100P, especially in Luminal B
HER2+ subtype (4/4) (p = 0.041) (Figure 1B). In contrast, 9 out of
10 fibroadenoma patient samples did not show the expression of
the S100P protein, with only one sample showing weak staining
of S100P (Figure 1C). S100P protein was mainly located in the
nucleus of the cells, with some cytoplasmic and cytomembrane
staining (Figure 1D).

To verify our findings, we analyzed the TCGA breast cancer
database and found that S100P gene expression levels in
breast cancer tissue were higher than those in normal tissue
(p < 0.001) (Figure 1E), which was consistent with our results.
The expression levels of S100P in HER2+ breast cancer were
higher than those in other subtypes (Figure 1F). S100P levels in
patients with N3 lymph node metastasis was dramatically higher
than that in N2 and normal tissues, and N2 > N1, N1 > N0
similarly (all p < 0.05, Figure 1G), which suggested that S100P
may be involved in breast cancer metastasis.

We further used the KM plotter breast cancer database to
explore the prognostic significance of S100P in breast cancer.
As shown in Figure 1H, the high expression of S100P was
closely associated with the poor recurrence-free survival (RFS)
(p < 0.001) (Figure 1H) and overall survival (OS) (p < 0.001)
(Supplementary Figure S1). For all different subtypes of breast
cancer, high expression levels of S100P were all related to poor
prognosis (data was not shown).
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FIGURE 1 | Expression levels of S100P in breast cancer and its association with survival. (A) IHC showed that expression levels of S100P in breast cancer were
significantly higher than breast fibroadenoma (p < 0.001). (B) Expression levels of S100P in Luminal B HER2+ subtype breast cancer were higher than other
subtypes (p = 0.041). (C) No S100P expression was observed in fibroadenoma tissue samples (IHCx200). (D) Strong S100P expression observed in breast cancer
tissue samples (IHCx200). (E) S100P gene levels were significantly higher in breast cancer samples than in normal breast tissue, through the analysis of the TCGA
breast cancer database (p < 0.001). (F) TCGA data showed that gene expression levels of S100P in HER2+ subtypes were higher than in other types. (G) TCGA
data showed the gene expression levels of S100P in patients with lymph node metastasis (N3 > N2, N2 > N1, N1 > N0) (all p < 0.05). (H) KM-plotter database
showed that the high expression level of S100P was associated with poor recurrence-free survival (RFS) in breast cancer patients (p < 0.001). *p < 0.05; **p < 0.01;
***p < 0.001.
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S100P Increases Cell Proliferation and
Adhesion in vitro
To investigate the function and mechanism of S100P in breast
cancer, stable cell lines knocking down S100P by lentivirus
siRNA transfection were established in T47D and SK-BR-3 cells.
Assessed by qRT-PCR and western blot, levels of S100P were
significantly decreased at both gene level (decreased at least
200%) and protein level (not detected) after S100P was knocked
down (Figure 2A). This confirmed that stable cell lines with a low
level of S100P were successfully constructed.

Cell proliferation assay was carried out in vitro, with results
showing that the proliferative ability of T47D cells with a low level
of S100P was significantly decreased by 15.04% (Day 2, p < 0.01,
Figure 2B). Similarly, the proliferative ability of SK-BR-3 cells
with low levels of S100P was decreased by 12.18% on Day 4 and
9.34% on Day 6 (p < 0.01, Figure 2C). These findings indicated
that S100P promoted cell proliferation.

The effect of S100P on the adhesion of breast cancer cells
was assessed by Matrigel adhesion assay in vitro. As shown in
Figures 2D–I, the adhesive ability of breast cancer cells decreased
in both T47D by 84.32% and SK-BR-3 cells by 56.51% after the
knockdown of S100P (p < 0.001, respectively).

S100P Increases Cell Invasion and
Migration in vitro
To explore the influence of S100P on the invasion and migration
of breast cancer cells, we conducted a transwell Matrigel assay and
cell scratch experiment. As shown in Figures 3E–H, the invasive
ability of breast cancer cells with low levels of S100P decreased
significantly (T47D by 76.27%, p < 0.001; SK-BR-3 by 35.97%,
p < 0.01) (Figures 3A–D). Similarly, the migration of breast
cancer cells with low levels of S100P decreased significantly both
in T47D and SK-BR-3 cells (T47D by 19.72%, 48 h, p < 0.05;
SK-BR-3 by 19.16%, 48 h, p < 0.01).

S100P Enhances the Chemosensitivity of
Breast Cancer Cells
To explore the role of S100P in chemotherapeutic drug sensitivity
in breast cancer, T47D (with Luminal HER2− subtype) and SK-
BR-3 (with HER2+ subtype) cells were treated with different
concentrations of paclitaxel and cisplatin, and cell viability was
assessed by AlamarBlue assay. Results showed that expression
levels of S100P did not affect paclitaxel sensitivity between
T47D Scr and S100P KD cells (Figure 4A). However, at
concentrations of 5 nM (p < 0.01), 10 nM (p < 0.001), 20 nM
(p < 0.001), and 40 nM (p < 0.001), the SK-BR-3 S100P KD
cells were significantly more resistant to the cytotoxic effects of
paclitaxel than the Scr cells by 21.02, 46.62, 118.69, and 129.36%,
respectively (Figure 4B). These results suggest that tumors with
high expression levels of S100P are more sensitive to paclitaxel
chemotherapy in HER2+ breast cancer cells (SK-BR-3).

Furthermore, we evaluated the effect of S100P on the
chemosensitivity of breast cancer cells to cisplatin. As shown in
Figure 4C, T47D S100P KD cells were more sensitive to low
concentrations of cisplatin compared with T47D Scr cells by
18.09% (8 µm, p < 0.01), but there was no significant difference

at high concentrations of cisplatin. For SK-BR-3 cells, the SK-BR-
3 S100P KD cells were more resistant to cisplatin compared with
Scr cells (4 µM by 30.51%, 16 µM by 89.67%, 32 µM by 139.49%,
64 µM by 898.97%, all p < 0.001; 8 µM by 28.77%, p < 0.05),
indicating that the tumor with high S100P expression is more
sensitive to cisplatin chemotherapy (Figure 4D).

The Knockdown of S100P Alters the
Expression of CCND1 and
EMT-Associated Molecules
We conducted western blotting to unveil the mechanisms that
S100P modulated the behaviors of breast cancer cells. As shown
in Figures 4E,F, expression levels of the cyclin-D1 (CCND1)
protein in T47D S100P KD cells and SK-BR-3 S100P KD cells
were all decreased by 11.97 and 22.62% compared to their Scr
controls. This suggests that S100P promoted cell proliferation by
activating CCND1 protein in breast cancer.

We also detected the alteration of EMT related proteins after
S100P was knocked down. Expression levels of E-cadherin in
T47D S100P KD cells increased by 33.53% (Figures 4E,F), while
expression levels of Vimentin decreased both in T47D S100P
KD cells by 21.59% and SK-BR-3 S100P KD cells by 32.00%.
These findings indicated that S100P increased cell migration and
invasion by regulating E-cadherin and Vimentin.

Levels of S100P Protein Is Reduced in
Tumor Tissue After Chemotherapy
To verify the role of S100P in chemosensitivity of breast
cancer cells, expression levels of S100P in 22 pairs of breast
cancer tissue samples before and after neoadjuvant chemotherapy
were examined by immunohistochemistry. This revealed that
the expression levels of S100P in tumor tissue decreased by
46.55% after chemotherapy, compared with before chemotherapy
(p = 0.015, Figure 5A). For subgroup analysis (Figures 5D–
M), S100P in HER2+ tumor tissue decreased by 57.58% after
chemotherapy (p = 0.027, Figure 5B), while there was no
statistical difference in the change of S100P in the HER2−
subgroup (p = 0.942, Figure 5C), which suggested that HER2+
breast cancer cells with higher levels of S100P were more sensitive
to chemotherapy.

DISCUSSION

Metastasis and drug resistance are still tremendous challenges
in breast cancer therapy leading to increased mortality.
Therefore, identifying biomarkers of metastasis and elucidating
mechanisms of drug resistance are of prime importance in breast
cancer research.

Our results provide evidence that expression levels of S100P in
breast cancer are significantly higher than those in fibroadenoma.
The presence of S100P in the early stages of breast carcinogenesis
suggests that S100P may serve as a biomarker to differentiate
lesions at high risk of malignant evolution (19). Other studies
have since reported that activation of HER2 increases the
expression of S100P in breast cancer cells (16). The relation
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FIGURE 2 | The effect of S100P on cell proliferation and adhesion in breast cancer. (A) S100P was knocked down in T47D and SK-BR-3 cells and validated by
qRT-PCR and western blot. (B) S100P knocking down decreased cell proliferation in T47D cells (2 days, p < 0.01) (n = 10 per group). (C). S100P knocking down
decreased cell proliferation in SK-BR-3 cells (4 and 6 days, p < 0.01) (n = 10 per group). (D–F). S100P knocking down reduced adhesive ability in T47D cells
(p < 0.001). (G–I) S100P knocking down reduced adhesive ability in SK-BR-3 cells (p < 0.001). **p < 0.01; ***p < 0.001.

between S100P and HER2 overexpression is only significant for
ER+ tumors (36), supporting that S100P may be associated with
a hormone receptor-positive, HER2 enriched molecular subtype.
In the present study, the expression levels of S100P is extremely
high in Luminal B HER2+ breast cancer, which is supported by
previous studies (36). This phenomenon may be more related to
the “HER-enriched” breast cancer subtype (37, 38), suggesting
that S100P may have a potential for the categorization of breast
cancer and to be as a therapeutic target.

S100P is localized intracellularly in the nucleus, cytoplasm
and cell membrane. C-terminally truncated form of S100P (t-
S100P) is the major form of S100P and is exclusively located
in the nucleus of breast cancer cells. High t-S100P is strongly
prognostic for poor DFS, its efficacy confined to lymph node-
positive tumors (39). Similar studies show patients with strong
S100P nuclear expression have a significantly shorter OS and
DFS (40, 41). S100P is prominent among genes upregulated

in primary breast cancer cells with high-grade tumors (42).
Likewise, its expression correlates to the level of the proliferative
Ki-67 in primary breast cancer (17). The survival of breast
cancer patients with S100P-positive cancers is significantly worse
than those negative for S100P (18, 43). For TNBC patients,
overexpression of S100P significantly correlates with more lymph
node involvement, higher occurrence of metastasis and more
recurrence events (22). Through analyzing the KM plotter breast
cancer database, our data further confirms that high expression of
S100P is closely associated with poor RFS and OS in breast cancer
patients, which indicates that S100P exhibits a strong link with
tumor progression and prognosis in breast cancer. On the other
hand, the extracellular S100 proteins affect several intracellular
signaling pathways through interacting with cytokines. The
interaction of S100P and IFN-β exhibits suppressed cytotoxicity
toward MCF-7 breast cancer cells, implying that the antitumor
activity of IFN-β is suppressed by S100P. This mechanism
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FIGURE 3 | The effect of S100P on invasion and migration of breast cancer cells in vitro. (A,B) Invasive ability was significantly decreased in T47D cells after S100P
was knocked down (p < 0.001). (C,D) Invasive ability was significantly decreased in SK-BR-3 cells after S100P was knocked down (p < 0.01). (E,F) Migrative ability
was decreased in T47D cells after S100P was knocked down (48 h, p < 0.05) (n = 7 per group). (G,H) Migrative ability was decreased in SK-BR-3 cells after S100P
was knocked down (48 h, p < 0.01) (n = 14 per group). *p < 0.05; **p < 0.01; ***p < 0.001.

could explain the S100P action as a factor which promotes
tumor growth, angiogenesis, metastasis, drug resistance, and
poor clinical outcome (44).

Previous studies indicate that S100P regulates some important
proteins including CCND1 (45) and E-cadherin (46). Our study

demonstrates that S100P enhances cell proliferation by activating
CCND1, and promotes cell migration and invasion through
downregulating E-cadherin and upregulating Vimentin in breast
cancer in vitro. S100P is shown to promote cellular proliferation
through binding with RAGE and activation of downstream
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FIGURE 4 | The effect of S100P on chemotherapeutic drug response in T47D and SK-BR-3 cells. (A). S100P did not affect the paclitaxel sensitivity in T47D cells
(n = 6 per group). (B). SK-BR-3 S100P KD cells were significantly more resistant to paclitaxel (n = 6 per group). (C). T47D S100P KD cells were more sensitive to low
concentration cisplatin compared with the Scr control (8 µM, p < 0.01) (n = 6 per group). (D) SK-BR-3 S100P KD cells were more resistant to cisplatin compared
with the Scr cells (n = 6 per group). (E) Protein levels of NF-κB, CCND1, E-cadherin and Vimentin assessed by western blot after S100P was knocked down in T47D
and SK-BR-3 cells, respectively. (F) Quantitative densitometric analysis of western blots using ImageJ software. *p < 0.05; **p < 0.01; ***p < 0.001.

molecules including ERKs, NF-κB, and β-catenin (47). S100P
and Ezrin induce proliferation and migration in TNBC cells, and
siRNA knockdown of Ezrin and S100P reduces the migration of
these cells accompanied by an increased E-cadherin expression
(23). Mechanistically, S100P induces EMT through binding
to Integrin α7 and activation of the FAK (Focal Adhesion
Kinase)/Src/Akt pathway, and upregulation of the expression
of ZEB1 (46). S100P, Ezrin, and phospho-EzrinThr−567 are all
involved in the transendothelial migration of TNBC cells and
may act as potential targets in TNBC patients (23). Moreover,
transfection of a vector expressing S100P into a benign, non-
metastatic rat mammary cells induces a threefold increase in local
muscle invasion and significant induction of metastasis in up to
75% of tumor-bearing animals, supporting the function of S100P
as an inducer of breast cancer metastasis (43).

S100P not only promotes tumor progression and metastasis,
but also plays a role in drug responses to chemotherapy,
endocrine therapy, and targeted therapy. S100P levels may have a
predictive value of response to chemotherapy, although findings
are controversial between different cancer types. The implication
of S100P in breast cancer chemotherapeutic drug response may
be complicated. From our present study, the expression levels of
S100P in tumor tissue decrease dramatically after chemotherapy
compared with pre-chemotherapy, indicating S100P may have a
chemo-sensitive role in breast cancer. In vitro experiments show
the expression of S100P does not affect paclitaxel sensitivity in
T47D cells (Luminal B HER2− subtype), while T47D S100P
KD cells are more sensitive to low concentrations of cisplatin

(e.g., 8 µM). In agreement with these results in vitro, there
is no statistical difference in the change of S100P in HER2
negative breast cancer patients through analyzing the changes of
S100P protein between pre-chemo and post-chemo breast tissues.
This demonstrates that S100P does not play a significant role
in chemotherapeutic drug response in HER2− breast cancer.
However, in the HER2+ breast cancer cell line SK-BR-3, SK-
BR-3 S100P KD cells are significantly resistant to paclitaxel and
cisplatin compared with the vehicle control. This is confirmed
in neoadjuvant chemotherapy patients that the expression level
of S100P in HER2+ tumor tissues decreases significantly after
chemotherapy compared with pre-chemotherapy. Therefore, our
findings imply that S100P may have a role in predicting the
drug sensitivity in HER2+ breast cancers. The different responses
to chemotherapy might due to the different subtypes of breast
cancer. However, the mechanism of this phenomenon remains
unclear and requires further investigation to elucidate.

Resistance to hormone therapy is also a challenge for hormone
receptor-positive breast cancers. ER+ breast cancer can escape
antiestrogen treatment by up-regulating S100P (40). In a MCF-7
cell line with resistance to tamoxifen (TAM), the expression level
of S100P is elevated. As the ER-regulated proliferation pathway
is significantly suppressed after prolonged exposure to TAM, the
S100P-RAGE signaling pathway via activation of ERK1/2 and
NF-κB may be considered as a compensatory mechanism of cell
proliferation and survival (40). Histone deacetylase 9 (HDAC9)-
overexpressing cells are less sensitive to hydroxytamoxifen (OH-
TAM) antiproliferative effects compared with parental MCF-7
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FIGURE 5 | Expression levels of S100P in breast cancer tissue samples before and after neoadjuvant chemotherapy, detected by immunohistochemistry. (A) S100P
levels in tumor tissue decreased significantly after chemotherapy (p = 0.015). (B) S100P levels in HER2+ tumor tissue decreased significantly after chemotherapy
(p = 0.027). (C) The change of S100P levels in HER2 negative patients between pre-chemo and post-chemo was not significant (p = 0.942). (D–M) IHC of S100P
expression pre-chemotherapy and post-chemotherapy in different subtypes of breast cancer patients (×200).

cells through upregulating S100P (48). Therefore S100P may
serve as a significant player in conferring acquired TAM
resistance (40). Additionally, S100P is also involved in resistance
to targeted therapies through activating the RAS/MEK/MAPK
pathway to compensate for HER2 inhibition by trastuzumab, and
inhibition of S100P leads to reversing the trastuzumab resistance
(49). It remains unknown whether S100P is also involved
in resistance to hormone therapies and targeted therapies in

HR+ HER2+ breast cancers, which may be the direction of
further investigation.

CONCLUSION

In conclusion, S100P enhances the proliferation, adhesion,
migration, and invasion of breast cancer cells through the
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regulation of NF-κB, CCND1, E-cadherin and Vimentin. S100P
could be a promising therapeutic target in certain types of breast
cancer. Additionally, S100P may be a biomarker to predict the
therapeutic effects of chemotherapeutic agents in treating HER2+
breast cancer patients.
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TABLE S1 | The scores of IHC of S100P in breast cancer tissue samples before
and after neoadjuvant chemotherapy.

FIGURE S1 | Overall survival (OS) analysis of the S100P gene in breast
cancer by KM plotting.

FIGURE S2 | Representative images of the positive and blank controls of the IHC.
Positive control and blank control of Immunohistochemistry. (A) positive control
(human placenta tissue). (B) Blank control without S100P antibody (Human
placenta tissue).
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Background: Epirubicin combined with docetaxel is the cornerstone of neoadjuvant

chemotherapy (NAC) for breast cancer. The efficacy of NAC for luminal A breast cancer

patients is very limited, and single nucleotide polymorphism is one of the most important

factors that influences the efficacy. Our study is aimed to explore genetic markers for

the efficacy of epirubicin combined with docetaxel for NAC in patients with luminal A

breast cancer.

Methods: A total of 421 patients with two stages of luminal A breast cancer were

enrolled in this study from 2 centers. Among them 231 patients were included in the

discovery cohort and 190 patients are in the replication cohort. All patients received

epirubicin 75 mg/m2 and docetaxel 75 mg/m2 on day 1, in a 21-day cycle, a cycle

for 2–6 cycles. Before treatment, 2ml of peripheral blood was collected from each

patient to isolate genomic DNA. Fourteen functional variants potentially regulating

epirubicin/docetaxel response genes were prioritized by CellMiner and bioinformatics

approaches. Moreover, biological assays were performed to determine the effect of

genetic variations on response to chemotherapy.

Results: The patients carrying rs6484711 variant A allele suffered a poor response

to epirubicin and docetaxel for NAC (OR = 0.37, 95% CI: 0.18–0.74, P = 0.005)

in combined stage. Moreover, expression quantitative trait loci (eQTL) analyses and

luciferase reporter assays revealed that rs6484711A allele significantly increased the

expression of ABTB2. Subsequent biological assays illustrated that upregulation of

ABTB2 significantly reduced the apoptosis rate of breast cancer cells and enhanced

the chemo-resistance to epirubicin.

18

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2020.571517
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2020.571517&domain=pdf&date_stamp=2020-09-25
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yuanpeng01@hotmail.com
mailto:zhongr@hust.edu.cn
https://doi.org/10.3389/fonc.2020.571517
https://www.frontiersin.org/articles/10.3389/fonc.2020.571517/full


Gong et al. ABTB2 Variant Luminal-A Breast Cancer

Conclusions: Our study demonstrated rs6484711 polymorphism regulating ABTB2

expression might predict efficacy to epirubicin based NAC in luminal A breast cancer

patients. These results provided valuable information about potential role of genetic

variations in individualized chemotherapy.

Keywords: luminal A breast cancer, ABTB2, neoadjuvant chemotherapy, epirubicin resistance, single nucleotide

polymorphism

BACKGROUND

Breast cancer is the most common malignant cancer and the
second leading cause of death among women worldwide (1).
Luminal A is the most common subtype of breast cancer,
mainly manifested as estrogen receptor (ER) positive, human
epidermal growth factor receptor 2 (HER-2) negative, low Ki-
67 (2), accounting for 50.6–71% of all breast cancer patients
(3, 4). Luminal A type is characterized by sensitivity to endocrine
therapy and relatively insensitive to chemotherapy, so for this
type of metastatic and postoperative patients, endocrine therapy
is the mainstay choice.

The primary purpose of neoadjuvant chemotherapy (NAC)
is to reduce the tumor volume so that patients who will
suffer mastectomy can gain breast-conserving opportunities,
and patients who cannot undergo surgery can obtain surgical
opportunities. Recent studies have shown that pathological
complete response (pCR) after neoadjuvant is associated with
long-term prognosis, especially in HER-2 positive and triple-
negative breast cancer (TNBC). Patients with pCR have a lower
long-term recurrence rate, but this result does not seem to be in
line with patients with luminal A breast cancer (5). Therefore,
the main purpose of the neoadjuvant therapy for patients with
luminal A breast cancer is still to create surgical opportunities
and reduce the range of surgery. Currently, neoadjuvant therapy
for luminal A patients includes NAC and neoadjuvant endocrine
therapy. NAC is still the preferred treatment (6, 7). The
chemotherapy regimens of this type of patients are mainly
anthracycline and taxane, but the effective rate is only 13–
14.1% (8, 9), sometimes even lower than the effective rate
of neoadjuvant endocrine therapy (10), and patients who do
not respond to chemotherapy still suffer painful side effects.
Therefore, it’s a dilemma to choose chemotherapy or endocrine
therapy as neoadjuvant therapy for patients who desired to have
breast-conserving surgery or get access to surgery.

Abbreviations: ER, estrogen receptor; HER-2, human epidermal growth

factor receptor 2; NAC, neoadjuvant chemotherapy; pCR, pathological

complete response; TNBC, triple-negative breast cancer; SNP, single nucleotide

polymorphism; IHC, immunohistochemistry; AJCC, American Joint Committee

on Cancer; PR, progesterone receptor; AE, adverse event; CTCAE, Common

Terminology Criteria for Adverse Events; FISH, fluorescence in situ hybridization;

MRI, magnetic resonance imaging; RECIST, Response Evaluation Criteria In

Solid Tumors; CR, complete response; PR, partial response; SD, stable disease;

PD, progression disease; DC, discovery cohort; RC, replication cohort; GI,

growth inhibition; MAF, minor allele frequency; LD, linkage disequilibrium; PCR,

polymerase chain reaction; DMEM, Dulbecco’s Modified Eagle’s Medium; RPMI,

Roswell Park Memorial Institute; TCGA, the Cancer Genome Atlas; RFU, relative

fluorescence units; ORs, odds ratios; CI, confidential interval; IDC, infiltrating

ductal carcinoma; GO, gene ontology.

Among the factors that affect the therapeutic efficacy, the role
of individual differences cannot be ignored, and genetic variation
plays an important role. Single nucleotide polymorphism (SNP)
is a type of common genetic variation. In recent years, studies
have found that key genes located in key pathways such as
cell proliferation, apoptosis, and DNA repair are related to the
efficacy of paclitaxel and epirubicin. Variation in the regulatory
and coding regions can significantly affect gene expression or
protein function, and may affect the efficacy of taxanes and
anthracyclines (11–13).

Based on this, this study uses the change of tumor volume
under image monitoring as the main observational endpoint,
aiming to explore the individual genetic variation affecting the
efficacy of NAC based on anthracycline in luminal A breast
cancer and clarify its possible mechanisms.

METHODS

Patients
This study recruited patients with Luminal A breast cancer
who were ≥18 years old, staged T1−4N1−3M0 [American Joint
Committee on Cancer (AJCC) 7th edition], diagnosed by core
needle aspiration immunohistochemistry (IHC), and were given
epirubicin 75 mg/m2 and docetaxel 75 mg/m2 on day 1, 21 days a
cycle for 2–6 cycles, adverse events (AEs) were graded according
to Common Terminology Criteria for Adverse Events (CTCAE)
version 4.0. Two milliliter of venous blood of the patient was
collected before treatment and stored in a minus 80◦C medical
refrigerator. Luminal A breast cancer is defined as ER positive,
progesterone receptor (PR) ≥ 20%, HER-2 negative (HER-2
negative is defined as IHC 0–1, or IHC 2 with Fluorescence
in situ hybridization(FISH) negative), ki-67 <14% (14). Tumor
response was evaluated by magnetic resonance imaging (MRI)
before treatment and every 2 cycles according to the Response
Evaluation Criteria In Solid Tumors (RECIST) version 1.1.
Patients with complete response (CR) and partial response (PR)
were divided into the effective group, while patients with stable
disease (SD) and progression disease (PD) were divided into the
ineffective group.

Patients from January 1, 2015 to December 31, 2016 were
enrolled in the discovery cohort (DC) from the Cancer Hospital,
Chinese Academy of Medical Sciences, and patients from the
Fourth Hospital of Hebei Medical University and the Cancer
Hospital of the Chinese Academy of Medical Sciences from
January 1, 2017 to December 31, 2017 and were included as the
replication cohort (RC).

This project was approved by Ethnics Committee of Cancer
Hospital, Chinese Academy of Medical Sciences and the Fourth
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Hospital of Hebei Medical University. This study was performed
in accordance with the Declaration of Helsinki. All patients
signed an informed consent form.

Selection of Candidate SNPs
We firstly extracted epirubicin/docetaxel response genes that
their expression were correlated with resistance/sensitivity of
epirubicin (NCI No. 256942) or docetaxel (NCI No. 628503) in
the CellMiner database (http://discover.nci.nih.gov/cellminer/)
(15). According to the criteria that expression of genes with
a Pearson’s correlation coefficient to growth inhibition values
(GI50, a measurement index of cell line sensitivity) below −0.4
or above 0.4, we obtained 284 genes for epirubicin and 228
genes for docetaxel. Considering redundancy, 511 genes were
retrieved and considered as potential biomarkers of resistance or
sensitivity. Then, we acquired all SNPs located in 5 kb upstream
and genes with minor allele frequency (MAF) >0.05 among
Han Chinese from the 1000 Genomes Project (http://www.
1000genomes.org/). Finally, ANNOVAR software tool (16) was
applied to annotate the functions of genetic variations and 14
SNPs were prioritized as candidate regulatory SNPs for the
following genotyping. The information of candidate SNPs were
shown in Supplementary Table 1.

Genotyping
Genomic DNA was isolated from 2ml of peripheral blood
lymphocytes using the Relax Gene Blood DNA System DP319-
02 (Tiangen, Beijing, China). Fourteen candidate variants were
genotyped using the TaqMan Openarray assay system in stage 1
of the study. Candidate SNP was replaced by its highly linkage
disequilibrium (LD) SNP for genotyping, when probe design
failure or interference with other polymerase chain reaction
primers in the reaction system. Each 96-sample array chip
contained one NTC (without template DNA) and one duplicated
sample to verify the genotyping accuracy. The average call
rate for all the candidate SNPs genotyped was >95% and the
concordance rate for the duplicate sets was 100%. In validated
stage, the promising SNPs were analyzed by a TaqMan real-time
polymerase chain reaction (PCR) assay (Applied Biosystems,
Foster City, CA) or directly sequencing, without knowledge of
the clinical outcomes of the subjects. Approximately 5% of the
random samples from effective group and ineffective group were
genotyped twice, and the results were in 100% concordance.

Construction of Plasmids
DNA fragments containing rs6484711[G] or rs6484711[A]
were subcloned into pGL3-Basic vector (Promega, USA),
respectively. The full-length cDNA of ABTB2 was subcloned into
the pcDNA3.1(+) vector (Invitrogen, USA). All recombinant
plasmids were synthesized and verified for sequence by Genewiz
Company (Suzhou, China).

Cell Culture
Human MCF-7 and T-47D breast cancer cell lines were
purchased from the China Center for Type Culture Collection
(Wuhan, China). Cell lines were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) or Roswell Park Memorial Institute

(RPMI) 1640 Medium (Gibco, USA) supplemented with 10%
fetal bovine serum (FBS; Gibco, USA) and 1% antibiotics (100
U/mL penicillin and 0.1 mg/mL streptomycin) at 37◦C in a
humidified atmosphere of 5% CO2. DNA sequencing using an
Applied Biosystems AmpF/STR Identifier kit was performed to
test all cell lines routinely and cell lines were tested for free from
mycoplasma infection (MycoAlert, USA).

Dual Luciferase Reporter Gene Assays
The luciferase reporter assay was performed using a
dual-Luciferase Reporter Kit (Promega) according to the
manufacturer’s recommendations. MCF-7 and T-47D cells were
seeded in 96-well plates for 24 h. Subsequently, constructed
vectors with different alleles of rs6484711 and negative
control pGL3-Basic vector were transiently co-transfected with
pRL-TK Renilla luciferase vector (Promega) into the cells,
using Lipofectamine 3000 Reagent (Invitrogen), respectively.
Luciferase activity was measured after transfection for 24 h.
For each sample, relative activity was calculated by the ratio of
firefly to renilla luciferase signal. Three independent experiments
were performed, and triplicate wells were transfected in
each experiment.

Expression Quantitative Trait Loci (eQTL)
Analysis
Total RNA was extracted from tumor tissues from 65 luminal
breast cancer patients recruited at the Union Hospital, Huazhong
University of Science and Technology using TRIzol LS Reagent
(Invitrogen, Carlsbad, CA, USA) according to the protocol
and was immediately reverse transcribed to cDNA by using
the PrimeScript RT Master Mix (TaKaRa, Kyoto, Japan).
Quantitative PCR (qPCR) was performed with Power SYBR
Green PCR Master Mix (TaKaRa), following the SYBR-green
method22 on the ABI 7900 real-time PCR System (Applied
Biosystems, Foster City, CA, USA). ABTB2 expression was
normalized to that of GAPDH. The primers used in qPCR
were as follows: ABTB2-F:5′-TGCGGCAAGAACGCCAATG-3′

and ABTB2-R:5′-ACGGGAGACCAAGTCACTCAGCT-3′. Each
sample for a given gene was analyzed in duplicate to reduce
confounding variance. DNA was also extracted from tumor
tissues, and genotyping of rs6484711 was performed as described
above. We also downloaded mRNA data and SNPs genotyping
information of breast cancer subjects from the Cancer Genome
Atlas (TCGA) database and applied MACH-Admix software
to imputed rs6484711 genotype using LD and haplotype
information from the 1000 Genomes data (phase I version 3) as a
reference set.

Cell Viability Assay
MCF-7 and T-47D cells were seeded and transfected with
constructed vector containing full-length ABTB2 cDNA or
pcDNA3.1(+) vector (control) in 12-well flat-bottomed plates (1
× 105 cells per well), respectively. After incubation for 24 h, cells
were harvested by trypsin digestion and subsequently seeded in
96-well plates overnight at 37◦C, and each well-contained 7 ×

103 cells per well. Cells were treated with different concentrations
of epirubicin (MedChemexpress) in the medium for 24, 48,
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and 72 h. At each time point, cell viability was measured
using the CCK-8 kit (Dojindo, Tokyo, Japan), according to the
manufacturer’s instructions.

Fluorogenic Caspase Activity Assay
For apoptosis assay, cells were treated as described for the CCK-8
assay with 1.0µM epirubicin for 24 h. Cells in 96-well plate were
rinsed with ice-cold phosphate-buffered saline and subsequently
cell lysis buffer was added (#7018, Cell Signaling Technology,
Danvers, MA, USA). Caspase activity assay (Caspase-3 Activity
Assay Kit #5723, Cell Signaling Technology, Danvers, MA,
USA) was performed according the manufacturer’s instructions.
Fluorescence was measured with an excitation wavelength of
380 nm and emission wavelength at 460 nm and expressed in
relative fluorescence units (RFU).

Statistical Analysis
Pearson’s χ

2-test (for categorical variables) and Student’s t-test
(for continuous variables) were used to examine differences
between groups with different clinical outcomes in the
distribution of demographic characteristics. The distributions
of genotype frequencies between groups with different clinical
outcomes were calculated by Pearson’s χ

2-test. The association
between candidate SNPs and response to NAC were estimated
by odds ratios (ORs) and their confidence intervals (95% CIs)
using unconditional multivariate logistic regression analysis
after adjustment for clinical factors. All P-values were two-
sided, and differences with P-values of <0.05 were considered
statistically significant. All statistical analyses were conducted
by Statistic Analysis System software (version 8.2, SAS Institute,
Cary, NC).

RESULTS

Demographic Characteristics of
Participants in Two Stage Cohort Studies
From January 1, 2015 to December 31, 2016, 231 patients
were included in DC from the Cancer Hospital of the Chinese
Academy of Medical Sciences, and 190 patients were recruited in
the RC from January 1, 2017 to December 31, 2017, including 90
patients from the Fourth Hospital of Hebei Medical University
and 100 patients from the Cancer Hospital of the Chinese
Academy of Medical Sciences. For a total of 421 patients,
65.8% (152/231) and 71.1% (135/190) had axillary lymph node
metastasis and the effective rate was 77.5% (179/231) and
73.2% (139/190) in the DC and RC group, respectively. 75.5%
(318/421) patients in total, 77.5% (179/231) in DC and 73.2%
(139/190) in RC had effective response, including CR and
PR. 24.5% (103/421) patients in total, 22.5% (52/231) in DC
and 26.8% (51/190) in RC got no response which means SD
and PD. The demographic characteristics of the patients in
the two-stage cohort study were presented in Table 1. Briefly,
in stage 1, the effective rate of neoadjuvant treatment was
77.5%. The median age of the series was 47.9 years in effective
group and 50.3 years in ineffective group, and the distribution
of age were well-matched between two groups (P = 0.112).
One hundred and fifty patients presented infiltrating ductal

carcinoma (IDC)-I, 36 with IDC-II and 43 with IDC-III, and the
remaining 2 cases corresponded to pathologic type unknown. No
statistically significant difference was found in menopausal status
(P = 0.337), clinical T-stage (P = 0.702), lymph node metastasis
(P = 0.368), myelosuppression (P = 0.085) and gastrointestinal
side effects (P = 0.546) between effective group and ineffective
group. Moreover, the effective rate of 72.4% was observed after
neoadjuvant treatment in stage 2. Except for myelosuppression,
similar distributions of these characteristics between the two
groups were also observed (P > 0.05).

Associations of Candidate SNPs With
Response to NAC
In stage 1, as shown in Table 2, the associations between SNPs
with therapeutic effect were evaluated by unconditional logistic
regression after adjusting for age, menopause status, lymph node
metastasis and side effects. The CC genotype of rs1925368,
which was in complete LD with rs6484711, showed significant
association with poor response to chemotherapy (recessive
model: OR = 0.38, 95% CI = 0.15–0.96, P = 0.041), compared
to the CG and GG genotypes. The TT genotype of rs10747780
(complete LD with rs184301136) was also associated with
decreased effect (OR = 0.43, 95% CI = 0.21–0.87, P = 0.019),
compared with the CC genotype. Therefore, the two SNPs were
selected for the following validation study.

In the validation stage, only the rs6484711 variant A allele
revealed an association with poor therapeutic effect and had an
OR of 0.35 (95% CI = 0.13–0.91, P = 0.032), which coincided
with the result in stage 1 (Table 3). The combined analysis
in Table 4 also exhibited allele A of rs6484711 conferred
significantly poor response to chemotherapy, compared
with the GG genotype (OR = 0.37, 95% CI = 0.18–0.74,
P = 0.005).

The rs6484711 Influences the Promoter
Activity of ABTB2
Since variant in the non-coding region might be implicated
in gene expression regulation, we then performed dual-
luciferase reporter assays with pGL3-Basic firefly luciferase
expression vector containing allele-different fragments harboring
rs6484711. Transfection of these plasmids into MCF-7 and T-
47D cells resulted in significantly different relative luciferase
activity (Figures 1A,B), with the rs6484711[A] allele having
higher luciferase activity compared with the rs6484711[G] allele
(P < 0.0001 in both MCF-7 and T-47D cells). These results
indicated that rs6484711 may act promoter activity regulating
transcription of ABTB2.

Identification of rs6484711 Influencing
Expression of ABTB2
Furthermore, an eQTL analysis was performed to determine
whether rs6484711 correlated with the mRNA expression levels
of ABTB2 gene in luminal A breast cancer tumor. The result
showed that rs6484711 significantly affected expression levels
of ABTB2 (P = 0.004, Figure 2A). Consistent with the result,
we also observed notably differential expression of ABTB2
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TABLE 1 | Characteristics of participants in the two-stage study.

Variables Stage 1 (No. = 231) Stage 2 (No. = 190)

Effective groupa Ineffective groupb
χ
2/t P Effective groupa Ineffective groupb

χ
2/t P

No. (%) No. (%) No. (%) No. (%)

Total 179 (77.5) 52 (22.5) 139 (73.2) 51 (26.8)

Age (mean ± SD) 47.9 ± 9.60 50.3 ± 8.67 1.60 0.112 47.1 ± 9.94 49.3 ± 10.27 1.37 0.174

Menopausal status 0.92 0.337 3.31 0.069

Postmenopausal 66 (36.9) 23 (44.2) 48 (34.5) 25 (49.0)

Premenopausal 113 (63.1) 29 (55.8) 91 (65.5) 26 (51.0)

Clinical T-stage 1.42 0.702 3.76 0.289

T1 25 (14.0) 8 (15.4) 20 (14.4) 9 (17.6)

T2 115 (64.2) 29 (55.8) 70 (50.4) 31 (60.8)

T3 32 (17.9) 12 (23.1) 34 (24.5) 9 (17.6)

T4 7 (3.9) 3 (5.8) 15 (10.8) 2 (3.9)

Lymph-node status 0.81 0.368 2.93 0.087

cN+ 116 (68.2) 36 (75.0) 91 (65.5) 40 (78.4)

cN0 54 (31.8) 12 (25.0) 48 (34.5) 11 (21.6)

Myelosuppression 2.96 0.085 4.15 0.042

Yes 126 (70.4) 30 (57.7) 83 (59.7) 22 (43.1)

No 53 (29.6) 22 (42.3) 56 (40.3) 29 (56.9)

Gastrointestinal side effects 0.37 0.546 0.27 0.602

Yes 98 (54.7) 26 (50.0) 111 (81.0) 43 (84.3)

No 81 (45.3) 26 (50.0) 26 (19.0) 8 (15.7)

Histological diagnosis 7.86 0.049 1.71 0.790

IDC-I 111 (62.0) 39 (75.0) 9 (6.5) 2 (3.9)

IDC-II 34 (19.0) 2 (3.8) 40 (28.8) 18 (35.3)

IDC-III 33 (18.4) 10 (19.2) 51 (36.7) 20 (39.2)

ILC – – 9 (6.5) 2 (3.9)

Other 1 (0.6) 1 (1.9) 30 (21.6) 9 (17.6)

pCR, pathologic complete response; cCR, clinical complete response; PR, partial response; SD, stable disease; PD, progressive disease; IDC, Infiltrating ductal carcinoma; ILC, Infiltrating

lobular carcinoma; Others (micropapillary and tubular carcinomas and pathologic type unknown).
aEffective group contained participants with response of complete response or partial response to neoadjuvant chemotherapy; b Ineffective group contained participants with stable

disease and progression disease to neoadjuvant chemotherapy.

among individuals carrying different genotypes from the TCGA
(Figure 2B, P = 0.030). Thus, patients carrying the GA and
AA genotypes of rs6484711 have a significantly higher ABTB2
expression than those with GG genotype.

Effect of ABTB2 on the Epirubicin
Resistance in Breast Cancer Cells
To investigate the effect of ABTB2 on chemo-sensitivity in vitro.
MCF-7 and T-47D cells were treated with epirubicin for a certain
time after overexpression of ABTB2. Upon exposure to 0.5µM
epirubicin, decreased cell viability was showed in MCF-7 cells.
However, the rate of cell viability had a significant improvement
in ABTB2-overexpressed MCF-7 cells, compared with control
group (Figure 3A). Moreover, enhanced epirubicin-resistance
was more obvious in MCF-7 cells with overexpression of ABTB2,
when treated with 1.0µM epirubicin (Figure 3B). Consistent
results were also observed in ABTB2-overexpressed T-47D cell
lines from D2 to D4 (Figures 3C,D).

Furthermore, to explore whether ABTB2 contributed to the
enhanced resistance to epirubicin-induced cell apoptosis, we
evaluated the caspase-3 activity in MCF-7 and T-47D cells in the
presence of epirubicin. After overexpression of ABTB2, the cells
were treated with 1.0µM epirubicin for 24 h, and we detected
that epirubicin markedly activated caspase-3 in the two cell
lines. But cells transfected with ABTB2 significantly inhibited
the activation of caspase-3, in comparison to control group
(Figures 3E,F). Thus,ABTB2 overexpression obviously enhanced
the epirubicin-resistant phenotype of MCF-7 and T-47D cells.
In addition, we observed that ABTB2 expression correlated
with overall survival in 560 ER-positive breast cancer patients
through GOBO Gene Set Analysis (17) (Figure 4A), and similar
result was discovered in another database (18) (Figure 4B),
which suggested that ABTB2 was associated with progression
and poor outcomes of ER-positive breast cancer. Therefore, our
results indicate that ABTB2 acting as a drug-resistant protein
negatively affects epirubicin-induced cell apoptosis and mediates
epirubicin-resistance in the MCF-7 and T-47D cells.
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TABLE 2 | Association of candidate variants with therapeutic effect of neoadjuvant chemotherapy in the discovery stage.

SNPs Call rate

(%)

HT vs. HW HV vs. HW Additive model Recessive model Dominant model

OR (95% CI)a P OR (95% CI)a P OR (95% CI)a P OR (95% CI)a P OR (95% CI)a P

rs11591030 99.13 1.43 (0.58–3.52) 0.438 – – 1.54 (0.65–3.65) 0.332 – – 1.50 (0.61–3.68) 0.376

rs1551655 97.40 0.90 (0.37–2.19) 0.822 0.21 (0.04–1.17) 0.075 0.65 (0.34–1.24) 0.189 0.21 (0.04–1.219) 0.077 0.72 (0.32–1.60) 0.416

rs16970163 98.70 1.06 (0.52–2.18) 0.875 1.13 (0.12–11.09) 0.918 1.06 (0.56–2.01) 0.857 1.11 (0.11–10.71) 0.931 1.06 (0.53–2.15) 0.863

rs201004 97.84 1.19 (0.57–2.48) 0.650 – – 1.34 (0.67–2.68) 0.412 – – 1.27 (0.61–2.64) 0.531

rs232835 99.13 1.09 (0.52–2.29) 0.823 – – 1.09 (0.52–2.29) 0.823 – – 1.09 (0.52–2.29) 0.823

rs3810919 98.27 1.47 (0.73–2.96) 0.278 2.56 (0.30–21.90) 0.391 1.51 (0.82–2.78) 0.189 2.19 (0.26–18.44) 0.469 1.54 (0.78–3.04) 0.218

rs730870 98.70 0.83 (0.39–1.79) 0.635 0.99 (0.34–2.84) 0.980 0.96 (0.58–1.59) 0.885 1.11 (0.44–2.81) 0.820 0.86 (0.41–1.81) 0.696

rs828095 98.70 1.23 (0.61–2.48) 0.573 – – 1.656 (0.83–2.92) 0.166 – – 1.42 (0.71–2.85) 0.325

rs7366009 100.00 1.34 (0.65–2.78) 0.428 0.58 (0.13–2.61) 0.480 1.05 (0.59–1.88) 0.875 0.53 (0.12–2.32) 0.398 1.21 (0.61–2.40) 0.593

rs402645 100.00 0.75 (0.35–1.58) 0.449 0.59 (0.23–1.52) 0.271 0.76 (0.48–1.22) 0.258 0.70 (0.30–1.60) 0.395 0.70 (0.35–1.42) 0.326

rs11145930 100.00 1.09 (0.45–2.61) 0.852 – – 1.20 (0.52–2.76) 0.664 – – 1.15 (0.48–2.74) 0.756

rs1925368b 99.13 0.88 (0.41–1.90) 0.779 0.35 (0.13–1.00) 0.050 0.65 (0.39–1.09) 0.100 0.38 (0.15–0.96) 0.041 0.74 (0.36–1.51) 0.405

rs10747780b 98.27 0.43 (0.21–0.87) 0.019 1.05 (0.21–5.24) 0.955 0.67 (0.39–1.13) 0.133 1.64 (0.35–7.75) 0.530 0.47 (0.24–0.94) 0.033

rs1144943 98.27 1.20 (0.59–2.44) 0.612 0.57 (0.19–1.73) 0.322 0.89 (0.53–1.49) 0.663 0.53 (0.18–1.51) 0.232 1.04 (0.54–2.03) 0.902

HW, wild type homozygote; HT, heterozygote; HV, variant homozygote; OR, odds ratio; 95% CI, 95% confidence interval. The significant results were in bold.
aData were calculated by unconditional logistic regression model after adjusting for age, menopause status, lymph node metastasis, myelosuppression, gastrointestinal side effects.
brs1925368 stands for rs6484711 (r2 = 1) and rs10747780 stands for rs184301136 (r2 = 0.97) from the 1000 Genomes Project.

TABLE 3 | Association analyses between variants and therapeutic effect of neoadjuvant chemotherapy in the replication stage.

SNPs HT vs. HW HV vs. HW Additive model Dominant model Recessive model

OR (95% CI)a P OR (95% CI)a P OR (95% CI)a P OR (95% CI)a P OR (95% CI)a P

rs6484711 0.63 (0.28–1.39) 0.253 0.35 (0.13–0.91) 0.032 0.59 (0.37–0.96) 0.033 0.53 (0.25–1.11) 0.094 0.46 (0.20–1.05) 0.065

rs184301136 1.81 (0.90–3.65) 0.095 – – 1.81 (0.90–3.65) 0.095 1.82 (0.91–3.66) 0.092 – –

HW, wild type homozygote; HT, heterozygote; HV, variant homozygote; OR, odds ratio; 95% CI, 95% confidence interval. The significant results were in bold.
aData were calculated by unconditional logistic regression model after adjusting for age, menopause status, lymph node metastasis, myelosuppression, gastrointestinal side effects.

DISCUSSION

Our study is the first to find that ABTB2 expression was
associated with efficacy in breast patients with luminal A
subtype who undergo epirubicin and docetaxel for NAC. In
addition, SNP rs6484711 variant A allele tend to increase the
expression of ATBT2 and patients with GA or AA genotype
suffer 63% lower effective rate than GG genotype (OR = 0.37,
P = 0.005). It is suggested that SNP rs6484711 variant A
allele could be a potential biomarker in luminal A subtype
of breast cancer patients who receive epirubicin and docetaxel
for NAC.

Up to now, anthracycline resistance is associated with
multiple mechanisms, including alteration in DNA repair,
changes in topoisomerase II activity, stemness of tumor cells,
and metabolic adaptation (19). Some studies have shown
that long non-coding RNA NONHSAT101069, SIRT6 protein,
transforming growth factor (TGF-β), fibroblast growth factor
receptor (FGFR) 4 rs1966265 and FGFR2 rs2981578 get involved
in anthracycline resistance in breast cancer (20–23), as well
as other factors. Genetic variations play an important role in
regulating drug resistance.

TABLE 4 | Association analyses between rs6484711 and therapeutic effect of

neoadjuvant chemotherapy in the combined study.

SNP Genotypes Effective/ineffectivea OR (95% CI)b P

rs6484711 GG 122/30 1.00

GA 155/49 0.80(0.47–1.37) 0.416

AA 36/23 0.37(0.18–0.74) 0.005

Additive 0.63(0.44–0.89) 0.010

Dominant 0.66(0.40–1.10) 0.109

Recessive 0.42(0.23–0.78) 0.006

OR, odds ratio; 95% CI, 95% confidence interval.
aEffective group contained participants with response of CR or PR to neoadjuvant

chemotherapy; Ineffective group contained participants with SD and PD to neoadjuvant

chemotherapy. bData were calculated by unconditional logistic regression model after

adjusting for age, menopause status, lymph node metastasis, myelosuppression,

gastrointestinal side effects.

SNP rs6484711 is located in the 5′UTR of ABTB2. Studies
have shown that the he majority variants in non-coding regions
of genome are often enriched in regulatory elements, which
in some cases interfere with gene expression and function (24,
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FIGURE 1 | Reporter gene expression driven by different rs6484711 alleles in MCF-7 (A) and T-47D (B) cells. Luciferase activities were shown as fold changes relative

to luciferase expression in cells transfected with empty vectors (pGL3-Basic). All constructs were cotransfected with PRL-TK to standardize transfection efficiency.

Data shown were the mean ± S.D. from three independent experiments, each had three replicates. ****P < 0.0001.

FIGURE 2 | The eQTL analyses of rs6484711. The associations between rs6484711 genotypes and ABTB2 levels in 65 BC tissues (A) and 1104 samples in TCGA

(B). ABTB2 mRNA levels were relative to GAPDH using qRT-PCR in our samples and were represented by a log transformation of fragments per kilobase of exon per

million fragments mapped (FPKM) value in TCGA data. The rs6484711[GA] and [AA] genotypes had significantly higher ABTB2 mRNA than the rs6484711[GG]

genotype (*P = 0.030, **P = 0.004). Results were shown as the means ± S.D., and P-value was from two-sided t-tests.

25). Through bioinformatics analysis, rs6484711 resides in the
ChIP-seq peaks of histone markers (such as H3K4me3 and
H3K27ac), as well as active chromatin accessibility (Figure 5),
indicating that rs6484711 may have a potential promoter-
like effect. Further eQTL analysis showed that the rs6484711
polymorphism regulated the expression of ABTB2 (Figure 2A),
and the expression of ABTB2 in the cell line carrying rs6484711
variant A allele increased significantly, which causes resistance to
epirubicin. It is suggested that this variant affects the sensitivity
to epirubicin in ER positive breast cancer by regulating the
expression of ABTB2, which is consistent with the conclusion
from analysis of TCGA database (Figure 2B). So our research
demonstrated that ABTB2 gene polymorphism can be used as a
predictor of efficacy for epirubicin.

The protein encoded by the ABTB2 gene is ankyrin repeat and
BTB/POZ domain-containing protein (26), which participates in
the pathological process of Parkinson’s disease by affecting the

accumulation of α-synuclein (27, 28). While reducing or lacking
the expression of ABTB2 can reduce liver fibrosis (29). It also
has the function of regulating cell growth and the degradation
of defective proteins, thereby affecting apoptosis (24, 30, 31).
The relationship between ABTB2 and breast cancer has not
been reported yet. Our analysis from database revealed that
the survival of patients with high expression of ABTB2 was
significantly shortened in ER-positive breast cancer, suggesting
that ABTB2 is closely related to the poor prognosis of ER-
positive breast cancer (Figure 4). The mechanism that affects
the prognosis is not yet clear. The results of gene ontology
(GO) analysis indicate that ABTB2 may be involved in the
cellular response to toxic substances, and for most cytotoxic
drugs with differentmechanisms they kill tumor cells by inducing
apoptosis (32, 33), implying that ABTB2 is involved in apoptosis.
It was found that the activity of cells overexpressing ABTB2 was
significantly increased after given epirubicin (Figures 3A–D),
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FIGURE 3 | Effects of ABTB2 on cell viability in epirubicin-treated MCF-7 and T-47D cells. Twenty-four hours after transfection with pcDNA-ABTB2 or control vectors,

MCF-7 (A,B) and T-47D (C,D) cells were treated with epirubicin (0.5 and 1.0µM, respectively) for 0, 24, 48, and 72 h. (E,F) Test of caspase-3 activity in

ABTB2-overexpression cells or control cells treated with 1.0µM epirubicin in both the two breast tumors cell lines. Experiments were repeated three times with mean

± S.D. *P < 0.05, **P < 0.01, ***P < 0.001.

FIGURE 4 | The overall survival in different expression of ABTB2 in ER-positive breast cancer. We obtain data from two different published database. ABTB2

expression correlated with overall survival in 560 ER-positive breast cancer patients through GOBO Gene Set Analysis, P = 0.049 (A); Patients with high expression of

ABTB2 has significantly shorter overall survival than those with low expression (B) P = 0.0003.

and the activity of caspase-3 in this group of cell lines was
significantly inhibited (Figures 3E,F), disclosing that ABTB2
reduces the sensitivity of ER-positive breast cancer cell lines to
epirubicin by inhibiting tumor cell apoptosis. It was the first
time that our study reported the relationship betweenABTB2 and

breast cancer prognosis, and the mechanism of ABTB2-inducing
resistance to epirubicin’s cytotoxicity.

For now, neoadjuvant endocrine plus targeting therapy is used
in more and more patients, and predictive biomarkers of this
regimen need to be explored.
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FIGURE 5 | Location of rs6484711 in the ChIP-seq peaks. Through bioinformatics analysis, rs6484711 resides in the ChIP-seq peaks of histone markers (such as

H3K4me3 and H3K27ac), as well as active chromatin accessibility.

CONCLUSION

In conclusion, this study was the first to discover that
patients with luminal A breast cancer carrying SNP rs6484711
variant A allele at ABTB2 5′UTR can significantly reduce
the effectiveness of epirubicin combined with docetaxel by
regulating the expression of ABTB2 protein. We also reported
that ABTB2 is related to the resistance of breast cancer cells
to epirubicin and the prognosis of ER-positive breast cancer,
suggesting that SNP rs6484711 variant A allele can be used
as a predictive marker for the efficacy of epirubicin combined
with docetaxel for NAC in luminal A breast cancer and
ABTB2 can be used as a prognostic marker for ER-positive
breast cancer.
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Breast cancer patients with metastatic disease have a higher incidence of deaths from
breast cancer than patients with early-stage cancers. Recent findings suggest that there
are differences in immune cell function between metastatic and non-metastatic cases,
even years before diagnosis. We have analyzed whole blood gene expression by Illumina
bead chips in blood samples taken using the PAXgene blood collection system up to two
years before diagnosis. The final study sample included 197 breast cancer cases and 197
age-matched controls. We defined a causal directed acyclic graph to guide a Bayesian
data analysis to estimate the risk of metastasis associated with the expression of all genes
and with relevant sets of genes. We ranked genes and gene sets according to the sign
probability for excess risk. Among the screening detected cancers, 82% were without
metastasis, compared to 53% of between-screening detected cancers. Among the
highest ranking genes and gene sets associated with metastasis risk, we identified
plasmacytiod dentritic cell function, the SLC22 family of transporters, and glutamine
metabolism as potential links between the immune system and metastasis. We conclude
that there may be potentially wide-reaching differences in blood gene expression profiles
between metastatic and non-metastatic breast cancer cases up to two years before
diagnosis, which warrants future study.

Keywords: breast cancer, metastasis, transcriptomics, blood, immune system, Bayesian data analysis,
causal diagrams
INTRODUCTION

In recent decades, survival of breast cancer has increased substantially (1). However, among breast
cancer patients, the proportion of deaths due to breast cancer increases with advanced tumor stage,
particularly for metastatic cancer (2). Improving our understanding of metastatic disease may lead
to better diagnosis and increased survival.

The host immune response plays an important role in modulating the progression of cancer,
including the progression of metastasis (3). The fate of a disseminated cancer cell depends on its
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interactions with the immune cells it encounters during its
transit through the circulatory system. Its fate also depends on
escaping from clearance by the immune system (4). A study on
node-positive (metastatic) and node-negative (non-metastatic)
breast cancer patients showed different mRNA gene expression
patterns, both in tumors and lymph nodes, but also in the
peripheral blood (5). In the blood cells of non-metastatic
patients, gene expression patterns related to lymphocyte
activation and B-cells were up-regulated, indicating a systemic
down-regulation of immune function in patients with
metastasis (5).

The diagnostic potential of blood gene expression profiles for
breast cancer has been investigated in blood samples taken at the
time of diagnosis (6). But so far only diagnostic gene expression
tests based on tumor tissue have reached clinical use (7). Still,
previous findings from the NOWAC Post-genome cohort
suggest that blood gene expression profiles differ between
future breast cancer cases and healthy controls up to 8 years
before diagnosis, stratifying on cancer stage and mode of
detection (8, 9). Routine mammography screening in Norway
is offered every two years to women over the age of 50.
Mammography-detected cancers are found at an earlier stage
of the carcinogenic process compared to clinically detected
cancers (10). Interval cancers, i.e., those that are detected in
the interval between screenings, are often of a more aggressive
type, as they arise and are clinically detected less than two years
after a screening mammogram (11).

In this study we used whole-genome gene expression data
from 197 breast cancer cases and age-matched controls from the
Norwegian Women and Cancer (NOWAC) Post-genome
cohort. Our aim was to investigate the potential differences
in blood gene expression profiles between patients with
metastasized cancer and patients with non-metastasized
cancer. This is an exploratory analysis to uncover promising
avenues for future research. Hence, we do not focus on
hypothesis testing and control of the error rates associated
with these procedures. Instead, we apply Bayesian modeling to
shrink estimates toward reasonable ranges.
MATERIALS AND METHODS

The NOWAC study is a nationally representative, prospective
questionnaire-based cohort of approximately 170 000 middle-
aged women (12). Among NOWAC participants, approximately
50 000 women born in 1943-1957, were randomly selected and
invited to participate in the NOWAC Post-genome cohort (13).
During the years 2003-2006, these women provided blood samples
and additional questionnaires on lifestyle and reproductive factors
at the time of blood sampling. The blood samples were collected
using the PAXgene Blood RNA system (Preanalytix/Qiagen,
Hilden, Germany), which preserves the RNA profile of the
blood sample for future transcriptomic analysis.

The Cancer Registry of Norway provided information on
mammography screening attendance and clinical information on
cancer diagnoses. The most recent cancer registry update for the
Frontiers in Oncology | www.frontiersin.org 230
present study is from 2017. We defined breast cancer cases with a
positive lymph node status as metastatic cases. Breast cancer
subtypes were defined in accordance with the consensus (14) on
clinical and molecular classification of breast cancer tumors (15,
16). This is based on hormone receptor status (estrogen receptor:
ER, and progesterone receptor: PR) and human epidermal
growth factor receptor 2 (Her2). There was some missing
information on receptor and/or HER2 status: ER: 3 missing,
PR: 3 missing, and Her2: 19 missing. These cases were defined as
subtype unknown. Follow-up time was defined as the number of
days between the date of blood sample donation and the date
of diagnosis.

For our study, we started out with 231 women who were
diagnosed with breast cancer at most two years after providing a
blood sample. We drew age-matched, healthy controls from the
NOWAC Post-genome cohort. Due to missing data on height,
weight, or HRT use, we excluded seven cases and their
corresponding controls. We also excluded nine case/control
pairs due to missing information on screening attendance, and
three due to missing metastasis status. Finally, we excluded 15
case/control pairs due to missing gene expression data for the
control. This left a final study sample for data analysis of 197
breast cancer cases and 197 age-matched controls. Since we
compared cases with metastasis to cases without metastasis, the
controls served merely as a normalization of expression levels.
This is primarily useful to mitigate batch effects.

We performed all data processing and analysis in R, using the
Bioconductor and rstan packages (https://www.r-project.org/).
The code we produced for this project is available online at
https://github.com/uit-hdl/holsbo_olsen_2020.
Laboratory Analyses and Data
Pre-Processing
The Illumina-certified Genomics Core Facility at the Norwegian
University of Science and Technology processed the blood
samples. We kept each case-control pair together throughout
the lab procedures to minimize technical variability, since the
pairs are always processed at the same time in the same batches.
Total RNA was isolated in accordance with the manufacturer’s
protocol (PAXgene Blood miRNA isolation Kit). RNA purity was
assessed by NanoDrop ND 8000 spectrophotometer
(ThermoFisher Scientific, Wilmington, DE, USA), and RNA
integrity by Bioanalyzer capillary electrophoresis (Agilent
Technologies, Palo Alto, CA, USA). mRNA was amplified and
labeled using the Illumina TotalPrepT-96 RNA Amplification
Kit (Ambion Inc., Austin, TX, USA), and hybridized to Illumina
HumanWG-6 v.3 Expression BeadChip microarrays (Illumina,
Inc. San Diego, CA, USA). The raw microarray images were
processed in Illumina GenomeStudio.

We performed preprocessing of the raw microarray data
according to the NOWAC standard procedure (17). Broadly
this comprises the following steps; see the code linked above and
the referenced manuscript for details:

1. Background correction of expression values using negative
control probes.
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2. Transform the expression values by x2 = log2 (xraw)
3. Filter out genes expressed below detection threshold (p <

0.01).
4. Filter out rare genes expressed in fewer than 15% of our

observations.
5. Map Illumina probe IDs to gene symbols.
6. Remove probes with low annotation quality.
7. If several probes map to the same gene, keep the one with the

highest inter-quartile range in its measurements.
8. Define differential gene expression as the difference in log2

expression between a given case and its corresponding
control.

Finally, as a data reduction step, we removed 2012 genes
where the mean signal was more than 20 times the size of the
standard deviation, i.e., genes that show little variation. After
preprocessing, there were 6664 genes left in the gene
expression matrix.

Analysis Suggested by DAG
We investigated the relationship between immune system
activity, as measured by blood gene expression, and breast
cancer metastasis. To guide this investigation we mapped out a
causal diagram to the best of our ability. The diagram (Figure 1)
suggests that we can obtain a causal estimate by adjusting for
“aggression”. Since we cannot measure the aggressiveness
of a cancer directly, we used detection mode as a proxy
variable that could provide partial de-confounding. We hence
estimated separate sets of parameters for screening cancers and
interval cancers.
Frontiers in Oncology | www.frontiersin.org 331
Model
We modeled metastasis probability for a single gene g, pg, as a
function of differential expression, xg (i.e., log2 expressioncase –
log2 expressioncontrol). We did this by a Bayesian hierarchical
model, stratifying by mode of detection, s ∈{screening, interval}
with partial pooling between strata. For the observed metastatic
status of person i, yi ∈{0, 1}, we specified the following model:

yi ∼ Bernoulli pg,i
� �

, (1)

logit pg,i
� �

= ag,si + bg,si xg,i, (2)

ag ,si ∼ normal −1, 1ð Þ, (3)

bg,si ∼ normal(mg,sg), (4)

mg ∼ normal 0, 0:1ð Þ, (5)

sg = es
0
g , (6)

s 0
g ∼ normal 0, 0:2ð Þ : (7)

The function logit(p) = log(p) − log(1 − p) is the logarithmic
odds of metastasis. Equations 1–4 describe a logistic regression
with varying slopes between detection methods. I.e. we
considered the association between risk and differential
expression to be similar but not identical for screening and
interval cancers. Equations 5–7 define the hyperpriors for the
FIGURE 1 | Directed acyclic graph for the relationship between pre-diagnostic blood gene expression and breast cancer metastasis.
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slopes. Equations 6, 7 imply a lognormal distribution for sg. We
used this non-centered parameterization because it makes the
estimation faster and more reliable. We estimated these models
using the NUTS sampler implemented in Stan (18). Having
estimated the posterior distributions for our parameters in each
detection setting, we integrated the detection setting out to
obtain the average causal estimates.

ag ∼o
s
p(s)ag,s,

bg ∼o
s
p(s)bg,s :

Excess Risk
We standardized cg to have mean zero and standard deviation of
unity. This makes logit−1 (ag) the metastasis probability, or risk,
for an individual with average differential expression of gene g.
Likewise the quantity logit−1 (ag + zbg) is the risk for someone
with differential expression z standard deviations higher than the
average. We call the quantity

rg =  logit−1(ag +  0:1bg) −  logit−1(ag)

the excess risk of metastasis for gene g. We chose Z = 0.1
because in our data most differences in means between
metastases and non-metastases fall between ± 0.1 standard
deviations. Hence we considered this a reasonable increase in
differential expression for our investigation.

Excess risk is a signed quantity on the absolute scale. An excess
risk of 0.01, or 1%, means that the risk of someone with elevated
expression in a certain gene has a risk of 1% more than someone
with average expression. I.e. if the risk associated with average
expression is 25%, which it roughly tends to be, the risk of someone
with 2% excess risk is 27%. A negative excess risk suggests that
decreased expression has a higher metastatic risk, which implies
under-expression among metastatic cases. We use excess risk
throughout to assess how important the variation of a certain
gene’s expression is for metastatic spread.

Priors
We chose our priors to provide a slight shrinkage toward the null
effect. The prior parameters are chosen ad hoc to provide a
relaxed coverage of the parameter sizes we see fitting gene-wise
maximum likelihood regressions for other outcomes (smoking
and similar). This discourages outrageous estimates while still
lending credence to realistic sizes. Figure 2 shows prior
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predictive distributions for ags and bgs along with the implied
prior predictive distribution for excess risk. We have centered the
prior distribution for ags , the log odds for someone with average
expression, on what roughly corresponds to a risk of 25%, which
is what is seen in the population. The prior implied excess risk is
sharply peaked around 0 and has the middle 60% of its mass in
the range ± 0.014.

Ranking Genes and Gene Sets
The sign probability of an excess risk is p (rg > 0) when the
median of rg is positive and p(rg < 0) when the median is
negative. This probability lies between.5 and 1 and expresses how
much of the density for rg lies away from zero. A high sign
probability means that we are quite sure of the direction of an
excess risk but does not say anything about its magnitude. We
used sign probability both to rank genes and to rank gene sets.

We ranked genes in decreasing order by sign probability and
examined the first 100.

We ranked gene sets by the average sign probability in a given
set. We extracted gene sets from the Molecular Signatures
Database v.7.0 (MSigDB, (19)), using the following collections:
Hallmark gene sets (H, (20)), Curated gene sets (C2), and Gene
ontology gene sets-Biological processes (C5 BP). We examined
the top 50 sets among these collections.

Ethical Considerations
The NOWAC study was approved by the Norwegian Data
Inspectorate and the Regional Ethical Committee of North
Norway (reference: REK NORD 2010/2075). All women gave
written, informed consent. Collection and storage of biological
material was approved by the REK in accordance with the
Norwegian Biobank Act (reference: P REK NORD 141/2008
Biobanken Kvinner og Kreft ref. 200804332-3).
RESULTS

In our study population of 394 middle-aged women (197 cases,
197 controls), age, BMI, smoking, and parity were similar
between breast cancer cases and controls (Table 1). HT use
among cases was slightly higher than among controls. Most
cancers diagnosed in the mammography screening program
were metastasis-free (82%, Table 2). This was much lower
among those diagnosed in the interval (53%). This difference
lends credibility to the decision to stratify by detection mode.
The Luminal A, Triple negative, and HER2 positive subtypes
FIGURE 2 | Prior predictive distributions. Prior predictive distributions for ags and bgs along with the implied prior predictive distribution for excess risk of breast
cancer metastasis.
October 2020 | Volume 10 | Article 575461

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


Holsbø and Olsen Metastasis and Blood Gene Expression
were slightly more common among the metastasized cancers.
However, for the latter two subtypes, the number of cases in each
group is very small, so it is difficult to draw conclusions
(Table 2).

Shrinkage Size
Figure 3 shows a comparison of excess risk estimates between
our posterior mean predictions and classical maximum
likelihood estimates. As expected, there is a slight shrinkage
toward an excess risk of null.

Genes and Gene Sets Associated With
Excess Risk of BC Metastasis
Figure 4 shows the estimated excess risk of metastasis for the 100
genes with the highest sign probability. The first part shows up-
regulated genes, and the second shows down-regulated genes.
We show the full list of 100 genes in Supplementary Table 1.
Out of these 100 genes, 42 were associated with increased risk
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(over-expressed in metastatic cases), and 58 were associated with
decreased risk (under-expressed in metastatic cases). Among the
genes associated with increased risk, some have been previously
described in plasmacytiod dentritic cells (pDCs), including
TARBP1, TNFRSF21, TPM2, DAB2, SCAMP5, and RIMS3.
There are also three genes related to glutamine metabolism
(SIRT4, PHGDH, CTPS1). Among the 58 single genes
associated with increased metastasis risk there are some related
to heme metabolism (e.g. BMP2K, RHC, RHD, SLC22A4,
SLC30A1), transmembrane transport of ammonium (e.g.
SLC22A4, -5, RHCE, RHD) and cations (those of ammonium
transport, as well as FKBP1A, SLC2A9, STEAP4). There are
several genes related to immunological processes (e.g. TRAF3,
LILRA5, SIGLEC9).

Table 3 and Supplementary Table 2 shows the top 20 and
top 50 gene sets associated with risk of metastasis, respectively.
The gene set results reflect the tendencies from the single gene
analysis, with processes including glutathione derivative
biosynthesis, ammonium transport, and immune functions
(macrophage activation, IL2 signaling, antigen processing)
being represented among the top 20 gene sets. In the gene set
G O _
GLUTATHIONE_DERIVATIVE_BIOSYNTHETIC_PROCESS
(Figure 5), the seven included genes were associated with both
increased risk (GSTM1, GSTM2) and decreased risk (MGST1).
In contrast, four members of the SLC22 family were associated
with decreased risk in the REACTOME_ORGANIC_
CATION_TRANSPORT gene set (Figure 6). To identify the
genes that drive the gene set results, we list genes present in
multiple gene sets in Table 4. Their association with metastasis
risk is displayed in Supplementary Figure 1. There were 18
genes present in three or more gene sets, four genes were present
in four gene sets (GSTM1, GSTM2, SLC22A16, SLC22A4), and
two genes were present in six gene sets (SLC22A5, SRC).
DISCUSSION

In this study we analyzed gene expression profiles in
prospectively collected blood samples and examined genes and
gene sets associated with risk of BC metastasis. Among the top
genes, we identified pDC-related genes and processes like
glutamine metabolism, several SLC22 transporters, and
immune-related genes. Gene set analysis showed a similar
TABLE 1 | Descriptive characteristics of breast cancer cases and healthy
controls.

Controls Breast cancer,
non-metastasized

Breast cancer, metastasized

n 156 115 41
Age 56.1 56.1 56.2
BMI 25.5 25.6 26.2
Smoking 37 (24%) 26 (23%) 10 (24%)
HT use 29 (19%) 41 (36%) 12 (29%)
Parity 1.9 1.8 1.8
BMI, body mass index; HT, hormone therapy.
TABLE 2 | Characteristics of the breast cancer cases.

Non-metastasized Metastasized

Follow-up time 319 376
Detection mode
Screening 91 (79%) 20 (49%)
Interval 24 (21%) 21 (51%)
Subtypes
Luminal A 59 (51%) 26 (63%)
Luminal B 9 (8%) 4 (10%)
Triple negative 2 (2%) 3 (7%)
HER2 positive 0 3 (7%)
Unknown 45 (39%) 5 (12%)
FIGURE 3 | Shrinkage of predictions. Posterior mean predictions from our Bayesian models, compared to classical maximum likelihood estimates (MLE) in terms of
predicted excess risk of breast cancer metastasis.
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overall picture. Among the up-regulated genes, estimates of
excess risk lie mostly between 0 and.01, with some skew
toward higher excess risk. The trend is similar among the
down-regulated genes in the opposite direction. The sign
probability for the top 100 genes was generally high, with no
probability below 0.9. In the gene sets, average sign probability
lay in the range.75–.85.

Biological Aspects
Among the single genes associated with increased risk in our study,
some have been previously described in plasmacytoid dendritic cells
(pDCs) after vaccination against influenza (21). In general, pDCs
Frontiers in Oncology | www.frontiersin.org 634
are antigen presenting cells that initiate and coordinate immune
responses. In line with these functions, antigen processing and
presentation were among our top gene sets. pDCs have not been
extensively studied in the cancer setting (22). Nevertheless, their
presence in primary tumors were identified as negative prognostic
markers for overall and relapse-free survival of breast cancer (23). In
contrast, another study found positive association between
circulating pDCs and breast cancer survival (24). In the latter
study, there were lower levels of circulating pDCs in late stage
cancers, but metastatic cancers were not investigated. The six genes
related to pDCs were not found together in any of our investigated
gene sets. This may be due to the fact that pDCs are somewhat
FIGURE 4 | Continued
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FIGURE 4 | Genes associated with breast cancer risk. Distributions for excess risk of breast cancer metastasis for the up-regulated and down-regulated genes that
were present among the top 100 genes associated with risk. The middle area shaded with the deepest value is the region between the 0.45–0.55 quantile. Each
lightening of value extends these quantiles .05 in each direction (i.e. 0.4–0.6, 0.35– 0.65, etc.).
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newly described, and related gene sets may not be included in the
MSigDB collections that we included for our gene set analysis.

Four members of the SLC22 family were among the genes most
frequently found in our gene set data, all of which were associated
with decreased risk of metastasis (i.e. down-regulated). Two were
among the top 100 single genes associated with metastasis risk. This
family of transporters are involved in diverse and ubiquitous
processes like metabolism, and inter-organ and inter-organism
signaling. A recent review suggests they have equal importance as
the neuroendocrine system and growth factor-cytokine system (25).
Their role in cation transport, carnitine handling, and drug/
xenobiotic metabolism can be recognized in our results.
However, as with all wide-ranging processes, specific hypotheses
for the role of the SLC22 family in immune processes related to
breast cancer metastasis cannot easily be reached based on
transcriptomic data.

We identified three single genes of glutamine metabolism
associated with increased risk of metastasis, and related gene sets
were among our top identified gene sets. Glutamine is the body’s
most abundant amino acid and is considered a “fuel for the
Frontiers in Oncology | www.frontiersin.org 836
immune system”. It is an essential amino acid for lymphocyte
proliferation, cytokine production, and activities of macrophages
and neutrophils (26). Low glutamine levels may impair immune
cell function, with detrimental health effects (26). Based on our
findings of differential expression of genes and gene sets related
to glutathione, one might speculate that activity in the immune
system is elevated in response to a metastatic tumor, as compared
to that of a non-metastatic tumor.

Methodological Aspects
DAGs are helpful for translating causal relationships into
associations and create an overview of the subject matter as a
basis for interdisciplinary discussions with the aim of designing an
analysis strategy. But as with any method, there are strengths and
weaknesses. Drawing the diagram to include all relevant
assumptions is a challenge, also because absence of an arrow is a
strong assumption. Nevertheless, drawing the DAG forces clarity
about the underlying assumptions. To the extent that the diagram
represents the true causal relationships, it helps identifying key
sources of bias.
TABLE 3 | Top 20 gene sets associated with risk of BC metastasis, ranked by the average sign probability.

Gene set name Avg. sign p.

GO_AMMONIUM_TRANSMEMBRANE_TRANSPORT 0.866
GO_EPITHELIAL_CELL_CELL_ADHESION 0.853
GO_MACROPHAGE_ACTIVATION_INVOLVED_IN_IMMUNE_RESPONSE 0.839
REACTOME_INTERLEUKIN_2_SIGNALING 0.801
GO_SYNAPTIC_VESICLE_MATURATION 0.795
GO_NEGATIVE_REGULATION_OF_NEUROTRANSMITTER_SECRETION 0.789
GO_MITOCHONDRIAL_RNA_MODIFICATION 0.783
GO_GLUTATHIONE_DERIVATIVE_BIOSYNTHETIC_PROCESS 0.777
GO_PRIMARY_ALCOHOL_CATABOLIC_PROCESS 0.777
KEGG_DRUG_METABOLISM_CYTOCHROME_P450 0.777
GO_PHASIC_SMOOTH_MUSCLE_CONTRACTION 0.776
GO_NEGATIVE_REGULATION_OF_ACTIVIN_RECEPTOR_SIGNALING_PATHWAY 0.776
GO_ANTIGEN_PROCESSING_AND_PRESENTATION_OF_ENDOGENOUS_PEPTIDE_ANTIGEN 0.776
VALK_AML_CLUSTER_13 0.776
GO_POSITIVE_REGULATION_OF_CARDIAC_MUSCLE_CELL_DIFFERENTIATION 0.775
REACTOME_SYNTHESIS_OF_LEUKOTRIENES_LT_AND_EOXINS_EX 0.774
WENG_POR_TARGETS_GLOBAL_DN 0.769
GO_PEPTIDE_CATABOLIC_PROCESS 0.767
MATZUK_SPERMATOGONIA 0.767
GO_ENDODERMAL_CELL_FATE_COMMITMENT 0.767
October 2020 | Volume 10 | A
Avg. sign p., average sign probability.
FIGURE 5 | Excess risk estimates for genes of the GO_GLUTATHIONE_DERIVATIVE_BIOSYNTHETIC_PROCESS gene set.
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FIGURE 6 | Excess risk estimates for genes of the REACTOME_ORGANIC_CATION_TRANSPORT gene set.
TABLE 4 | Genes present in multiple gene sets.

gene n sets

SLC22A5 6 GO_AMMONIUM_TRANSMEMBRANE_TRANSPORT, GO_QUATERNARY_AMMONIUM_GROUP_TRANSPORT,
REACTOME_IMPORT_OF_PALMITOYL_COA_INTO_THE_MITOCHONDRIAL_MATRIX,
REACTOME_ORGANIC_CATION_ANION_ZWITTERION_TRANSPORT,
REACTOME_ORGANIC_CATION_TRANSPORT, WENG_POR_TARGETS_GLOBAL_DN

SRC 6 GO_POSITIVE_REGULATION_OF_PODOSOME_ASSEMBLY, GO_TRANSCYTOSIS, PID_GLYPICAN_1PATHWAY,
PID_NFKAPPAB_ATYPICAL_PATHWAY, REACTOME_EPHRIN_SIGNALING,
REACTOME_P130CAS_LINKAGE_TO_MAPK_SIGNALING_FOR_INTEGRINS

GSTM1 4 GO_GLUTATHIONE_DERIVATIVE_BIOSYNTHETIC_PROCESS, GO_XENOBIOTIC_CATABOLIC_PROCESS,
KEGG_DRUG_METABOLISM_CYTOCHROME_P450,
KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450

GSTM2 4 GO_GLUTATHIONE_DERIVATIVE_BIOSYNTHETIC_PROCESS, GO_XENOBIOTIC_CATABOLIC_PROCESS,
KEGG_DRUG_METABOLISM_CYTOCHROME_P450,
KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450

SLC22A16 4 GO_AMMONIUM_TRANSMEMBRANE_TRANSPORT, GO_QUATERNARY_AMMONIUM_GROUP_TRANSPORT,
REACTOME_ORGANIC_CATION_ANION_ZWITTERION_TRANSPORT,
REACTOME_ORGANIC_CATION_TRANSPORT

SLC22A4 4 GO_AMMONIUM_TRANSMEMBRANE_TRANSPORT, GO_QUATERNARY_AMMONIUM_GROUP_TRANSPORT,
REACTOME_ORGANIC_CATION_ANION_ZWITTERION_TRANSPORT,
REACTOME_ORGANIC_CATION_TRANSPORT

ALDH3B1 3 GO_PRIMARY_ALCOHOL_CATABOLIC_PROCESS, KEGG_DRUG_METABOLISM_CYTOCHROME_P450,
KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450

ARRB2 3 GO_POSITIVE_REGULATION_OF_CARDIAC_MUSCLE_CELL_DIFFERENTIATION,
GO_POSITIVE_REGULATION_OF_CARDIOCYTE_DIFFERENTIATION, PID_NFKAPPAB_ATYPICAL_PATHWAY

EDN1 3 GO_PHASIC_SMOOTH_MUSCLE_CONTRACTION,
GO_POSITIVE_REGULATION_OF_CARDIAC_MUSCLE_CELL_DIFFERENTIATION,
GO_POSITIVE_REGULATION_OF_CARDIOCYTE_DIFFERENTIATION

EFNB2 3 GO_POSITIVE_REGULATION_OF_CARDIAC_MUSCLE_CELL_DIFFERENTIATION,
GO_POSITIVE_REGULATION_OF_CARDIOCYTE_DIFFERENTIATION, REACTOME_EPHRIN_SIGNALING

GSTO2 3 GO_GLUTATHIONE_DERIVATIVE_BIOSYNTHETIC_PROCESS, KEGG_DRUG_METABOLISM_CYTOCHROME_P450,
KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450

GSTT1 3 GO_GLUTATHIONE_DERIVATIVE_BIOSYNTHETIC_PROCESS, KEGG_DRUG_METABOLISM_CYTOCHROME_P450,
KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450

GSTZ1 3 GO_GLUTATHIONE_DERIVATIVE_BIOSYNTHETIC_PROCESS, KEGG_DRUG_METABOLISM_CYTOCHROME_P450,
KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450

KIT 3 GO_EPITHELIAL_CELL_CELL_ADHESION, GO_PHASIC_SMOOTH_MUSCLE_CONTRACTION,
MATZUK_SPERMATOGONIA

LCK 3 PID_GLYPICAN_1PATHWAY, PID_NFKAPPAB_ATYPICAL_PATHWAY, REACTOME_INTERLEUKIN_2_SIGNALING
LTC4S 3 GO_LIPOXYGENASE_PATHWAY, REACTOME_SYNTHESIS_OF_LEUKOTRIENES_LT_AND_EOXINS_EX,

RUAN_RESPONSE_TO_TNF_TROGLITAZONE_UP
MGST1 3 GO_GLUTATHIONE_DERIVATIVE_BIOSYNTHETIC_PROCESS, KEGG_DRUG_METABOLISM_CYTOCHROME_P450,

KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450
SLC25A20 3 GO_AMMONIUM_TRANSMEMBRANE_TRANSPORT, GO_QUATERNARY_AMMONIUM_GROUP_TRANSPORT,

REACTOME_IMPORT_OF_PALMITOYL_COA_INTO_THE_MITOCHONDRIAL_MATRIX
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Our DAG is based on well-established risk factors for breast
cancer. In the broad context, these risk factors act through two
main mechanisms: either through DNA damage, or through
hormone-related processes. Age, alcohol use, and smoking
(Figure 1, blue) all increase cancer risk by causing accumulation
of DNA damage in the cells. On the other hand, exposure to
endogenous hormones (Figure 1, yellow) implies the exposure of
cells to mitogenic substances. Higher hormone exposure levels
(early onset of menarche, few or no pregnancies, use of HT), in
combination with presence of non-maturated cells (late or
no pregnancies, lack of breastfeeding) increases the risk of
uncontrolled cell division in those cells. Responsiveness to
hormone levels in both normal and cancerous cells depend on the
presence of receptors like ER and PR. A few risk factors act through
a combination of genetic and hormonal mechanisms (Figure 1,
green). For example, in postmenopausal women, the fatty tissue
produces estrogen (27); and excess body fat causes systemic
inflammation and intracellular stress, which may increase DNA
damage (28).

Strengths and Limitations
Our data is from a case-control study nested within the
prospective NOWAC Post-genome cohort. The advantage of
this study design is that recall bias is reduced because exposure
information is collected prospectively, before the onset of disease.
Also, selection bias is reduced due to the prospective cohort
being population-based. However, the nested case-control study
cannot be used to infer causality between the exposure and the
outcome. Specifically, it is not possible to measure and
statistically control for all variables that may affect breast
cancer metastasis. Hence the observed associations may
be confounded.

The blood samples from all participants were taken before
diagnosis of the disease. All the same, the cancer and/or the
metastasis may already be present, but clinically undetected. We
cannot determine if the gene expression profile is a cause or a
consequence of the cancer and/or metastasis. This limitation also
relates to the structure of the DAG: we have defined the gene
expression profile, as a proxy for immune system activity, to be
causally related to the metastasis. But this may not be biologically
accurate. There is a very close and complex interaction between the
immune system and the metastatic cancer that acts both via direct
cell-cell contact and via excreted factors. Extracellular and intracellular
signaling pathways are often redundant, two-way, and containing
feedback loops. None of thesemechanisms can be easily expressed via
a DAG. One solution might be to map out the molecular two-way
interactions and feedback loops as linear sequences of events in time
(29), but this is beyond the scope of our work.

Although it is possible for us to build this DAG on the macro-
scale of epidemiology, it is nigh impossible to do so on themolecular
level. We have made no effort to do so and simply do gene-by-gene
regressions. Hence there is almost certainly confounding on the
molecular level, as genes are known to operate together in pathways.

Along with the causality-related limitations discussed above,
which pertain to our study design and time of blood sampling,
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we stress that gene expression profiling is in its nature hypothesis
generating. In line with this, we have chosen a statistical
approach that focusses on model-based exploration as opposed
to the testing of hypotheses. In building our statistical model we
have made an effort to be scrupulous in reporting our
assumptions. We made some of these choices for convenience,
such as the use of single-gene regressions and the use of hard-
coded prior parameters rather than a hierarchical model. We
have explored other approaches to these data not reported here,
notably (8, 30).
CONCLUSION

In this work we have explored associations between breast cancer
metastasis and prospective blood gene expression profiles. We
conducted a Bayesian data analysis guided by a causal DAG to
identify genes and pathways associated with risk of metastasis.
Our results point to pDC function, the ubiquitous SLC22 family
of transporters, and glutamine metabolism as candidates for
future studies of the link between the immune system
and metastasis.

We have identified potentially wide-reaching differences
between metastatic and non-metastatic cases. The identified
processes reflect both recently discovered links between the
immune system and breast cancer metastasis, in the case of
pDCs, and more well-described pathways, like regulation of the
immune system by glutamine. Although the excess risk estimates
are small in magnitude, our findings provide potentially
important clues to the interaction between the immune system
and metastasis.
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Chemoresistance is considered to be a major cause of the recurrence and metastasis of
breast cancer (BC). LncRNA SNHG7 has been reported to be upregulated in breast
cancer and to promote tumor progression and metastasis. Nevertheless, the function and
potential regulatory mechanism of SNHG7 in BC drug resistance are still largely unclear.
This study indicated that SNHG7 was highly expressed in chemoresistant BC tissues and
cells. Upregulated SNHG7 might predict a low pCR rate and poor clinical outcome in BC
patients. Knockdown of SNHG7 enhanced drug sensitivity and drug-induced apoptosis in
chemoresistant BC cells. In terms of the mechanism, miR-34a was found to be a target of
SNHG7 and its expression in breast cancer tissues and chemoresistant cell lines was
negatively correlated with SNHG7 expression. Importantly, sh-SNHG7 upregulated miR-
34a expression, reduced the percentages of CD44+/CD24−cells, and inhibited sphere-
formation and stem cell factor (Oct4, Nanog, SOX2) expression. Functional loss
experiments showed that the repressive effect of SNHG7 knockdown on BC cell
stemness was partially reversed by transfection with miR-34a inhibitors. In summary,
this study indicated that SNHG7 contributed to the chemoresistance of BC and mediated
chemoresistance and cancer stemness by sponging miR-34a.

Keywords: lncRNA SNHG7, chemoresistance, stemness, breast cancer, miR-34a
INTRODUCTION

Breast cancer is one of the most prevalent cancers and the second leading causes of cancer-related
death among women worldwide (1). Due to the continuous optimization of diagnostic methods and
treatment measures, including surgery, chemotherapy and radiotherapy, the cure rate of BC has
drastically improved during the past decade (2). Nevertheless, chemoresistance frequently occurs in
Abbreviations: SNHG7, Small Nucleolar RNA Host Gene 7; BC, Breast cancer; NAC, Neoadjuvant chemotherapy; RFS,
Recurrence-free Survival; NSCLC, Non-small cell lung cancer; RECIST, Response Evaluation Criteria in Solid Tumors;
DMEM, Dulbecco’s Modified Eagle’s Medium; STR, Short tandem repeat; pCR, Pathological complete response; FFPE,
Formalin-fixed paraffin embedded; OS, Overall Survival; DFS, Disease-Free Survival; HR, Hazard ratio; CSCs, Cancer
stem cells.
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advanced BC patients, which also leads to a poor prognosis for
these patients (3). At present, doxorubicin and taxane are widely
used in systemic chemotherapy of BC and their resistance usually
implied the failure of the optimal treatment (4). Consequently, it
is of great importance to sequentially elucidate the underlying
mechanisms and to discover novel therapeutic targets to
overcome chemoresistance in breast cancer patients.

LncRNAs are characterized as transcripts >200 nucleotides
which have been widely focused on the regulation of gene
expressions and biological process of many cancer phenotype in
recent years (5). Numerous studies have indicated that lncRNAs
are involved in the regulation of both intrinsic and acquired
chemoresistance in breast cancer. LncRNA H19 induces
paclitaxel resistance to ERa-positive breast cancer through
epigenetic silencing of BIK gene (6) and leads to the propagation
of doxorubicin resistance via delivery of exosomes to sensitive
cells (7). LncRNA CASC2 mediates paclitaxel resistance to breast
cancer through targetingmiR-18a-5p/CDK19 axis (8). Knockdown
of lncRNA-HOTAIR downregulates resistance of breast cancer
cells to doxorubicin via the PI3K/AKT/mTOR signaling pathway
(9). LINC00968 reduces drug resistance in breast cancer cells
by blocking Wnt2/b-catenin signaling pathway through silencing
WNT2 (10).

SNHG7 is a newly recognized lncRNA that is significantly
upregulated in breast cancer (11). High expression of SNHG7
accelerates breast cancer tumorigenesis and progression by
sponging miR-34a to activate EMT and Notch-1 pathway (12).
Knockdown of SNHG7 was found to remarkably enhance
cisplatin resistance in NSCLC cells by downregulating the
PI3K/AKT pathway (13). Nevertheless, its exact role in the
chemoresistance of breast cancer is still fully unclear. The
present study aims to investigate the functions of SNHG7 in
regulating chemoresistance in breast cancer and to preliminarily
explore its potential molecular mechanism.
MATERIALS AND METHODS

Patients and Tissue Specimens
From March 2018 to April 2019, 43 patients with advanced
breast cancer who received at least six cycles of anthracycline-
and taxane-based NAC at Third hospital of Nanchang were
recruited for this study. All patients were female and
pathologically diagnosed with primary invasive breast cancer
by core needle biopsy prior to NAC. The median age of these
patients was 49 (range, 27–64) years. All of the patients were
treated according to the neoadjuvant chemotherapy standard in
the 2018 NCCN breast cancer guidelines. Baseline clinical
characteristics of all patients are shown in Table 1.

The patient response to NAC was assessed according to
RECIST 1.1 criteria. Patients with complete response (CR) and
partial response (PR) were classified as the response group.
Patients with stabilization of disease (SD) and progressive
disease (PD) were defined as Non-response group. In this
study, no invasive tumor in both breast and lymph nodes were
defined as pathological complete response (pCR) (14).
Frontiers in Oncology | www.frontiersin.org 242
All tissue samples were fixed for 10 h in 10% neutral-buffered
formalin before they were embedded in paraffin. A protocol for the
use of tissue samples frompatients and the procedures was approved
by the Ethics Committee of Third Hospital of Nanchang. All
participators signed an informed consent before enrollment.

Cell Culture and Induction of
Chemoresistance
Human normal breast epithelial cell MCF-10A and breast cancer
cells (MCF-7 and MDA-MB-231 cells) were purchased from the
Chinese Academy of Sciences (Shanghai, China). The cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco
BRL) supplemented with 10% fetal bovine serum (FBS,Gibco) in
a humidified atmosphere of 5% CO2 at 37°C.

To construct chemo-resistant breast cancer cells (MCF‐7/
ADM and MDA‐MB‐231/PTX), their parent cells were each
inducted by serial incremental concentrations of adriamycin and
paclitaxel for at least 6 months. Then they were cultured in
DMEM respectively containing with 4 mmol/L adriamycin and
10 µg/L paclitaxel to maintain the drug-resistant phenotype.

RNA Extraction and qRT-PCR
Total RNA in the tumors before NAC and cells was extracted
separately using RecoverAll™ Total Nucleic Acid Isolation kit
for FFPE (Thermo Fisher Scientific, Inc., Waltham, MA, USA)
and TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol. The RNA concentration in the
FFPE samples and cells was measured and the RNA was used for
TABLE 1 | Baseline clinical characteristics of all patients.

Variable N %

Menopausal status
Pre-menopausal 27 62.8%
Post-menopausal 16 37.2%

Staging
II-b 16 37.2%
III 27 62.8%

Histologic type
Invasive ductal carcinoma 33 76.7%
Other types 10 23.3%

ER status
Negative 22 51.2%
Positive* 21 48.8%

PR status
Negative 27 62.8%
Positive* 16 37.2%

HER-2 status
Negative 25 58.1%
Positive* 18 41.9%

Ki-67 index
Negative 10 22.3%
Positive* 33 76.7%

Surgical types
Breast conservation 2 4.7%
mastectomy 41 95.3%

Neoadjuvant Chemotherapy regimen
EC or FEC 7 16.2%
CET or AC-T or PD +/-H 36 83.8%
November 202
0 | Volume 10 | Article 5
*ER, PR Positive defined as “IHC positive cells ≥10%”; HER-2, Positive defined as “IHC 2+
OR Fish HER-2 gene amplified”; Ki-67, index positive defined as “IHC positive cells ≥30%”.
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reverse transcription and qRT-PCR. The detection of SNHG7
and miRNA-34a expressed in the clinical samples and cells was
performed in a Step-One Plus Real-Time PCR System (Applied
Biosystems, Carlsbad, CA). The qRT-PCR results were calculated
using the 2−DDCt method and were respectively normalized to
GAPDH and U6. The detail sequences of these primers used for
qRT-PCR are listed in Table 2.

Plasmid Transfection
Three small interfering RNAs against SNHG7 (si-SNHG7-1, si-
SNHG7-2, and si-SNHG7-3), negative control (si-NC), miRNA-
34a mimic (miR-34a), mimic control (NC-RNA), miRNA-34a
inhibitor and miRNA-34a inhibitor control (inhibitor NC) were
purchased from Ribobio (Guangzhou, China). A lentiviral vector
expressing shRNA directed against SNHG7 (sh-SNHG7) and its
scrambled shRNA (sh-NC), pcDNA3.1-SNHG7 vector (pc-
SNHG7) and control empty pcDNA3.1 vector (pc-vector) were
provided by GenePharma (Shanghai, China). These oligos and
plasmids were transfected into BC cells using Lipofectamine
3000 Reagent (Invitrogen, Carlsbad, CA, USA). The transfection
efficiency was assessed by qRT-PCR.

Drug Resistance Assay
Transfected BC cells were inoculated into 96‐well plates and
exposed to various concentrations of adriamycin and paclitaxel
for 48h. Subsequently,MTTassaywasused to examine cell viability
according to the manufacturer’s specification. To estimate
adriamycin and paclitaxel sensitivity, half‐maximal inhibitory
concentration (IC50) values were calculated based on the charted
dose-response curve generated by GraphPad Prism 7.0 software.

Apoptosis Assay
Cell apoptosis was assessed using FITC Annexin V Apoptosis
Detection Kit (BD Biosciences, USA) in accordance with the
manufacturer’s instructions. Transfected BC cells were cultured
in 6-well plates and then treated with the indicated concentration
of adriamycin or paclitaxel for 48 h. Subsequently, Cells were
stained with Annexin V-FITC and PI for 30 min. The FACScan
flow cytometry (BD Biosciences, San Jose, CA) was used to
determine the ratio of apoptotic cells.

Reporter Gene Assay
In all, 1×104 HEK-293T cells were seeded into a 48-well plate and co-
transfected with the SNHG7-luciferase reporter (10 ng) andmiR-34a
mimics (100 nmol/L) or NC-RNA using Lipofectamine 3000
Frontiers in Oncology | www.frontiersin.org 343
(Invitrogen, USA). The luciferase activities were measured with a
dual‐luciferase reporter gene assay system (Promega, Madison, WI,
USA). Renilla luciferase acted as a reporter gene for normalized control.

Tumorsphere Formation Assay
MCF-7/ADR cells with stable SNHG7 knockdown or empty
vector (2× 103/well) were grown in serum-free DMEM/F12
supplemented with 2% B27 (Gibco, Thermo Fisher), 20 ng/mL
human epidermal growth factor (Peprotech, Rocky Hill, NJ,
USA), 5 mg/mL insulin (Sigma-Aldrich, St. Louis, MO, USA),
1% penicillin and 0.4% bovine serum albumin (Sigma-Aldrich).
After culturing for approximately 10 days, the tumorsphere
formation were counted and quantified using a microscope
(Olympus IX71; Olympus, Tokyo, Japan).

CD44+/CD24- Surface Marker
Analysis by Flow Cytometry
MCF-7/ADR cells with stable SNHG7 knockdown or empty
vector were suspended and seeded into 6-well plates with a
density of 2x105 cells/well. Then cells were washed with PBS with
2% FBS, incubated in PBS containing 2% FBS, anti-CD44-FITC
(BD Biosciences) and anti-CD24-PE (BD Biosciences) for 30 min
at 4°C. After staining, cells were washed three times with cold
PBS buffer and analyzed by flow cytometry (BD Biosciences).
The CD44+/CD24- cells percentage was calculated using
FACSDiVa software (BD Biosciences).

Western Blot
The cells were lysed in RIPA lysis buffer supplemented with
protease inhibitor mixture. The protein samples were separated
by 12% SDS-PAGE gels and transferred to PVDF membranes
(Thermo Fisher Scientific Inc., MA, USA). Then the membranes
were immunoblotted with the primary antibody including anti-
OCT4, anti-Nanog and anti-Sox2 (mouse polyclonal, 1:1000,
Abcam, UK) overnight at 4°C. After washing in TBST, the
membranes were incubated with the secondary antibodies
conjugated by horseradish peroxidase (HRP) and the protein
bands were visualized using an enhanced chemiluminescence
imaging system (Clinx, Shanghai, China).

Statistical Analyses
Statistical analysis was performed using SPSS version 18.0
software (IBM, Chicago, IL, USA) and GraphPad Prism (vision
7.0, USA). Differences between variants were compared using a
Student’s t-test, Tukey’s test, and correlation analysis. Disease-
free survival (DFS) between the groups was analyzed using the
Kaplan-Meier method and log-rank test. The cut-off for the
follow-up period was April 15, 2020. A value of P<0.05 was
considered statistically significant.
RESULTS

High Expression of SNHG7 Was
Correlated With Chemoresistance
The expressions of SNHG7 were detected in 43 cases of breast
cancer tissue samples by RT-qPCR. The relative expression level
TABLE 2 | Primer Sequences For RT-qPCR.

Gene Sequence (5′-3′)

SNHG7 F:GTTGGGGTGTTGGCATTCTTGTT
R:GCGCCCAATACGACCAAATC

miR-34a F:AGCCGCTGGCAGTGTCTTA
R:CAGAGCAGGGTCCGAGGTA

GAPDH F:CGTCGCTAGCGATCGTTACA
R:CTAAATGCTAGTCTTTACGA

U6 F:CTCGCTT CGGCAGCACA
R:AACGCTTCACGAATTTGCGT
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of SNHG7 and the corresponding results of neoadjuvant
chemotherapy in 43 patients were shown in Figure 1A. To
evaluate the clinical significance of SNHG7 in advanced breast
cancer, these patients were subdivided into low- and high-
SNHG7 groups based on a median level of SNHG7 expression.
The corresponding results between neoadjuvant efficacy and
SNHG7 expression in BC patients with different molecular
subtypes were shown in Figure 1B. Statistical analysis found
that the expression of SNHG7 in response group (CR+PR) was
lower compared with its in Non-response group (SD+PD)
(P<0.001, Figure 1C). Moreover, the expression of SNHG7 in
the pCR group was significantly lower than that in the Non-pCR
group (p=0.019, Figure 1D).

Then the association between SNHG7 expressions and the
clinicopathologic parameters of breast cancer patients were
investigated. Statistical analysis showed that high SNHG7 levels
strongly correlated with Tumor size (P=0.012), TNM stage (P =
0.016) and Ki-67 index (P = 0.037) (Table 3). Interestingly,
Kaplan-Meier survival analysis revealed significantly DFS in
high-SNHG7 groups was higher than its in low-SNHG7
groups (Figure 1E, P= 0.029). These data implied that
upregulated SNHG7 might predict a low pCR rate and poor
clinical outcome in advanced breast cancer patients.

SNHG7 Was Highly Expressed in
Chemoresistant Breast Cancer Cells
The expression of SNHG7 in 5 breast cancer cell lines (MCF-7,
T47D, SKBR3, MD-MB231, BT549) and normal human breast
Frontiers in Oncology | www.frontiersin.org 444
epithelial cell line (MCF-10A) determined by qRT-PCR (Figure
2A). To investigate the expression level of SNHG7 in
chemoresistant breast cancer cells, the resistance of these cells
to adriamycin or paclitaxel was identified by MTT assay. The
results showed that the IC50 values of adriamycin in MCF‐7/
ADM cells and parental MCF‐7 cells were approximately 4.41
and 0.126, respectively (Figure 2B), while those of paclitaxel in
MDA‐MB‐231/PTX cells and parental MDA‐MB‐231 cells were
approximately 15.69 and 0.83, respectively (Figure 2C). The
subsequent qRT‐PCR assay revealed the upregulation of SNHG7
expression in chemoresistant breast cancer cells compared with
their respective parental cells (Figure 2D).

Knockdown of SNHG7 Promoted
the Sensitivity of Chemoresistant
Breast Cancer Cells
To determine whether SNHG7 exerted any function in breast
cancer, three synthesized small interference RNAs (si-SNHG7-1,
si-SNHG7-2, and si-SNHG7-3) were transfected into MCF‐7/ADM
andMDA‐MB‐231/PTX cells. QRT-PCR analysis indicated that the
introduction of SNHG7 siRNAs weakened SNHG7 expression in
MCF‐7/ADM and MDA‐MB‐231/PTX cells, especially in the si-
SNHG7-1-treated group (Figures 3A, B). Therefore, si-SNHG7-1
was defined as si-SNHG7 and was used in subsequent experiments.
Dramatically, SNHG7-silencing decreased cell viability and
enhanced adriamycin sensitivity in MCF-7/ADM cells and
enhanced paclitaxel sensitivity in MDA-MB-231/PTX cells
(Figures 3C–E). To further determine the role of SNHG7 in
A

B

D EC

FIGURE 1 | High expression of SNHG7 was correlated with an adverse response to NCT and poor RFS. (A, B) The relative SNHG7 expressions in BC patients with
different molecular subtypes and different response to NCT, including complete response (CR), partial response (PR), stable disease (SD) and progression disease
(PD). (C) The relative SNHG7 expression levels were associated with response to NCT. (D) The expression of SNHG7 in the pCR group compared with that in the
Non-pCR group. (E) The Kaplan–Meier survival curve of patients with advanced breast cancer classified as low- and high-SNHG7 groups based on a median
expression level of SNHG7. *P < 0.05.
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drug-induced apoptosis, flow cytometry analysis was performed in
MCF-7/ADM cells after exposure to 4 µmol/L adriamycin and in
MDA-MB-231/PTX cells after exposure to 10 µg/L paclitaxel. As
expected, SNHG7 knockdown enhanced drug-induced apoptosis in
MCF-7/ADM and MDA-MB-231//PTX cells (Figures 3F, G).
Collectively, SNHG7 knockdown facilitated drug sensitivity in
breast cancer cells.

SNHG7 Sponged MiR-34a in
Chemoresistant Breast Cancer Cells
A bioinformatics analysis (http://starbase.sysu.edu.cn/index.
php) revealed that putative complementary sequences of miR-
34a in human SNHG7 were located on chromosome 9q34.3 and
predicted miR-34a binding sites were found (Figure 4A). The
expression of miR-34a was measured in clinical samples, and
intriguingly, the results indicated that the expression of miR-34a
in the pCR group was significantly higher than that in the Non-
pCR group (p < 0.001, Figure 4B). Furthermore, a negative
correlation was observed between SNHG7 and miR-34a
expression in these breast cancer tissue samples (Figure 4C).
Interestingly, compared with the parental cells, the expression of
SNHG7 in MCF-7/ADR and MDA-MB-231/PTX cells was
increased, while the expression of miR-34a was decreased
(Figure 4D). A luciferase reporter assay was performed to
evaluate the direct interaction between SNHG7 and miR-34a.
The results showed that transfection of cells with miR-34a
mimics significantly decreased WT-SNHG7-luciferase activity
but that transfection with MUT-SNHG7 did not (Figure 4E). In
MCF-7/ADM cells, SNHG7 silencing increased miR-34a
A B

DC

FIGURE 2 | LncRNA SNHG7 was highly expressed in chemoresistant breast cancer cells. (A) The expression of SNHG7 in 5 breast cancer cell lines (MCF-7, T47D,
SKBR3, MD-MB231, BT549) and normal human mammary gland epithelial cell line (MCF-10A) determined by qRT-PCR. (B) The viability of MCF-7/ADR and the
parental MCF-7 cells, and the IC50 values of adriamycin were determined by MTT assay after exposure to different concentrations of adriamycin for 48 h. (C) The
viability of MDA-MB-231/PTX cells and the parental MDA-MB-231 cells,and the IC50 values of paclitaxel were determined by MTT assay after exposure to different
concentrations of paclitaxel for 48 h. (D) The lncRNA SNHG7 expression level was increased in chemoresistant cell lines (MCF-7/ADR and MDA-MB-231/PTX)
compared with parental cell lines (MCF-7 and MDA-MB-231). *P < 0.05.
TABLE 3 | SNHG7 expressions and clinicopathologic parameters of BC
patients.

Variable SNHG7 expression P value

High(n=21) Low(n=22)

menopausal status
Pre-menopausal 15 12 0.252
Post-menopausal 6 10

Tumor size
≤5cm 3 11 0.012
>5cm 18 11

Staging
II b 4 12 0.016
III 17 10

Histologic type
Invasive ductal carcinoma 18 15 0.174
Other types 3 7

ER status
Negative 12 10 0.443
Positive* 9 12

PR status
Negative 14 13 0.607
Positive* 7 9

HER-2 status
Negative 11 14 0.455
Positive* 10 8

Ki-67 index
Negative 2 8 0.037
Positive* 19 14
* ER positive: >1%; PR positive: >1%; HER-2 positive: IHC 3+ OR Fish +; Ki-67
positive: ≧20%.
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expression (Figure 4F), while SNHG7 transfection markedly
reduced miR-34a expression (Figures 4G, H). These results
suggested that SNHG7 directly targeted miR-34a and
negatively regulated miR-34a expression.
SNHG7 Modulated Chemoresistance
and Cancer Cell Stemness Partially
via MiR-34a
To further investigate themechanism of SNHG7 in chemoresistance,
MCF-7/ADR cells were co-transfected with SNHG7 shRNA and
miR-34a inhibitors. The results indicated that transfection of with
SNHG7 shRNA upregulated miR-34a expression in breast cancer
cells, which was exceptionally reversed by miR-34a inhibitors
(Figure 5A). An MTT assay revealed that knockdown of SNHG7
facilitated drug sensitivity of breast cancer cells, but nevertheless, the
inductive effect of SNHG7 inhibition on drug sensitivity of breast
cancer cells was patently abolished by miR-34a downregulation
(Figures 5B–D). The presence of breast cancer stem cells is one of
the most important reasons for chemoresistance and recurrence.
Flow cytometry analysis showed that the percentages of CD44+/
CD24– cells were decreased in SNHG7-deficient MCF‐7/ADR cells,
while this downward trend was partially reversed after treatment
Frontiers in Oncology | www.frontiersin.org 646
with miR-34a inhibitors (Figure 5E). A sphere formation assay
indicated that the diameters of sphere‐forming cells in the sh-
SNHG7 group were smaller than those of sphere-forming cells in
the NC-vector group, but the spheres were relatively restored to their
original size after transfection with miR-34a inhibitors (Figure 5F).
Furthermore, the protein expression levels of cell stemness markers,
including Nanog, SOX2, and OCT4, were reduced in sh‐SNHG7
MCF‐7/ADR CSCs, but also recovered as a result of miR-34a
silencing (Figure 5G). These results indicated that lncRNA
SNHG7 mediated drug resistance and cancer stemness by
sponging miR‐34a.
DISCUSSION

LncRNASNHG7 is located on chromosome 9q34.3, has a length of
2157 bp, and has been demonstrated to act as an oncogene in
tumors. Moreover, its dysregulation has been found to be
associated with carcinogenesis and progression of several cancers,
such as lung cancer (15), gastric cancer (16), glioblastoma (17) and
colorectal cancer (18). The expression of SNHG7 was upregulated
in breast cancer and was positively correlated with tumor stage,
lymph node metastasis and distant metastasis (19). SNHG7
A
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FIGURE 3 | Knockdown of SNHG7 promoted the sensitivity of chemoresistant breast cancer cells. (A) Three interference sequences of lncRNA SNHG7. (B) qRT-
PCR analysis was performed in MCF-7/ADR and MDA-MB-231/PTX cells transfected with SNHG7 siRNAs (si-SNHG7 #1, si-SNHG7 #2 or si-SNHG #3) or si-
control. (C) Cell viability was evaluated in MCF-7/ADR and MDA-MB-231/PTX cells transfected with si-SNHG7 or si-control by MTT assay. (D, E) Cell viability was
determined by MTT assay in transfected MCF-7/ADR and MDA-MB-231/PTX cells treated with various concentrations of adriamycin and paclitaxel. (F, G) Cell
apoptosis was evaluated by flow cytometry analysis in transfected MCF-7/ADR and MDA-MB-231/PTX cells after treatment with adriamycin or paclitaxel,
respectively. *P < 0.05.
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contributes to breast cancer tumorigenesis and progression by
sponging to regulate the miR-34a/Notch-1 axis (12), miR-381
(11), and miR-186 (19). However, whether SNHG7 is involved in
chemoresistance in BC remains unclear.

Taxane- and anthracycline-based regimens are effective
treatment options for advanced BC and are widely used in
Frontiers in Oncology | www.frontiersin.org 747
clinical practice. Chemoresistance to these drugs is believed to
be the main obstacle for the treatment of breast cancer (20). In
our study, we further found that the expression of SNHG7 was
upregulated in chemoresistant breast cancer, which was also
associated with an adverse response to NAC and poor RFS.
Knockdown of SNHG7 decreased cell viability, enhanced
A B
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C

FIGURE 4 | SNHG7 sponged miR-34a in chemoresistant breast cancer cells. (A) Bioinformatics analysis predicted that SNHG7 harbored miR-34a binding sites.
(B) miR-34a expression was associated with pCR of breast cancer after NAC. (C) miR-34a was negatively correlated with SNHG7 expression in breast cancer tissues.
(D) Compared with the parental cells, the expression of SNHG7 in MCF-7/ADR and MDA-MB-231/PTX cells was increased, while the expression of miR-34a was
decreased. (E) A luciferase activity assay was performed after co-transfection of HEK-293T cells with a reporter plasmid and miR-34a. (F) miR-34a expression increased
after transfection with si-SNHG7 into MCF-7/ADR and MDA-MB-231/PTX cells. (G, H) After MCF-7/ADR cells were transfected with the pcDNA3.1-SNHG7plasmid, the
expression of SNHG7 increased, whereas it markedly reduced miR-34a expression. *P < 0.05, **P < 0.01 represent a statistically significant difference.
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drug-induced apoptosis and facilitated drug sensitivity in breast
cancer cells. Similarly, Chen et al. (13) reported that knockdown
of SNHG7 remarkably enhanced cisplatin resistance in NSCLC
cells, which manifests as decreased cell viability, migratory
and invasive rates, DNA synthesis capacity, and promotion
of apoptosis.

Emerging evidence states that lncRNA SNHG7 sponges miR-
34a-5p to promote tumor progression, EMT and invasion in
different cancers (12, 21–23). In our study, using a luciferase
reporter assay and correlation analysis in NAC clinical samples,
we confirmed again that miR-34a-5p is a target miRNA of
SNHG7. In addition, miR-34a-5p was also demonstrated to be
directly combined with SNHG7 via a lncRNA gain/loss-of-
function strategy. MiR-34a expression in human breast cancer
is associated with drug resistance through targeting Bcl-2,
CCND1 and Notch 1 (24, 25). MiR-34a modulated breast
cancer stemness and drug resistance through GSK3/b-catenin
signaling (26). Our results further verified that knockdown of
Frontiers in Oncology | www.frontiersin.org 848
SNHG7 facilitated drug sensitivity of breast cancer cells through
miR-34a overexpression.

The presence of breast cancer stem cells (BCSCs) is one of
the most important reasons for chemoresistance and recurrence.
A previous study supported the finding that miR-34a acted as a
tumor suppressor and can separately reduce the stemness of
BCSCs (27, 28). Moreover, miR-34a can target PRKD1 to
overcoming cancer stemness and drug resistance in human
breast (26) and hTERT promoter-driven VISA delivery of
miR-34a (TV-miR-34a) can significantly inhibit the tumor-
initiating properties of long-term-cultured BCSC in vitro and
reduced the proliferation of BCSC in vivo (29). Accumulated
data have indicated that stable changes in the expression of
SOX2, OCT4 and Nanog affect the self-renewal capacity of CSCs
(27). Therefore, the role of SNHG7 in the stemness of breast
cancer cells was investigated in this study. The results indicated
that knockdown of SNHG7 decreased the percentages of
CD44+/CD24−cells, inhibited sphere-formation and stemness
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FIGURE 5 | SNHG7 modulated chemoresistance and cancer cell stemness partially via miR-34a. (A) The expression of miR-34a in MCF-7/ADR cells was detected
in MCF-7/ADR cells transfected with sh-NC, sh-SNHG7, sh-SNHG7+miR-34a inhibitor and sh-SNHG7+ inhibitor NC by qRT-PCR. (B–D) The IC50 of adriamycin in
MCF-7/ADR cells transfected with sh-NC, sh-SNHG7, sh-SNHG7+miR-34a inhibitor and sh-SNHG7+ inhibitor NC was determined by MTT assay. (E) The
percentages of CD44+/CD24- MCF-7/ADR cells transfected with sh-NC, sh-SNHG7, sh-SNHG7+miR-34a inhibitor and sh-SNHG7+ inhibitor NC was determined by
flow cytometry analysis. (F) The diameters of sphere-forming cells in the sh-NC, sh-SNHG7, sh-SNHG7+miR-34a inhibitor and sh-SNHG7+ inhibitor NC groups
were determined by sphere formation assay. (G) The protein expression levels of Nanog, SOX2, and OCT4 in MCF-7/ADR cells transfected with sh-NC, sh-SNHG7,
sh-SNHG7+miR-34a inhibitor and sh-SNHG7+ inhibitor NC were measured by western blot. *P < 0.05 represent a statistically significant difference.
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factors (Oct4, Nanog, SOX2) expression. Further functional loss
experiments showed that the repressed effect of SNHG7
knockdown on BC stemness was achieved by miR-34a.

In summary, the results of the present study indicated that high
expression of SNHG7 may be a predictor of chemoresistance in
breast cancer. Furthermore, the knockdown of lncRNA SNHG7
reduces drug resistance and inhibits stemness in breast cancer cells
via miR‐34a, which indicates that lncRNA SNHG7 may be a
potential therapeutic target to overcome chemoresistance in
breast cancer patients.
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Background: Metastatic breast cancer (MBC) is a highly heterogeneous disease and
bone is one of the most common metastatic sites. This retrospective study was
conducted to investigate the clinical features, prognostic factors and benefits of surgery
of breast cancer patients with initial bone metastases.

Methods: From 2010 to 2015, 6,860 breast cancer patients diagnosed with initial bone
metastasis were analyzed from Surveillance, Epidemiology, and End Results (SEER)
database. Univariate and Multivariable analysis were used to identify prognostic factors. A
nomogram was performed based on the factors selected from cox regression result.
Survival curves were plotted according to different subtypes, metastatic burdens and risk
groups differentiated by nomogram.

Results: Hormone receptor (HR) positive/human epidermal growth factor receptor 2
(HER2) positive patients showed the best outcome compared to other subtypes. Patients
of younger age (<60 years old), white race, lower grade, lower T stage (<=T2), not
combining visceral metastasis tended to have better outcome. About 37% (2,249)
patients received surgery of primary tumor. Patients of all subtypes could benefit from
surgery. Patients of bone-only metastases (BOM), bone and liver metastases, bone and
lung metastases also showed superior survival time if surgery was performed. However,
patients of bone and brain metastasis could not benefit from surgery (p = 0.05). The
C-index of nomogram was 0.66. Cutoff values of nomogram point were identified as 87
and 157 points, which divided all patients into low-, intermediate- and high-risk groups.
Patients of all groups showed better overall survival when receiving surgery.

Conclusion: Our study has provided population-based prognostic analysis in patients
with initial bone metastatic breast cancer and constructed a predicting nomogram with
good accuracy. The finding of potential benefit of surgery to overall survival will cast some
lights on the treatment tactics of this group of patients.

Keywords: de novo stage IV, breast cancer, bone metastase, nomogram, prediction
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INTRODUCTION

Breast cancer is the most commonly diagnosed malignant tumor
and the leading cause of cancer death among females worldwide,
accounting for 24.2% of all new cases and 15.0% of cases of death
(1). Approximately 5–8% of breast cancer patients demonstrate
distant metastasis at first diagnosis (2). De novo stage IV breast
cancer is usually considered an incurable disease. The overall
5-year breast cancer specific survival (BCSS) of de novo stage IV
breast cancer patients is about 27%. However, with the advance
of systemic therapy and local treatment, the prognosis has been
largely improved (3, 4).

Metastatic breast cancer (MBC) is a highly heterogeneous
disease with a wide range of clinical manifestation from solitary
to multiple visceral involvements. Metastatic pattern is highly
correlated to breast cancer subtype. Patients with hormone
receptor positive and human epidermal growth factor receptor 2
negative (HR+/HER2−) disease were reported to have more bone
metastasis, patients with HR−/HER2+ tumors had more liver
metastasis, whereas brain and lung metastasis were more likely to
occur in HR−/HER2− patients (5, 6). Bone metastases, whether
oligometastatic or combined with metastasis to other sites, were
most commonly diagnosed, representing around 70% in MBC
patients (7, 8). Patients with bone metastasis exhibited preferred
prognosis compared with visceral metastasis due to different
metastatic pattern of different subtypes (6, 9). Even though,
different subtypes and metastatic patterns presented divergent
outcomes. Previous analysis showed that patients of bone-only
metastasis and HR+/HER2− subtype better overall survival (OS)
(10, 11).

Therapeutic goals in MBC are usually maintenance of quality
of life and palliation of symptoms. Generally, systemic therapy is
the primary choice including chemotherapy, targeted therapy,
endocrine therapy and immune therapy. It is still controversial
about the role of surgery in metastatic patients. Therefore, surgery
for MBC patients is a choice but not a preference for now with the
existing evidence. Subgroup analyses of several retrospective trials
have suggested a prolonged survival time for bone metastatic
patients, while others turned out just the opposite.

The purpose of our study was to investigate the prognostic
factors of de novo stage IV breast cancer patients with bone
metastasis and if surgery of the primary site could benefit them.
PATIENTS AND METHODS

Data Collection
The data were extracted from the SEER database. Patients
diagnosed of breast cancer with de novo bone metastasis from
2010 to 2015 with active follow-up, valid survival time, known
subtype information, known American Joint Committee on Cancer
(AJCC) system stage, de novo bone involvement, known visceral
metastatic status, known surgery of the primary site, known cause
of death were included. Patients with other malignant comorbidities
were excluded to eliminate the effect of other malignancy to OS.
Occult breast cancer patients (T0), undefined T and N stage
Frontiers in Oncology | www.frontiersin.org 252
patients were excluded from the analysis. Patients diagnosed only
in autopsy and death certification were also excluded. At last, 6,860
patients were included in the analysis.

Before initiating this study, we submitted a data-use agreement
to the SEER program and were officially granted access to the
database. The variables extracted were age at diagnosis (<60 and≥60
years old), race (white, black, other >and unknown), gender
(female and male), year of diagnosis (2010, 2011, 2012, 2013,
2014, 2015), breast subtypes (HR+/HER2−, HR+/HER2+, HR−/
HER2+ and HR−/HER2− subtypes), grade (I, II, III, IV, unknown),
derived American Joint Committee on Cancer (AJCC) T stage
(T1, T2, T3, T4), derived AJCC N stage (N0, N1, N2, N3), marital
status at diagnosis (married, unmarried and unknown), insurance
status (insured, uninsured and unknown), brain metastasis status
at diagnosis (yes or no), liver metastasis status at diagnosis (yes or
no), lung metastasis status at diagnosis (yes or no), SEER cause-
specific death classification (alive or dead of other cause and dead
attributable to this cancer), vital status (alive and dead), survival
time and surgery information of primary site.
Statistical Analysis
The frequency and proportion of the baseline characteristics in the
study cohort were by described by chi-square test. OS and BCSS
were both calculated to evaluate prognosis. Univariate analysis was
performed with variables including age, sex, race, grade, subtype,
T stage, N stage, marital status, insurance status, visceral metastases
and surgery or not. The statistically meaningful (p <0.05) variables
were taken into the multivariable Cox analysis to determine the
independent prognostic factors of patients with bone involvement.
Kaplan–Meier survival curves were plotted to estimate the OS and
BCSS. Log-rank test was applied in comparing survival. A
nomogram model based on the statistically significant factors in
multivariate analysis was plotted to predict a patient of specific
characteristic. A concordance index (c-index) was calculated to
evaluate the performance of the nomogram. Calibration curves were
plotted to evaluate the consistency between predicted and actual
overall survival at 3 and 5 years, respectively. The cutoff values were
generated by X-tile software (3.6.1; https://medicine.yale.edu/lab/
rimm/research/software). All statistical analyses were carried out
with R software (version 3.6.1; http://www.R-project.org). A two-
tailed p <0.05 was considered statistical significant.
RESULTS

Baseline Characteristics
The demographic and clinical characteristic of de novo
metastatic breast cancer patients with bone involvement were
shown in Table 1. Among the total cohort, 67.06% (4,600/6,860),
17.38% (1,192/6,860), 6.52% (447/6,860), 9.05% (621/6,860) of
the patients had HR+/HER2−, HR+/HER2+, HR−/HER2+, HR−/
HER2− tumors respectively. Patients with HR+/HER2− tumors
tended to be older and lymph node-negative. Patients with HR+/
HER2+ and HR−/HER2+ tumors had a higher grade and T stage.
Patients with HR−/HER2+ tumors had increased incidences of
December 2020 | Volume 10 | Article 580112
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brain metastases (HR+/HER2− vs HR+/HER2+ vs HR−/HER2+ vs
HR−/HER2−: 4.96 vs 7.97% vs 11.63 vs 10.47%, p <0.001), liver
metastases (HR+/HER2− vs HR+/HER2+ vs HR−/HER2+ vs HR−/
HER2−: 15.93 vs 32.21% vs 45.19 vs 29.79%, p <0.001) and lung
metastases (HR+/HER2− vs HR+/HER2+ vs HR−/HER2+ vs HR−/
HER2−: 22.96 vs 26.76% vs 31.32 vs 29.47%, p <0.001).

In HR+/HER2− subgroup, lung was the most susceptible
organ in initial bone involved patients, while in HR+/HER2+,
HR−/HER2+ and HR−/HER2− subgroups, concurrent liver
involvement was the most common.
Frontiers in Oncology | www.frontiersin.org 353
Univariable and Multivariable Analysis
In univariate analysis, we found that patients of older age, black
race, higher grade tumors, HR−/HER2− subtype, high T stage
(T >2), unmarried status, uninsured status, visceral involvement
(brain, liver or lung), no primary tumor surgery displayed worse
OS (Table 2).

These statistically significant factors were included in the
multivariate analysis. Patients older than 60 years old (HR = 1.43,
95% CI = 1.33–1.52, p <0.001), black race (HR = 1.27, 95% CI =
1.16–1.38, p <0.001), T3 stage (T2 vs T1: HR = 1.04, 95%
TABLE 1 | Demographic and clinical characteristics of de novo IV patients with bone metastasis grouped by subtypes.

All subtypes n (%)
N = 6860

HR+/HER2− n (%)
N = 4600

HR+/HER2+ n (%)
N = 1192

HR−/HER2+ n (%)
N = 447

HR−/HER2− n (%)
N = 621

p

Age, y
<60 3,454 (50.35) 2,136 (46.43) 714 (59.90) 283 (63.31) 321 (51.69) <0.001
>=60 3,406 (49.65) 2,464 (53.57) 478 (40.10) 164 (36.69) 300 (48.31)
Sex
Female 6,768 (98.66) 4,534 (98.57) 1,173 (98.41) 445 (99.55) 616 (99.19) 0.177
Male 92 (1.34) 66 (1.43) 19 (1.59) 2 (0.45) 5 (0.81)
Race
White 5,178 (75.61) 3,550 (77.17) 888 (74.50) 321 (71.81) 428 (68.92) <0.001
Black 1,127 (16.43) 681 (14.80) 207 (17.37) 81 (18.12) 158 (25.44)
Other(1) 532 (7.76) 358 (7.78) 96 (8.05) 44 (9.84) 34 (5.48)
Unknown 14 (0.20) 11 (0.24) 1 (0.08) 1 (0.22) 1 (0.16)
Histologic grade
I 508 (7.41) 472 (10.26) 24 (2.01) 3 (0.67) 9 (1.45) <0.001
II 2,761 (40.25) 2,121 (46.17) 430 (36.07) 100 (22.37) 107 (17.23)
III 2,603 (37.94) 1,320 (28.70) 576 (48.32) 276 (61.74) 431 (69.40)
IV(2) 24 (0.35) 13 (0.28) 1 (0.08) 2 (0.45) 8 (1.29)
Unknown 964 (14.05) 671 (14.59) 161 (13.51) 66 (14.77) 66 (10.63)
AJCC T stage
1 844 (12.30) 598 (13) 138 (11.58) 44 (9.84) 64 (10.31) <0.001
2 2,345 (34.18) 1,647 (35.80) 397 (33.31) 118 (26.40) 183 (29.47)
3 1,276 (18.60) 868 (18.87) 206 (17.28) 85 (19.02) 117 (18.84)
4 2,395 (34.91) 1,487 (32.33) 451 (37.84) 200 (44.74) 257 (41.38)
AJCC N stage
0 1,486 (21.66) 1,067 (23.20) 233 (19.55) 64 (14.32) 122 (19.65) <0.001
1 3,356 (48.92) 2,220 (48.26) 601 (50.42) 233 (52.13) 302 (48.63)
2 929 (13.54) 642 (13.96) 151 (12.67) 61 (13.65) 75 (12.08)
3 1,089 (15.87) 671 (14.59) 207 (17.37) 89 (19.91) 122 (19.65)
Marital status
Married 3135 (45.70) 2096(45.57) 548(45.97) 219(48.99) 272(43.80) 0.268
Unmarried(3) 3386(49.36) 2276(49.48) 578(48.49) 205(45.86) 327(52.66)
Unknown 339(4.94) 228(4.96) 66(5.54) 23(5.15) 22(3.54)
Insurance status
Insured(4) 6,488 (94.58) 4,361 (94.80) 1113 (93.37) 425 (95.08) 589 (94.85) 0.625
Uninsured 269 (3.92) 171 (3.72) 58 (4.87) 16 (3.58) 24 (3.86)
Unknown 103 (1.50) 68 (1.48) 21 (1.76) 6 (1.34) 8 (1.29)
Brain involvement
No 6,420 (93.59) 4,372 (95.04) 1,097 (92.03) 395 (88.37) 556 (89.53) <0.001
Yes 440 (6.41) 228 (4.96) 95 (7.97) 52 (11.63) 65 (10.47)
Liver involvement
No 5,356 (78.08) 3,867 (84.07) 808 (67.79) 245 (54.81) 436 (70.21) <0.001
Yes 1,504 (21.92) 733 (15.93) 384 (32.21) 202 (45.19) 185 (29.79)
Lung involvement
No 5,162 (75.25) 3,544 (77.04) 873 (73.24) 307 (68.68) 438 (70.53) <0.001
Yes 1,698 (24.75) 1,056 (22.96) 319 (26.76) 140 (31.32) 183 (29.47)
Surgery
No 4,611 (67.22) 3,122 (67.87) 810 (67.95) 292 (65.32) 387 (62.32) 0.034
Yes 2,249 (32.78) 1,478 (32.13) 382 (32.05) 155 (34.68) 234 (37.68)
December 20
20 | Volume 10 | Article
(1)including American Indian/AK Native, Asian/Pacific Islander; (2)including undifferentiated; anaplastic; Grade IV; (3)including any Medicaid, insured or insured non-specifics; (4)including
divorced, single (never married), unmarried or domestic partner, widowed and separated.
HR, hormone receptor; HER2, human epidermal growth factor 2; AJCC, American Joint Committee on Cancer.
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TABLE 2 | Univariate and multivariate cox progression of OS and BCSS of breast cancer patients with initial bone metastasis.

Overall survival Breast cancer-specific survival

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

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

Age
<60 Reference Reference

≥60 1.40(1.31–1.49) <0.001 1.43(1.33–1.52) <0.001 1.32(1.24–1.41) <0.001 1.36(1.27–1.45) <0.001

Sex
Female Reference Reference

Male 1.15(0.88–1.51) 0.302 / / 1.11(0.83–1.48) 0.479 / /

Race
White Reference Reference

Black 1.42(1.31–1.54) <0.001 1.27(1.16–1.38) <0.001 1.41(1.29–1.53) <0.001 1.24(1.13–1.35) <0.001

Other 0.92(1.81–1.04) 0.172 0.93(0.82–1.05) 0.244 0.95(0.83–1.08) 0.432 0.95(0.84–1.09) 0.465

Unknown 0.15(0.02–1.08) 0.059 0.11(0.01–0.75) 0.025 0.16(0.02–1.17) 0.071 0.12(0.02–0.83) 0.031

Grade
I Reference Reference

II 1.28(1.11–1.48) 0.001 1.30(1.12–1.50) <0.001 1.33(1.14–1.55) <0.001 1.34(1.14–1.56) <0.001

III 1.81(1.57–2.09) <0.001 1.75(1.51–2.03) <0.001 1.95(1.68–2.27) <0.001 1.86(1.59–2.17) <0.001

IV 4.04(2.62–6.21) <0.001 2.42(1.57–3.74) <0.001 4.64(3.01–7.15) <0.001 2.75(1.78–4.27) <0.001

Unknown 1.72(1.47–2.01) <0.001 1.42(1.21–1.66) <0.001 1.81(1.53–2.14) <0.001 1.49(1.25–1.76) <0.001

Subtype
HR
+/HER2-

Reference Reference

HR
+/HER2+

0.80(0.73–0.88) <0.001 0.65(0.59–0.72) <0.001 0.82(0.75–0.91) <0.001 0.65(0.59–0.72) <0.001

HR-/
HER2+

0.98(0.86–1.13) 0.8 0.74(0.64–0.86) <0.001 1.02(0.88–1.17) 0.832 0.74(0.64–0.85) <0.001

HR-/
HER2-

2.94(2.67–3.23) <0.001 2.51(2.27–2.78) <0.001 3.03(2.74–3.34) <0.001 2.54(2.28–2.82) <0.001

T
1 Reference Reference

2 0.98(0.88–1.10) 0.721 1.04(0.93–1.16) 0.527 0.96(0.85–1.07) 0.458 1.01(0.90–1.13) 0.893

3 1.19(1.05–1.34) 0.005 1.19(1.05–1.34) 0.005 1.19(1.05–1.35) 0.006 1.19(1.05–1.35) 0.008

4 1.49(1.33–1.66) <0.001 1.27(1.14–1.42) <0.001 1.48(1.33–1.66) <0.001 1.26(1.12–1.41) <0.001

N
0 Reference Reference

1 0.97(0.89–1.05) 0.464 / / 0.99(0.91–1.08) 0.829 / /

2 0.97(0.87–1.08) 0.607 / / 0.98(0.87–1.10) 0.702 / /

3 1.03(0.93–1.14) 0.618 / / 1.06(0.95–1.18) 0.287 / /

Marital status
Married Reference Reference

Unmarried 1.36(1.27–1.45) <0.001 1.23(1.15–1.32) <0.001 1.33(1.24–1.42) <0.001 1.21(1.13–1.30) <0.001

Unknown 1.11(0.95–1.30) 0.17 1.05(0.90–1.23) 0.546 1.14(0.97–1.33) 0.113 1.07(0.91–1.26) 0.396

Insurance
Insured Reference Reference

Uninsured 1.27(1.09–1.48) 0.002 1.20(1.03–1.40) 0.021 1.34(1.14–1.56) <0.001 1.26(1.07–1.47) 0.004

Unknown 0.96(0.73–1.25) 0.744 0.89(0.67–1.17) 0.393 0.98(0.75–1.3) 0.902 0.90(0.68–1.20) 0.480

Brain involvement
No Reference Reference

Yes 2.31(2.07–2.59) <0.001 1.83(1.63–2.05) <0.001 2.37(2.12–2.66) <0.001 1.85(1.64–2.08) <0.001

Liver involvement
No Reference Reference

Yes 1.83(1.71–1.97) <0.001 1.68(1.56–1.82) <0.001 1.93(1.79–2.08) <0.001 1.75(1.62–1.90) <0.001

Lung involvement

(Continued
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CI = 0.93–1.16, p = 0.527; T3 vs T1: HR = 1.19, 95% CI = 1.05–
1.34, p = 0.005) were significantly related to worse OS. Compared
with HR+/HER2− patients, HR+/HER2+ and HR−/HER2+

subtype showed improved OS (HR+/HER2+: HR = 0.65, 95%
CI = 0.59–0.72, p <0.001; HR−/HER2+: HR = 0.74, 95% CI =
0.64–0.86, p <0.001), while HR−/HER2− subtype demonstrated
the worst outcome (HR = 2.51, 95% CI = 2.27–2.78, p <0.001).
Social factors like marital status (HR = 1.23, 95% CI = 1.15–1.32,
p <0.001) and insurance status (HR = 1.2, 95% CI = 1.03–1.4,
p <0.001) were also associated with OS.

Among the 6,860 patients with bone metastatic lesions, 4096
cases (59.71%) demonstrated bone-only metastasis and 2,764
cases (40.29%) displayed concurrent visceral metastases. The
outcome was much worse when combining visceral metastases
(BOM vs bone and brain metastasis: median OS = 43 vs 17
months, HR = 1.83, 95% CI = 1.63–2.05, p <0.001; BOM vs bone
and liver metastasis: median OS = 43 vs 27 months, HR = 1.68,
Frontiers in Oncology | www.frontiersin.org 555
95% CI = 1.56–1.82, p <0.001; BOM vs bone and lung metastasis
is: median OS = 43 vs 31 months, HR = 1.22, 95% CI = 1.14–1.32,
p <0.001). In terms of BCSS, univariate and multivariate results
identified the same prognostic factors as OS (Table 2).

Development and Validation of a 3-Year
and 5-Year OS Predicting Nomogram
On the basis of factors independently associated with OS and
BCSS, a nomogram, including age, grade, race, subtype, T stage,
marital status, insurance status and visceral involvement, was
developed to predict a 3-year and 5-year OS. A total nomogram
score was generated for a specific patient, which was
corresponded to a predicted 3- and 5-year survival (Figure 1).
The nomogram showed medium accuracy in predicting the OS,
with a C-index of 0.66 (95% CI = 0.65–0.67). The calibration
curves suggested that the predictive outcome have good
accordance with the actual 3- and 5-year OS (Figure 2).
FIGURE 1 | Nomogram to predict the 3-year and 5-year survival rate in metastatic breast cancer patients with initial bone involvement. Points are defined based on
the prognostic contribution of the factors. Points summing the contribution of age, subtype, marital status, insurance status, brain metastasis, liver metastasis and
lung metastasis are translated to the survival probability at 3 and 5 years.
TABLE 2 | Continued

Overall survival Breast cancer-specific survival

Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis

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

No Reference Reference

Yes 1.60(1.5–1.72) <0.001 1.22(1.14–1.32) <0.001 1.62(1.50–1.74) <0.001 1.22(1.13–1.32) <0.001

Surgery
No Reference Reference

Yes 0.56(0.5–0.60) <0.001 0.60(0.56–0.65) <0.001 0.56(0.52–0.60) <0.001 0.60(0.56–0.65) <0.001
December 2020 | Volume 10 | Article 580112
HR, hormone receptor; HER2, human epidermal growth factor 2; AJCC, American Joint Committee on Cancer; CI, confidence interval.
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When calculated as a continuous variable, a higher
nomogram score was related to a worse OS (HR = 1.01, 95%
CI = 1.01–1.01, p <0.05). According to the cutoff values
provided by X-tile, a risk stratification model was also
generated. All the patients were divided into three groups:
low-risk patients (3,092, 45.07%, total points <=86),
intermediate-risk patients (2,976, 43.38%, total points 87–
156), high-risk patients (792, 12.55%, total points >=157).
The median OS of three groups were 49 months (95% CI =
47–53), 29 months (95% CI = 28–31) and 11 months (95% CI =
10–12), separately (p <0.05). The survival curves indicated that
the risk stratification could well differentiate OS and BCSS in all
subgroups (p <0.05) (Figure 3).
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Benefits of Primary Tumor Surgery in
Patients Subdivided by Molecular
Subtypes and Metastatic Sites
In the whole cohort, primary tumor surgery could prolong OS
(HR = 0.56, 95% CI = 0.52–0.60, p <0.001). In terms of molecular
subtypes, surgery provided extra survival benefit in all subtypes
(HR+/HER2−: HR = 0.56, 95% CI = 0.51–0.61, p <0.001; HR+/
HER2+: HR 0.48, 95% CI = 0.39–0.58, p <0.001 ; HR−/HER2+:
HR = 0.50, 95% CI = 0.37–0.66, p <0.001; HR−/HER2−: HR =
0.50, 95% CI = 0.41–0.59, p <0.001) (Figure 4). In terms of
metastatic burden, BOM, bone and liver metastasis as well as
bone and lung metastasis patients could benefit from surgery
(BOM: HR = 0.57, 95% CI = 0.52–0.63, p <0.001; bone and liver
A B

FIGURE 3 | Survival of de novo bone metastatic patients according to different risk groups. (A) OS in nomogram-based low-, intermediate-and high-risk subgroups;
(B) BCSS in nomogram-based low-, intermediate-and high-risk subgroups.
A B

FIGURE 2 | Calibration curves compare predicted and actual (A) 3-year and (B) 5-year overall survival rates. Probability of survival based on the nomogram is listed
on the x-axis, while the actual probability of survival is listed on the y-axis. The calibration curves suggested that the predictive outcome have good accordance with
the actual 3- and 5-year OS.
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FIGURE 4 | Survival of de novo bone metastatic patients in different subtypes according to primary surgery. (A, E) OS and BCSS in patients with HR+/HER2−

tumors; (B, F) OS and BCSS in patients with HR+/HER2+ tumors; (C, G) OS and BCSS in patients with HR−/HER2+ tumors; (D, H) OS and BCSS in patients with
HR−/HER2− tumors.
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metastasis:HR=0.70, 95%CI=0.58–0.84, p<0.001 ; bone and lung
metastasis: HR = 0.73, 95% CI = 0.60–0.88, p = 0.001). However,
surgery did not significantly benefit patients with bone and brain
metastasis (HR = 0.64, 95% CI = 0.40–1.02, p = 0.063) (Figure 5).
Similarly, the analysis of BCSS showed consistent results.

Benefits of Primary Tumor Surgery in
Patients Subdivided by Nomogram
Risk Category
The Kaplan–Meier curves showed that surgery of the primary
site could prolong OS in all risk subgroups (low-risk group: HR =
0.53, 95% CI = 0.47–0.59, p <0.05; intermediate-risk group: HR =
0.66, 95% CI = 0.59–0.73, p <0.05; high-risk group: HR = 0.69,
95% CI = 0.59–0.82, p <0.05) (Figure 6). Similar trends were
achieved in BCSS.
DISCUSSION

With huge diversity and heterogeneity, the prognosis and
treatment tactics of de novo stage IV breast cancer should be
tailored in the light of their clinicopathological features,
metastatic burden and even social status. The current study
reported the prognosis of this group of patients with bone
metastases according to different molecular subtypes as well as
potential benefits of surgery of the primary tumor. To our
knowledge, this analysis is the first population-based,
retrospective, prognostic and predictive survival analysis and
the first one to explore the surgical benefits of this group of
patients based on subtypes and metastatic burdens. The
prognostic nomogram we generalized included all the
independent risk factors and show a good accuracy and
accordance in predicting the survival rate of each case.
The risk stratification model further differentiated patients
of distinct risk subgroups, which provides critical information
for indicating outcomes and facilitates individualized
treatment choices.

In this analysis, several features associated with improved
outcome were identified, including HR-/HER2+ subtype, age <60
years old, white race, lower grade, lower T stage (T ≤ T2), no
concurrent visceral metastasis, married and insured status.
Patients of HR+/HER2- subtypes usually present preferred
prognosis among all subtypes but in our analysis, patients of
HR+/HER2+ subtype (1,192/6,860) demonstrated the best
outcome among all subtypes in our analysis. Similar results
were reported in previous studies involving patients with
various sites of metastasis. In a multicenter study held in
Netherlands, the HR+/HER2+ subtype was associated with the
longest survival after diagnosis of distant metastasis (HR+/
HER2+ vs HR+/HER2−: HR = 0.64, 95% CI = 0.45–0.92, p =
0.02) (12). In another SEER-based analysis, HR+/HER2+ tumor
was reported to have the best prognosis (HR+/HER2+ vs HR+/
HER2−: HR=0.85, 95% CI = 0.77–0.94, p <0.05) (13). We
postulated that several reasons may contribute to the favorable
survival of HR+/HER2+ subtype. First of all, different subtypes
demonstrated a totally distinguished metastatic pattern. In
Frontiers in Oncology | www.frontiersin.org 858
another SEER-based study, HR+ (both HER2− and HER2+)
was significantly associated with an elevated bone metastasis
and better prognosis (11). Intrinsic biological characteristics and
metastatic propensity of HR-positive subtype mainly contributes
the good prognosis. In our subgroup analysis, we found that in
different metastatic burdens, most patients with HR-positive
tumors have better prognosis than those with HR-negative
tumors, except patients with bone and brain metastasis (HR =
0.79, 95%CI = 0.51–1.24, p = 0.31). Secondly, the development of
HER2 targeted therapy has evolved greatly. Trastuzumab, a
humanized monoclonal antibody targeting HER2, reduced 44%
of death risk in women with HER2+ disease compared with that
of HER2- disease who did not received HER2-targeted therapy in
the metastatic setting (14). In CLEOPATRA trial, the addition of
pertuzumab to trastuzumab and docetaxel further improved OS
in patients with HER2+ MBC (HR = 0.66, 95% CI 0.52–0.84,
p = 0.0008) for first-line treatment (15). In progressed patients,
trastuzumab emtansine could improve OS compared with
capecitabine and lapatinib for second-line treatment as
reported in EMILIA trial (HR = 0.75, 95% CI 0.64–0.88) (16).
Thirdly, HR-positive breast cancers might display more indolent
biological features than HR-negative tumors (17), and options
for endocrine therapy have expanded in the last two decades. For
postmenopausal patients, aromatase inhibitors (AIs) are
recommended first-line endocrine therapy with or without
cyclin dependent kinases 4/6 inhibitors. Multi-line endocrine
modalities were available after progression or endocrine
resistance in metastatic HR-positive breast cancer (18–22).
Fourthly, in preclinical researches, the inhibition of HER2
could also improve endocrine sensitivity by crosstalk between
HER2 and HR (23, 24). In clinical trials, the PERTAIN and
ALTERNATIVE trial showed that the combination of HR and
HER2 targeting therapy offers an effective and safe regimen
(25, 26).

Surgery of the primary site of de novo MBC is a controversial
topic with conflicting evidences. Many retrospective analyses of
large cohort such as SEER and national cancer database (NCDB)
or monocentric database have proven a better outcome of
primary surgery in selected patients (5, 27–36). However,
retrospective results are usually undermined for selection bias
(37). Several prospective trials have also addressed this issue. A
multicenter Turkish trial MF07-01 showed a statistically
significant improvement in surgery arm in 5-year follow-up,
especially in patients with ER/PR (+) or HER2(−) tumor, solitary
bone metastasis or younger age (<55 years old) (38). An Indian
randomized controlled trial in patients responsive to first-line
treatment also showed that surgery could not improve OS (39).
However, these prospective trials were also questioned for
insufficient chemotherapy, deviation from contemporary
practice, insufficient adapted p value and so on (27, 40, 41). In
spite of these contradictory results, the present study suggested
that in well-selected patients, primary surgery might be
considered one of the treatment options.

Metastatic burden is another critical factor when making
surgical decisions. The current study indicated that apart from
patients with bone and brain metastasis, patients of other
December 2020 | Volume 10 | Article 580112
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FIGURE 5 | Survival of de novo bone metastatic patients in different metastatic burdens according to primary surgery. (A, E) OS and BCSS in patients with bone-
only metastasis; (B, F) OS and BCSS in patients with bone and brain metastasis; (C, G) OS and BCSS in patients with bone and liver metastasis; (D, H) OS and
BCSS in patients with bone and lung metastasis.
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metastatic patterns might benefit from surgery. Likewise in a
subdivision analysis of M1 patients, preferred prognosis was seen
across all subdivisions after surgery except M1c category which is
defined as brain involvement or multiple visceral metastasis (42).
When it comes to molecular subtype, previous studies showed
less benefit of surgery in metastatic triple-negative breast cancer
(TNBC) patients. However, patients with bone metastatic TNBC
in our cohort exhibited improved survival after primary surgery.
Previous study in well-selected and risk-stratified patients
demonstrated similar results in TNBC tumors (43). In
summary, MBC is no more a contradiction to primary surgery,
specified risk-subdivision should be employed to better screen
appropriate patients for customized therapy to bring along
maximum benefit.

There are some limitations of this research though. The SEER
database covers about 30% of the USA population, which offers a
highly representation of a general situation but on the other
hand, makes it immature to apply in Asian and Chinese
population on the basis of ethnic differences. In SEER
database, significant confounding prognostic factors like
complications, detailed treatments, treatment sequence,
treatment duration, margin status, recurrence score cannot be
attained, which will greatly affect the applicability of the study in
real-world cases. Even though the nomogram achieved
acceptable prediction and risk stratification efficacy, it lacked
external validation to further enforce the reliability. The result of
our analysis should be interpreted with caution and applied in
well-selected cases.

In conclusion, the current study identified potential prognostic
factors in predicting survival in patients with de novo MBC with
Frontiers in Oncology | www.frontiersin.org 1161
bone metastasis and suggested primary surgery might increase
survival in selected subgroup of patients. The nomogram we
constructed provided a quantitative method to predict survival of
individuals and well differentiated patients of different
risk subgroups.
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Introduction:We performed this clinical trial to evaluate the efficacy and safety of apatinib
and oral etoposide in patients with HER2-negative locally advanced or metastatic breast
cancer (MBC).

Methods: Patients with HER2-negative MBC previously treated with anthracycline and
taxanes and failed ≥1 prior chemotherapy regimens were recruited. The starting dose of
apatinib was 500 and 425 mg in patients with ECOG scores of 0–1 and 2, respectively.
The etoposide capsules were given at 50 mg/m2 on days 1 to 10 for 21 days. The primary
end point was objective response rate (ORR). Secondary end points included
progression-free survival (PFS), disease control rate (DCR), overall survival (OS),
and safety.

Results: Thirty-one eligible patients were enrolled. The median follow-up time was 11
months. The median PFS for all patients was 6.9 months [95% confidence interval (CI)
6.0–7.9], and 6.9 months (95% CI 5.3–8.6) and 6.6 months (95% CI 1.4–11.7) for patients
with apatinib 425 and 500mg once daily, respectively. The ORR was 35.5% (11/31). The
DCR was 87.1% (27/31). The median OS was 20.4 months (95% CI 11.4–29.3). The
median PFS of patients who had hypertension and proteinuria was longer than that for
those without hypertension and proteinuria. The most common grade 3/4 treatment-
related AEs were hypertension (12/31, 38.7%), fatigue (3/31, 9.7%), thrombocytopenia
(3/31, 9.7%).

Conclusion: Apatinib combined with etoposide capsules is effective and tolerable in
heavily pretreated, metastatic HER2-negative breast cancer patients. A lower apatinib
dose provide equivalent efficacy and reduced toxicity.

Clinical Trial Registration: https://clinicaltrials.gov/, identifier NCT03535961.
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INTRODUCTION

Breast cancer is the most common malignant tumor and the
second leading cause of cancer-related death in women
worldwide (1). The median survival time of patients after
metastasis is 9 months to 3 years (2, 3). In China, HER2-
negative breast cancer accounts for approximately 65% of all
breast cancers (4). There is no specific targeted drug for this type
of breast cancer. The treatment for HER2-negative metastatic
breast cancer, especially in second and later lines, requires more
new drugs or combined regimens.

Tumor angiogenesis is closely related to tumor growth and
metastasis, and antiangiogenic strategies are some of the most
important strategies for metastatic breast cancer. Bevacizumab
has shown some efficacy in the treatment of metastatic breast
cancer, and chemotherapy as a first-line and second-line
treatment for HER2-negative metastatic breast cancer has
significantly extended median progression-free survival (PFS)
(5, 6). Preclinical studies have shown that antiangiogenic drugs
combined with chemotherapy can improve the efficacy of
chemotherapeutic drugs and reverse the resistance of tumor
cells (7–9), which indicates this combination therapy may be a
potential treatment.

Apatinib is an oral small molecule tyrosine kinase inhibitor
(TKI) that selectively inhibits vascular endothelial growth factor
receptor 2 (VEGFR2), which exhibits some efficacy in triple-
negative and non-triple-negative metastastic breast cancer by
monotherapy (10, 11). Oral etoposide is one of the options for
patients with metastatic breast cancer, achieving a median PFS of
5 months and a median overall survival (OS) of 16 months with
manageable toxicity (12). We suppose that apatinib and
etoposide capsules are effective and tolerable in patients with
breast cancer.

Therefore, this study aimed to explore the efficacy and safety
of apatinib combined with etoposide capsules in pre-treated
metastatic HER2-negative breast cancer patients from the
NCT03535961 trial.
MATERIALS AND METHODS

Study Design and Participants
Patients included in the trial were 18-to-75-year-old females with
histologically or cytologically diagnosed HER2-negative locally
advanced or metastatic breast cancer who received at least one
regimen of chemotherapy after metastasis, including taxane and
anthracycline, with an Eastern Cooperative Oncology Group
(ECOG) performance status of 0-2. The patients had
measurable lesions as defined by the Response Evaluation
Abbreviations: MBC, metastatic breast cancer; HER2, human epidermal growth
factor receptor 2; VEGFR2, vascular endothelial growth factor receptor 2; TKI,
tyrosine kinase inhibitor; ECOG, Eastern Cooperative Oncology Group; RECIST,
Response Evaluation Criteria In Solid Tumors; PFS, progression free survival; OS,
overall survival; ORR, objective response rate; DCR, disease control rate; CI,
confidence interval; AE, adverse event; HR, hazard ratio; PR, partial response; SD,
stable disease; CTCAE, Common Terminology Criteria for Adverse Events.
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Criteria In Solid Tumors (RECIST) (v 1.1). Patients who had
previously received small molecule anti-angiogenic TKIs and
patients with uncontrolled hypertension were excluded from
the trial.

The study was approved by the Ethics Committee of the
Cancer Hospital of the Chinese Academy of Medical Sciences
and performed in accordance with the Declaration of Helsinki.
Every patient signed written informed consent.

Procedures
The starting dose of apatinib was 500 and 425 mg in patients with
ECOG scores of 0–1 and 2, respectively, and apatinib was taken
orally each day. The etoposide capsules were given at 50mg/m2 on
days 1 to 10 for 21 days per cycle. The tumor response was evaluated
every 6 weeks according to RECIST v1.1 until the disease progressed
or intolerable adverse reactions occurred. Blood pressure was
monitored twice a day for the first 3 weeks and at least once a
day after blood pressure stabilized. Routine blood and urine tests
were performed weekly, physical examinations were performed
every 3 weeks, liver and kidney functions were monitored, and
electrocardiograms and tumor marker tests were performed every
6 weeks.

Dosage adjustment was recommended if hematological
toxicity above grade 3 or non-hematological toxicity above
grade 2 (except for hair loss) occurred, including withdrawal
and reduction.

The first reduced dose was 425 mg/day and the second
reduced dose was 250 mg/day for patients with an apatinib
starting dose of 500 mg. Patients with a starting dose of 425 mg
were adjusted to 250 mg/day first and 250 mg every other day
second. The first and second adjustments of etoposide dose were
35 mg/m2 on d1–10 and 35 mg/m2 on day 1–7, respectively.
When adverse reactions of grade 3 and above occurred, dose
adjustments were made according to the protocol. When adverse
reactions were of grade 2 or below, researchers were allowed to
adjust the doses according to the specific conditions. Adverse
events were graded using Common Terminology Criteria for
Adverse Events (CTCAE) 4.0.

Outcome
The primary endpoint was the objective response rate (ORR), and
the secondary endpoints were the disease control rate (DCR), PFS,
OS, safety. The PFS duration was defined as the interval between the
initiation of treatment and the last follow-up in patients with disease
progression (PD) or to death from any cause, whichever occurred
first. The OS was defined as the interval between the initiation of
treatment and death for any reasons.

Statistical Analysis
Simon’s two-stage design with a one-sided a = 0.05 and 80% test
efficiency was used to determine the number of patients that
needed to be enrolled (13). Previous studies have shown that the
ORR of apatinib monotherapy for patients with metastatic non-
triple-negative breast cancer is 16.7%, and the ORR of etoposide
capsule monotherapy is 21.3% (10, 14). We estimated that the
response rate of apatinib combined with etoposide was 40%.
Under such conditions, at least 2 of 10 patients needed to
February 2021 | Volume 10 | Article 565384
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respond for the trial to move to the next stage. Another 21
patients needed to be recruited in the second stage, for a total of
31 patients. If 10 or more patients responded to this therapy, the
regimen would be considered a success.

Patients receiving ≥1 cycle of apatinib were included for
survival and safety analysis. PFS and OS were estimated based
on a Kaplan-Meier curve. A log-rank test was used to compare the
median progression free survival (PFS) in different subgroups.
Factors with p <0.1 in the Kaplan-Meier single factor analysis were
included in the Cox regression model for analysis. SPSS 23.0 and
GraphPad Prism 7.0 were used for data analysis.
RESULTS

Thirty-four patients were screened from May 1st, 2017 to May 1st,
2019. Two patients withdrew their informed consent. Because one
patient had only bone metastases and no measurable lesions, 31
patients were included in the final survival and safety analyses
(Figure 1). The basic clinicopathological and median PFS data are
shown in Table 1.

Efficacy
The median follow-up time was 10.3 months [95% confidence
interval (CI) 3.5–24.3]. All patients had breast invasive ductal
carcinoma, with a median age of 47 years (34–65). Treatment
was discontinued in twenty-five patients due to disease
progression, and six patients continued to receive treatment
until the cutoff day. According to the RECIST version 1.1, no
patients achieved a complete response in this study, eleven
patients (35.5%) achieved a partial response (PR), the ORR
was 35.5% (11/31), 16 (51.6%) patients achieved stable disease
(SD) (Table 2), and twenty-two patients (71.0%) patients had
tumor shrinkage of different degrees (Figure 2). The DCR was
87.1% (27/31), the median PFS was 6.9 months (95% CI 6.0–7.9)
(Figure 3), and the clinical efficacy of initial apatinib doses of 500
and 425mg in patients is shown in Table 2.

Sixteen (51.6%) patients with an ECOG score of two received
an apatinib dose of 425 mg, and fifteen (48.4%) patients with an
ECOG score of 0–1 received an apatinib dose of 500 mg; the
median PFS was 6.9 months (95% CI 5.3–8.6m) and 6.6 months
(95% CI 1.4–11.7), (p=0.56), respectively, which has no statistical
significance. The median PFS of hormone receptor-positive and
hormone receptor-negative patients was 7.4 months (95% CI
6.0–8.8) and 3.1 months (95% CI 1.0–5.2, p=0.04), respectively.
There was no significant difference in median PFS between
patients with and without visceral metastasis (p=0.82). There
were eleven (35.5%), eleven (35.5%), and nine (29.0%) patients
who had received 1, 2, and 3 chemotherapy regimens,
respectively. Their median PFS values were 6.6 months (95%
CI 3.4–9.7), 6.9 months (95% CI 0.4–13.4) and 7.0 months (95%
CI 3.6–10.5, p=0.82), respectively. The results of the subgroup
analysis are shown in Table 2. Factors with p <0.1 in the
univariate analysis were included in the multivariate analysis,
and the hazard ratio (HR) of hormone receptor status on median
PFS was 2.4 months (95% CI 0.9-6.1; p=0.08), which reach a
Frontiers in Oncology | www.frontiersin.org 365
marginal statistical significance. The results of the subgroup
analysis are shown in Table 1.

As of the date of data analysis, seventeen patients were still
alive, with a median OS of 20.4 months (95% CI 11.4-29.3).

Safety
Most of the adverse events were mild to moderate (Table 3) and
were well controlled after treatment. The most common grade 3–
4 adverse events were hypertension (38.7%), fatigue (9.7%), and
thrombocytopenia (9.7%). No adverse events related death or
serious adverse events was reported. Grade 3–4 hypertension in
patients was reduced to below 140/90 mmHg after receipt of
antihypertensive drugs.

Twelve (38.7%) patients experienced apatinib dose reductions
due to adverse events. Of these, five patients were in the apatinib 500
mg group (one with neutropenia, one with hypertension, one with
hand-foot syndrome, and two with fatigue), of which four patients
experienced twice dose reductions, and seven patients were in the
FIGURE 1 | Clinical profile.
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425 mg group (one with thrombocytopenia, one with hypertension,
one with asthenia, two with proteinuria, and two with hand-foot
reaction) and received one apatinib dose reduction. Eleven (35.5%)
patients had their doses modified during or at the end of the first
cycle, and five (16.1%) (four patients had a second dose reduction)
had their doses modified at the end of the second cycle. Two
patients underwent dose adjustment for etoposide capsules.
Frontiers in Oncology | www.frontiersin.org 466
A stratified analysis of each adverse event suggested that the
occurrence of hypertension and proteinuria may be a positive
predictor of response. We found that the median PFS in patients
with hypertension was significantly longer than that in patients
without hypertension [7.4 months (95% CI 6.0–8.44) versus 2.6
months (95% CI 2.2–3.0), HR 0.28 (95% CI 0.1–0.8), p=0.022)];
median PFS was also significantly longer in patients with
TABLE 1 | Patients characteristics and median progression free survival (mPFS) in subgroups.

Overall All patients enrolled (%) mPFS (months, 95%CI) P Value

Number 31 6.9 (6.0–7.9)
Age 47 (34–65)
≥50 14 (45.2) 7.0 (2.8–11.2) 0.65
<50 17 (54.8) 6.4 (4.4–8.5)
Hormone receptor status
Positive 19 (61.3) 7.40 (6.0–8.8) 0.04
Negative 12 (38.7) 3.13 (1.0–5.2)
Axillary lymph node metastasis
Positive 22 (71.0) 4.4 (0.0–13.9) 0.21
Negative 9 (29.0) 6.9 (6.1–7.8)
TNM stage
I 3 (9.7) 14.73 0.16
II 17 (54.8) 7.03 (6.0–8.0)
III 11 (35.5) 4.00 (0.0–8.9)
ECOG performance status
0–1 16 (51.61) 6.93 (5.27–8.60) 0.56
2 15 (48.39) 6.56 (1.41–11.73)
Metastasis site
No visceral 10 (32.3) 7.03 (4.7–9.3) 0.82
Visceral 21 (67.7) 6.57 (3.4–9.7)
Lines of chemotherapy
2 11 (35.5) 6.57 (3.4–9.7) 0.82
3 11 (35.5) 6.93 (0.4–13.4)
≥4 9 (29.04) 7.03 (3.6–10.5)
Apatinib dose
425mg 15 (48.4) 6.93 (5.3–8.6) 0.56
500mg 16 (51.6) 6.56 (1.4–11.7)
Apatinib dose reduction
No 12 (38.7) 5.83 (2.7–9.0) 0.59
Yes 19 (61.3) 7.40 (1.8–13.0)
Hypertension
No 7 (22.6) 2.60 (2.2–3.0) 0.02
Yes 24 (77.4) 7.4 (6.0–8.4)
Hand-foot skin reaction
No 17 (54.8) 6.9 (5.1–8.7) 0.46
Yes 14 (45.2) 6.6 (2.1–11.0)
Proteinuria
No 16 (51.6) 4.00 (0.1–7.9) 0.04
Yes 15 (48.4) 8.10 (2.4–13.9)
Mucositis
No 25 (80.7) 6.57 (5.0–8.2) 0.79
Yes 6 (19.3) 11.53
February 2021 | Volume 10 | Article
TABLE 2 | Clinical response to apatinib and oral etoposide therapy.

Treatment efficacy Total Apatinib 500mg (n=16) Apatinib 425mg (n=15)

n (%) n (%) n (%)

Partial response 11 (35.5) 7 (43.8) 4 (26.7)
Stable disease 16 (51.6) 8 (50.0) 8 (53.3)
Disease progression 4 (12.9) 1 (6.3) 3 (20.0)
Overall response 11 (35.5) 7 (43.8) 4 (26.7)
Disease control 27 (87.1) 15 (93.8) 12 (80.0)
median PFS(m) 6.9 (6.0-7.9) 6.6 (1.4-11.7) 6.9 (5.3-8.6)
565384
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proteinuria than those without proteinuria [8.1 months (95% CI
2.4–13.9) versus 4.0 months (95% CI 0.1–7.9), HR 0.38 (95% CI
0.15–0.94), p=0.036] (Figures 4A, B).

DISCUSSION

This study firstly explored the application of apatinib combined
with etoposide capsules in locally advanced and metastatic HER2-
negative breast cancer. In this study, the ORR was 35.5%, the
median PFS was 6.9 months, and the median OS was 20.4 months.

The median PFS associated with apatinib monotherapy for
metastatic non-triple-negative breast cancer and triple-negative
breast cancer was 4.0 months (95% CI 2.8–5.2) and 3.3 months
(95% CI 1.7–5.0), respectively (10, 11). In previous studies, the
median PFS associated with etoposide monotherapy for advanced
Frontiers in Oncology | www.frontiersin.org 567
breast cancer was between 2.6 and 5.0 months, and the median OS
was between 11.0 and 24.0 months (12, 14–16). Although this study
has limitations in comparison with other studies directly, it can be
seen from the data that the median PFS andmedian OS were longer
in patients who received apatinib and etoposide capsules than in
those who received either one of the two drugs alone.

Antiangiogenic drugs combined with chemotherapy increased
the PFS in locally advanced and metastatic HER2-negative breast
cancer after second-line treatment. The results of this study are
equivalent to or even better than those of similar studies. In the
RIBBON-2 study, the median PFS was 7.2 months in patients with
metastatic HER2-negative breast cancer using standard
chemotherapy regimens combined with bevacizumab for the
second-line treatment (6). Treatment with gemcitabine or
capecitabine combined with sorafenib yielded a median PFS of
3.4 months as a first-line treatment after metastasis in breast cancer
patients (17). Most of the antiangiogenic drugs and chemotherapy
drugs tested so far have obtained a small benefit in terms of the
median PFS, but no clinical benefit of OS has been seen yet.
However, the occurrence of adverse events is greatly increased,
which has substantially limited the use of such regimens in clinical
practice. In this study, we achieved a median PFS of 6.9 months and
a median OS of 20.4 months. The response was comparable to or
even better than that in similar studies, and the adverse events were
manageable that no bleeding or febrile neutropenia occurred. At the
same time, Chinese scholars have shown that apatinib combined
with etoposide capsules has achieved good results in advanced
ovarian cancer, in which the median PFS was 8.1 months, the ORR
reached 54.3% (19/35), and the toxicities were well tolerated (18). In
addition, apatinib and etoposide capsules are administered orally,
which reduces the duration and the cost of hospitalization, so this
combination is suggested to be one of the treatment options for
patients with locally advanced and metastatic breast cancer.
FIGURE 2 | Waterfall plot for the best percentage change in target lesion size.
FIGURE 3 | Kaplan-Meier graph for progression-free survival in all patients.
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In this study, different starting doses of apatinib were given on
the basis of the patient’s ECOG score. There was no significant
difference in the median PFS (6.6 months vs. 6.9 months, p=0.56) in
the 500 mg group and 425 mg group, but fewer adverse events were
observed in the 425 mg group. Therefore, we recommend 425mg
Frontiers in Oncology | www.frontiersin.org 668
apatinib as the starting dose for combination therapy. In addition,
there was no significant difference in the median PFS between
patients treated in the second-line, third-line, or further in this study
protocol (p=0.82), indicating that apatinib and etoposide capsules
can be used in patients who progress after multiline treatment.
TABLE 3 | Treatment-related adverse events in the safety population.

Adverse event Apatinib 500mg (n=16) Apatinib 425mg (n=15)

Total Grade 1–2 (%) Grade 3–4 (%) Total Grade 1–2 (%) Grade 3–4 (%)

Non-Hematological
hypertension 12 (75.0) 4 (25.0) 8 (25.8) 12 (80.0) 8 (53.3) 4 (26.7)

Proteinuria 10 (62.5) 10 (62.5) 0 5 (33.3) 4 (26.7) 1 (6.7)

Hand-foot syndrome 13 (81.3) 13 (81.3) 0 5 (33.3) 5 (33.3) 0

Mucositis 5 (31.4) 5 (31.4) 0 1 (6.7) 1 (3.2) 0

Fatigue 8 (50.0) 6 (37.5) 2 (12.5) 3 (20.0) 2 (6.5) 1 (3.2)

Diarrhea 0 (0) 0 0 1 (6.7) 1 (6.7) 0

Vomiting 11 (68.8) 10 (62.5) 1 (6.3) 7 (46.7) 7 (46.7) 0

Nausea 12 (75.0) 11 (68.8) 1 (6.3) 10 (66.7) 10 (66.7) 0

Alopecia 7 (43.8) 7 (43.8) 0 5 (33.3) 5 (33.3) 0

Hyperbilirubinaemia 3 (18.8) 3 (18.8) 0 2 (13.3) 2 (13.3) 0

Aminotransferase 6 (37.5) 6 (37.5) 0 2 (13.3) 1 (6.7) 1 (6.7)
increased
Hematological
Neutropenia 14 (87.5) 13 (81.3) 1 (6.3) 10 (66.7) 9 (60.0) 1 (6.67)

Anemia 2 (12.5) 2 (12.5) 0 3 (20.0) 3 (20.0) 0

Thrombocytopenia 4 (25.0) 3 (18.8) 1 (6.3) 5 (33.3) 3 (9.7) 1 (6.67)
Fe
bruary 2021 | Volume 10
A B

FIGURE 4 | Kaplan-Meier graph for progression-free survival in patients who had hypertension (A) and proteinuria (B) (n=31). (A) Median progression free survival
(PFS) in patients with hypertension was significantly longer than that in patients without hypertension [7.4 months (95% CI 6.0–8.4) versus 2.6 months (95% CI 2.2–
3.0), hazard ratio (HR) 0.28 (95% CI 0.09–0.83), p = 0.022)]. (B) Median PFS was also significantly longer in patients with proteinuria than those without proteinuria
[8.1 months (95% CI 2.4–13.9) versus 4.0 months (95% CI 0.1–7.9), HR 0.38 (95% CI 0.15–0.94), p = 0.036].
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In previous studies, the single dose of apatinib was 500–850 mg
once per day. We observed in our clinical practice that some
patients were intolerant to the 500 mg dose in the combination
strategy of chemotherapy and apatinib. Therefore, we administered
500 mg once daily to patients with superior physical status and 425
mg once daily to patients with relatively worse status. For etoposide
capsules, previous clinical research has recommended 50 mg–60
mg/m2 for 14 consecutive days or 10 days in a 21-day cycle. We
learned from clinical experience that most patients were unable to
tolerate the dosage. Considering that our research protocol used a
combination treatment, we choose the 50 mg/m2/d on d1–10 and a
21-day cycle as the starting dose for etoposide. Nonetheless, 38.7%
of apatinib was taken in reduced doses due to intolerable
adverse events.

It is worth noting that this study showed that the occurrence
of hypertension and proteinuria may be a positive predictor for
efficacy. Previous studies have shown that the occurrence of
adverse events such as hypertension and proteinuria may be one
of the predictive markers for the efficacy of antiangiogenic drugs.
In a clinical study of sunitinib in advanced renal cell carcinoma
(19), patients with hypertension had longer PFS and OS than
patients without hypertension (median OS 41.6 versus 16.4
months, p<0.0001, median PFS 12.9 versus 5.6 months,
p<0.0001, respectively). A cohort study of patients with
metastatic gastric cancer treated with apatinib showed that the
median PFS was prolonged by 24.5 days (86.5 versus 62 days) in
patients who developed adverse reactions such as hypertension,
proteinuria, and hand-foot syndrome within 4 weeks of taking
the drug, and the median OS was extended by 2.2 months (20).
In our study, further analysis showed that the median PFS was
prolonged by 4.8 months in patients with hypertension receiving
apatinib and etoposide (p=0.022), and the median PFS in
patients with proteinuria was extended by 4.1 months
(p=0.036), but there was no statistically significant difference in
overall survival. The trends of adverse reactions and curative
effects in this study are consistent with previous studies, and it is
worth expanding the sample size for further research.

This study did have some limitations. First, the number of
patients enrolled was small, and there was a lack of control cases.
Second, there might be bias in the population because this is a
single-arm, single-center clinical trial.
Frontiers in Oncology | www.frontiersin.org 769
In summary, this study demonstrates that apatinib combined
with etoposide capsules has a good effect in the second-line
treatment of HER2-negative locally advanced and metastatic
breast cancer with tolerable adverse reactions, suggesting that
the combination deserves further phase III clinical research.
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Purpose: Breast cancer (BC) patients with T1N0 tumors have relatively favorable clinical
outcomes. However, it remains unclear whether molecular subtypes can aide in
prognostic prediction for such small, nodal-negative BC cases and guide decision-
making about escalating or de-escalating treatments.

Patients and Methods: T1N0 BC patients diagnosed between 2009 and 2017 were
included and classified into three subgroups according to receptor status: 1) hormonal
receptor (HR)+/human epidermal growth factor receptor-2 (HER2)−; 2) HER2+; and 3)
triple negative (TN) (HR−/HER2−). Patients’ characteristics and relapse events were
reviewed. Kaplan–Meier analysis and Cox regression were used to assess the iDFS
and BCSS. The effects of risk factors and adjuvant treatment benefits were evaluated by
calculating hazard ratios (HRs) for invasive disease-free survival (iDFS) and breast cancer-
specific survival (BCSS) with Cox proportional hazards models.

Results: In total, 2,168 patients (1,435 HR+/HER2−, 427 HER2+, 306 TN) were enrolled.
The 5-year iDFS rates were 93.6, 92.7, and 90.6% for HR+/HER2−, HER2+, and TN
patients, respectively (P = 0.039). Multivariate analysis demonstrated that molecular
subtype (P = 0.043), but not tumor size (P = 0.805), was independently associated
with iDFS in T1N0 BC. TN patients [HRs = 1.77, 95% confidence interval (CI) = 1.11–2.84,
P = 0.018] had a higher recurrence risk than HR+/HER2− patients. Adjuvant
chemotherapy benefit was not demonstrated in all T1N0 patients but interacted with
molecular subtype status. TN (adjusted HRs = 2.31, 95% CI = 0.68–7.54) and HER2+
(adjusted HRs = 2.26, 95% CI = 0.95–5.63) patients receiving chemotherapy had superior
iDFS rates. Regarding BCSS, molecular subtype tended to be related to outcome (P =
0.053) and associated with chemotherapy benefit (P = 0.005).
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Conclusion: Molecular subtype was more associated with disease outcome and
chemotherapy benefit than tumor size in T1N0 BC patients, indicating that it may guide
possible clinical de-escalating therapy in T1N0 BC.
Keywords: breast cancer, molecular subtype, prognosis, chemotherapy benefit, de-escalating therapy
INTRODUCTION

With the rise of breast cancer (BC) awareness and mammographic
screening over the past decade, T1N0 BC has been diagnosed with
increasing frequency (1). Generally, these early-stage BC patients
are considered to have an excellent long-term outcome after
surgical operation (2, 3). Thus, most previous studies focused on
larger nodal-negative and axillary nodal-positive BC patients, for
whom their recurrence risk requires aggressive management. In
the current staging system, of which clinicopathological
prognostic factors such as tumor size and regional node status
are the basis, T1N0 BC tumors are all placed into a generally low
recurrence risk group, and cannot distinguish their intrinsic
prognostic difference (4). However, even small BC tumors can
exhibit aggressive behavior. Previous studies have shown that BC
relapse and deaths occur in these small BC patients, and nearly 1/4
of all recurrences occur beyond 10 years (5–7). Furthermore, the
low representation of T1N0 tumor patients in those studies leads
to a lack of high-level evidence to guide clinicians in the treatment
of these patients, especially for the administration and benefit of
chemotherapy for T1N0 BCs.

Over the last few decades, our understanding of BC tumors
has improved dramatically. The emergence of tumor biology has
enabled us to understand why patients with similar stages have
significantly different outcomes and different responses to
adjuvant systemic agents. Molecular subtypes, defined by
estrogen receptor (ER), progesterone receptor (PgR), and
human epidermal growth factor receptor-2 (HER2) status, can
classify BCs into three different subgroups [luminal-like, triple
negative (TN), and HER2 positive] and are important for
predicting prognosis and treatment benefits for breast cancer
(8, 9). However, cause T1N0 tumor were usually excluded from
those previous clinical studies, it is still uncertain whether
molecular subtypes can aid in prognostic prediction for such
small, nodal-negative BC cases and guide decision-making about
clinical escalating or de-escalating treatments.

Based on the above issues, we conducted this study to evaluate
the associations of tumor biology and prognosis as well as
chemotherapy benefit in T1N0 BC patients, thus guiding
further clinical individualized therapy.
PATIENTS AND METHODS

Study Population
Female patients who underwent surgery for invasive BC at Ruijin
Hospital were retrospectively included. All BC patients with
T1N0 tumors between Jan. 2009 and Dec. 2017 were identified
through the Shanghai Jiaotong University Breast Cancer
272
Database (SJTU-BCDB). The collected data included patients’
characteristics [e.g., age, menopausal status, tumor size,
pathological type, histologic grade, hormonal receptor(HR),
HER2 status] and details of treatment (e.g., breast surgery,
radiotherapy, chemotherapy, endocrine therapy, and HER2-
targeted therapy). The definitions of T1a, T1b, and T1c were
based on the seventh edition American Joint Committee on
Cancer(AJCC) TNM staging system (4). If patients had primary
metastatic disease, received neoadjuvant systemic treatment, or
already had a personal history of BC, they were excluded from
this study.

Hormonal receptor (ER/PgR) was defined as positive if the
tumor had at least 1% nuclear staining by immunohistochemistry
(IHC) techniques (10). HER2 positivity was determined as IHC
HER2 3+ or positive on fluorescence in situ hybridization (FISH)
(11). According to the HR andHER2 status, all patients were divided
into three subtypes: 1) HR+/HER2− (ER+ or PgR+, HER2−); 2)
HER2+(HR+/−, and HER2+); and 3) triple negative (TN) (HR−,
and HER2−).

Follow-Up
For all patients, outpatient visits or calls were performed every 3 to 6
months until death. Invasive disease-free survival (iDFS) was
defined as the length of time from primary surgery to the first
occurrence of the following events: any invasive disease of
locoregional recurrence, contralateral invasive BC, distant
recurrence, secondary non-breast malignant tumors, and any
cause of death. Breast cancer-specific survival (BCSS) was defined
as the length of time from primary surgery to BC-related death.

Statistical Analysis
Pearson ’s chi-square test was used to compare the
clinicopathological features and treatment choices among
different groups. Kaplan–Meier analysis and multivariable Cox
regression were used to assess the iDFS and BCSS. The impact of
different prognostic factors on iDFS and BCSS, as well as
interactions between chemotherapy benefit and those prognostic
factors, were examined by Cox proportional hazards regression.
Two-sided P values<0.05 were considered statistically significant.
Statistical analysis procedures were conducted with IBM SPSS
version 20 (SPSS Inc., Chicago, IL, USA).
RESULTS

Basic Characteristics and
Clinicopathological Factors of the Subtypes
Among 7,023 patients with breast cancer who received surgery
between 2009 and 2017, 2,168 pT1N0 patients were included
February 2021 | Volume 11 | Article 636266
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(Figure 1). Table 1 shows the patients’ characteristics. The
median age was 56 (26–91) years, and a total of 1,382 (63.7%)
patients were postmenopausal. Overall, 66.2% of patients were
classified as HR+/HER2−, 19.7% as HER2+, and 14.1% as triple-
negative breast cancer (TNBC). Regarding tumor size, 344
(15.9%), 457 (21.1%), and 1,367 (63.1%) patients were T1a,
T1b, and T1c, respectively.
Frontiers in Oncology | www.frontiersin.org 373
HER2+ BC accounted for 28.6% of T1a tumors, which was
higher than the proportions of TNBC (19.3%) and HR+/HER2−
(11.4%) (P<0.001). More elderly patients (65+) were found in the
HR+/HER2− group (26.0%) than in the TN (21.2%) and HER2+
(10.1%) groups (P<0.001). Regarding tumor grade, 65.1% of the
HR+/HER2− group were grade II or III, which was much lower
than the proportions in the TN group (79.1%) or the HER2+
FIGURE 1 | Identification of the study population.
TABLE 1 | Patients’ characteristics.

Characteristics ALL
N (%) = 2,168

HR+/HER2−
N (%) = 1,435

HER2+
N (%) = 427

TN
N (%) = 306

P

Age <0.001
<50
50–65
65+

701 (32.3%)
986 (45.5%)
481 (22.2%)

444 (30.9%)
618 (43.1%)
373 (26.0%)

160 (37.5%)
224 (52.5%)
43 (10.1%)

97 (31.7%)
144 (47.1%)
65 (21.2%)

Menopausal status 0.005
Premenopausal
Postmenopausal

786 (36.3%)
1,382 (63.7%)

509 (35.5%)
926 (64.5%)

181 (42.4%)
246 (57.6%)

96 (35.2%)
210 (68.6%)

Breast surgery type <0.001
Lumpectomy
Mastectomy

847 (39.1%)
1,321 (60.9%)

595 (41.5%)
840 (58.5%)

123 (28.8%)
304 (71.2%)

129 (42.2%)
177 (57.8%)

Pathological type <0.001
IDC
ILC
Others

1,852 (85.4%)
75 (3.5%)

241 (11.1%)

1,187 (82.7%)
59 (4.1%)

189 (13.2%)

402 (94.1%)
7 (1.6%)
18 (4.2%)

263 (85.9%)
9 (2.9%)

34 (11.1%)
Tumor size <0.001
T1a
T1b
T1c

344 (15.9%)
457 (21.1%)
1,367 (63.1%)

163 (11.4%)
354 (24.7%)
918 (64.0%)

122 (28.6%)
59 (13.8%)
246 (57.6%)

59 (19.3%)
44 (14.4%)
203 (66.3%)

Histological grade <0.001
I
II
III
NA

170 (7.8%)
1,012 (46.7%)
565 (26.1%)
421 (19.4%)

161 (11.2%)
773 (53.9%)
223 (15.5%)
278 (19.4%)

6 (1.4%)
152 (35.6%)
187 (43.8%)
82 (19.2%)

3 (1.0%)
87 (28.4%)
155 (50.7%)
61 (19.9%)

Ki67 <0.001
<14%
≥14%

1,016 (46.9%)
1,152 (53.1%)

852 (59.4%)
583 (40.6%)

88 (20.6%)
339 (79.4%)

76 (24.8%)
230 (75.2%)
Februar
y 2021 | Volume 11 | Article
IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; HR, hormonal receptor; HER2, human epidermal growth factor receptor-2; TN, triple negative; NA, not available.
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group (79.4%) (P<0.001). A similar result was found for the Ki67
level: 59.4% of HR+/HER2− patients had low Ki67 levels, and the
proportions were only 20.6% for HER2+ patients and 24.8% for
TN patients (P<0.001).

Adjuvant Treatment and Associated
Factors
In total, 1,080 (49.8%) patients were treated with adjuvant
chemotherapy (Table 2). In univariate analysis, age,
menopausal status, tumor grade, pathological type, tumor size,
ER, PgR, HER2, Ki67, and molecular subtype were all found to be
significantly associated with chemotherapy administration
Frontiers in Oncology | www.frontiersin.org 474
(P<0.001) (Supplementary Table 1). In multivariate analysis,
we found that age, grade, tumor size, Ki67 level, and molecular
subtype (P <0.001) were independent factors for chemotherapy
administration. The median age (52 years) of patients receiving
chemotherapy was significantly younger than those not receiving
it (60 years) (P< 0.001), and fewer elderly patients (65+)
underwent chemotherapy [OR = 0.10, 95% confidence interval
(CI) = 0 .07–0 .15 , P< 0 .001] . Regard ing pat ients ’
clinicopathological features, more patients with large lesions
(compared with T1a, T1b: OR = 9.52, 95% CI = 5.99–15.15;
T1c: OR = 16.13, 95% CI = 10.53–25.00, P<0.001), high tumor
grades (compared with grade I, grade II: OR = 1.97, 95% CI =
1.23–3.14, P = 0.005; grade III: OR = 3.61, 95% CI = 2.13–6.14,
P<0.001), and high Ki67 levels (compared with Ki67 <14%, Ki67
≥14%: OR = 6.37, 95% CI = 5.29–7.69, P<0.001) were given
adjuvant chemotherapy. In terms of molecular subtype, HER2+
(80.1%) and TN (75.5%) BC patients were more likely (vs. HR
+/HER2−, 35.3%) to receive adjuvant chemotherapy (HER2+:
OR = 12.67, 95% CI = 8.77–18.52; TN, OR = 6.67, 95% CI =
4.67–9.52; P<0.001). Additionally, pathological type (P = 0.165)
and menopausal status (P = 0.859) were not independent factors
for chemotherapy administration in multivariate analysis. The
detailed regimens information for chemotherapy are shown in
Supplementary Table 2.

In total, 777 (35.8%) patients received radiotherapy after breast-
conserving therapy, and 1,549 (94.5%) patients with HR+ disease
received adjuvant endocrine therapy. For HER2+ BC patients, 275
(64.4%) received adjuvant trastuzumab treatment. Compared with
T1a HER2+ patients (37.7%), T1b (69.5%, P<0.001), and T1c
(76.4%, P<0.001) patients were more likely to be given trastuzumab.
Disease Outcomes
After a median follow-up of 47.9 months, 136 patients had iDFS
events. The estimated 5-year iDFS rate was 93.0% in the whole
population. Univariate analysis did not find significant differences of
iDFS rates among patients with different ages, menopausal statuses,
pathological types, tumor grades, tumor sizes, HER2 statuses, or
Ki67 levels (P>0.05) (Table 3). The estimated 5-year iDFS rates
were 94.8, 92.6, and 92.7% for the T1a, T1b, and T1c groups,
respectively (P = 0.268) (Figure 2A). However, univariate analysis
showed that ER, PgR, and molecular subtype were significantly
correlated with iDFS in T1N0 patients (Table 3). The estimated 5-
year iDFS rates were 93.6, 92.7, and 90.6% for HR+/HER2−, HER2
+, and TN tumors, respectively, which showed a significantly better
prognosis in the HR+/HER2− and HER2+ groups (P = 0.039)
(Figure 2B). Multivariate analysis, including age, pathological type,
tumor grade, tumor size, Ki67 level, and molecular subtype, showed
that molecular subtype was the only prognostic factor for iDFS (P =
0.043). TN group patients had a significantly worse iDFS than HR+/
HER2− group patients (HRs = 1.77; 95% CI = 1.11–2.84, P = 0.018),
while no significant difference was found between the HER2+ and
HR+/HER2− groups (HRs = 0.87; 95% CI = 0.62–1.77).

There were 24 patients with BCSS events, with an estimated 5-
year BCSS rate of 98.8% (95% CI = 98.22–99.38%). There was no
significant difference of BCSS rates among patients with different
tumor sizes (P = 0.635) (Figure 2D). In univariate analysis, age,
TABLE 2 | Multivariate analyses of chemotherapy administration according to
tumor characteristics.

Characteristics Chemotherapy Multivariate
OR (95％CI)

P

YES
(N = 1,080)

NO
(N = 1,088)

Age (median age)
52 60 <0.001

<50
50–65
65+

422 (60.2%)
554 (56.2%)
104 (21.6%)

279 (39.8%)
432 (43.8%)
377 (78.4%)

1
0.86 (0.67–1.10)
0.10 (0.07–0.15)

0.233
<0.001

Menopausal status 0.859

Premenopausal
Postmenopausal

465 (59.2%)
615 (44.5%)

321 (40.8%)
767 (55.5%)

1
0.97 (0.68–1.38)

Histological grade <0.001

I
II
III
NA

32 (18.8%)
480 (47.4%)
459 (81.2%)
109 (25.9%)

138 (81.2%)
532 (52.6%)
106 (18.8%)
312 (74.1%)

1
1.97 (1.23–3.14)
3.61 (2.13–6.14)
0.73 (0.43–1.24)

0.005
<0.001
0.242

Pathological type 0.165

IDC
ILC
Others

994 (53.7%)
25 (33.3%)
61 (25.3%)

858 (46.3%)
50 (66.7%)
180 (74.7%)

1
1.59 (0.76–3.33)
0.80 (0.46–1.40)

0.217
0.440

Tumor size <0.001
T1a
T1b
T1c

85 (24.7%)
188 (41.1%)
807 (59.0%)

259 (75.3%)
269 (58.9%)
560 (41.0%)

1
9.52 (5.99–15.15)

16.13 (10.53–25.00)
<0.001
<0.001

ER status /a

Positive
Negative

666 (41.0%)
414 (76.1%)

958 (59.0%)
130 (23.9%)

PgR status /a

Positive
Negative

490 (36.4%)
590 (72.0%)

858 (63.6%)
230 (28.0%)

HER2 status /a

Positive
Negative

342 (80.1%)
738 (42.4%)

85 (19.9%)
1,003
(57.6%)

Ki67 level <0.001
<14%
≥14%

273 (26.9%)
807 (70.1%)

743 (73.1%)
345 (29.9%)

1
6.37 (5.29–7.69) <0.001

Molecular subtype <0.001
HR+/HER2-
HER2+
TN

507 (35.3%)
342 (80.1%)
231 (75.5%)

928 (64.7%)
85 (19.9%)
75 (24.5%)

1
12.67 (8.77–18.52)
6.67 (4.67–9.52)

<0.001
<0.001
IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; HR, hormonal receptor;
HER2, human epidermal growth factor receptor-2; TN, triple negative; ER, estrogen
receptor; PgR, progesterone receptor.
aCause ER, PgR, and HER2 are components of molecular subtype, we included molecular
subtype as an integral factor into multivariate analysis.
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menopausal status, pathological type, tumor grade, tumor size,
HER2 status, and Ki67 level were not significantly associated with
BCSS (P>0.05) (Table 3). Molecular subtype had a trend of
significant BCSS difference (P = 0.053), with estimated 5-year
BCSS rates of 99.1, 98.5, and 97.8% for the HR+/HER2−, HER2+,
and TN groups, respectively (Figure 2E). Furthermore, the annual
risk curve of iDFS and BCSS are shown in Supplementary Figure 1,
which show a low annual recurrence risk of 1–2% for HR+/HER2−
and HER2 patients, but small TNBC tumors had a recurrence peak
at almost 5 years after surgery.
Factors Associated With Chemotherapy
Benefit
Among the whole population, 1,080 (49.8%) patients received
adjuvant chemotherapy. There were no differences in the iDFS or
BCSS rates between patients receiving and not receiving
chemotherapy. The 5-year iDFS rates were 93.6% for patients
without chemotherapy and 92.4% for patients who received
chemotherapy (P = 0.681). Similarly, the 5-year BCSS rates
were 98.5% for patients without chemotherapy and 99% for
patients receiving chemotherapy (P = 0.898) (Figures 2C, F).

To further identify the patient population that can be managed
with de-escalating treatments, the estimated HRs of the iDFS and
BCSS rates for 2,168 women receiving or not receiving adjuvant
chemotherapy were evaluated and are shown in Figure 3. When we
investigated the iDFS benefit of chemotherapy according to
clinicopathological features, the interaction between molecular
A B C

D E F

FIGURE 2 | Kaplan-Meier analysis for invasive disease-free survival (iDFS) and breast cancer-specific survival (BCSS) according to tumor size, molecular subtype,
and chemotherapy administration. (A) iDFS of T1a, T1b, and T1c tumors (P = 0.268). (B) iDFS of the HR+/HER2−, HER2+, and TN groups (P = 0.039). (C) iDFS of
patients who received chemotherapy and those who did not (P = 0.681). (D) BCSS of T1a, T1b, and T1c tumors (P = 0.635). (E) BCSS of the HR+/HER2−, HER2+,
and TN groups (P = 0.053). (F) BCSS of patients who received chemotherapy and those who did not (P = 0.898).
TABLE 3 | Univariate analyses of invasive disease-free survival (iDFS) and breast
cancer-specific survival (BCSS) according to tumor characteristics.

Factor iDFS
P

BCSS
P

Age 0.464 0.180
≤50 vs. 50–65
65+ vs. ≤50

0.919
0.319

0.577
0.096

Menopausal status
Pre- vs. post-menopausal 0.161 0.232

Pathological type 0.856 0.525
IDC vs. ILC
IDC vs. others

0.674
0.696

0.978
0.257

Grade 0.761 0.192
I vs. II
I vs. III

0.427
0.527

0.627
0.379

Tumor size 0.273 0.641
T1a vs. T1b
T1a vs. T1c

0.108
0.239

0.367
0.567

ER status
Positive vs. negative 0.011 0.010

PgR status
Positive vs. negative 0.003 0.021

HER2 status
Positive vs. negative 0.371 0.806

Ki67 level
<14% vs. ≥14% 0.059 0.163

Molecular subtype 0.039 0.053
HR+/HER2− vs. HER2
HR+/HER2− vs. TN

0.686
0.020

0.773
0.020
Uv, univariate; iDFS, invasive disease-free survival; IDC invasive ductal carcinoma; ILC,
invasive lobular carcinoma; HR, hormonal receptor; HER2, human epidermal growth
factor receptor-2; TN, triple negative; BCSS, breast cancer-specific survival; ER, estrogen
receptor; PgR, progesterone receptor.
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subtype and chemotherapy was statistically significant (Pinteraction =
0.022). Subgroup analysis showed that TN patients with
chemotherapy had a lower recurrence risk than patients not
receiving chemotherapy, with an iDFS HRs of 1.88, but the 95%
CI did not rule out a meaningful difference (95% CI = 0.90–3.92)
(Figure 3A). Similarly, a trend of iDFS benefit was observed for
HER2+ patients who received chemotherapy, but this association
was not statistically significant (HRs = 1.36, 95% CI = 0.53–3.48).
Similar results were found based on ER status (Pinteraction = 0.042)
and PgR status (Pinteraction = 0.014). We further analyzed BCSS,
where the CIs were very wide due to the small number of deaths in
each of the subpopulations (Figure 3B). A marginal interaction was
Frontiers in Oncology | www.frontiersin.org 676
seen according to molecular subtype (Pinteraction = 0.062), and ER/
PgR status was statistically significant (Pinteraction <0.05).

Furthermore, the adjusted HRs of iDFS and BCSS rates with
incorporating factors that would influence adjuvant chemotherapy
administration were shown (Figure 4). Chemotherapy did not
have survival benefit among whole population in the adjusted Cox
models. The adjusted HRs were 1.02 (95% CI = 0.67–1.55) for
iDFS and 1.24 (95% CI = 0.49–3.15) for BCSS between patients
receiving and not receiving chemotherapy. However, the
interactions between molecular subtype and chemotherapy were
still statistically significant in the adjusted Cox models (iDFS:
Pinteraction = 0.009; BCSS: Pinteraction = 0.005).
A B

FIGURE 3 | Exploratory analyses of invasive disease-free survival (iDFS) and breast cancer-specific survival (BCSS) rates according to patient characteristics and
tumor subtype. (A) Forest plot of the hazard ratios of the iDFS rates of patients receiving chemotherapy compared with patients not receiving chemotherapy.
(B) Forest plot of the hazard ratios of the BCSS rates of patients receiving chemotherapy compared with patients not receiving chemotherapy.
A B

FIGURE 4 | Forest plot of unadjusted and adjusted hazard ratios of invasive disease-free survival (iDFS) and breast cancer-specific survival (BCSS) rates according
to molecular subtype. The unadjusted estimates were from the Cox models with only the exposures of interest. The adjusted models were estimated by
incorporating factors that would influence a clinician’s decision to offer adjuvant chemotherapy: molecular subtype, age, tumor grade, and tumor size.
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DISCUSSION

With the increasing incidence of small BC due to early detection,
the question of which treatment is appropriate for these patients
emerges. Adjuvant chemotherapy decisions are usually based on
traditional clinicopathological factors, such as tumor size and nodal
involvement, but its value in T1N0 tumors is challenging due to the
good prognosis and the limited evidence from clinical trials. In the
current study, we included 2,168 women with T1N0 tumors to
evaluate which factors were more associated with disease outcomes
and chemotherapy benefit. In this large cohort study, compared
with tumor size, molecular subtype was more related to disease
outcomes as well as chemotherapy benefit in T1N0 patients, which
may help guide further clinical de-escalating therapy.

Our study found that among small BC patients, nearly two-
thirds of T1N0 patients had HR+/HER2− tumors, approximately
60% of patients were postmenopausal, and 8% of patients had
low-grade tumors, similar to the findings in other studies
including small BC (12, 13). Among the whole T1N0
population, 2,168 patients had a good prognosis, with 5-year
iDFS rates of 93.0% and BCSS of 98.8%. This result corresponds
approximately to those in previous literatures. One study
including patients from various NSABP trials reported a good
prognosis for T1a, bN0 patients, with an 8-year overall survival
(OS) of 92%, and in which BC attributed to half of the deaths
(14). Another retrospective study from France also showed a 10-
year OS of 90.7% for those T1N0 patients (6).

Our study did not find a significant difference in the iDFS and
BCSS rates among women with T1a, T1b, or T1c tumors, indicating
that tumor size was not amain determinant prognostic factor for T1
patients. These results are in accordance with several other
literatures, and the relatively poor outcomes of T1a patients could
be explained by low rates of adjuvant treatment administration and
the presence of non-invasive components (15, 16). Based on our
analyses, molecular subtype was a significant prognostic factor for
T1N0 patients, women with TN tumors had the lowest survival rate,
and those HR+/HER2− patients had the best prognosis. This
finding is in line with those of several other studies and suggest
that it is important to develop new innovative therapies even for
patients with small TNBC tumors (17, 18). Regarding the HER2+
group, several previous literatures reported that HER2
overexpression was an important risk factor for early relapse in
those small BCs (19, 20). However, our series revealed that HER2
positivity was not associated with worse prognosis. The first reason
may be that most HER2+ BCs in our cohort received chemotherapy
with or without trastuzumab, which might conceal the adverse
effects of HER2 positivity. Furthermore, our data suggest that ER/
PgR status might be a more important prognostic factor than HER2
status for T1N0 BC. For example, in multivariate analysis, if we
assessed ER/PgR and HER2 status independently instead of
molecular subtype, ER negativity was significantly associated with
early relapse (iDFS: HRs = 1.748; 95% CI = 1.221–2.502; P = 0.002),
but HER2 overexpression was not (data not shown in the Results).
Regarding recurrence risk curve, our result showed a generally low
annual recurrence risk for small BC, especially for HR+/HER2− or
HER2+ group. The difference of recurrence risk curve for small BC
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compared with whole BC population, especially small TNBC with a
mid-late recurrence peak, might explained by insufficient adjuvant
chemotherapy to those small TNBC.

When making decisions about adjuvant chemotherapy, medical
oncologists should weigh the absolute benefit of treatment against
the potential chemotherapy-related risks (e.g., infection,
cardiomyopathy, neuropathy, secondary leukemias, and
chemotherapy-related death) (21, 22). The absolute benefit of
treatment was determined by the baseline risk of recurrence and
the effect of treatment on the baseline prognosis, with tumor size,
and biological behavior contributing to both. In this study, we found
that for those with small BC, younger age, higher tumor grades,
larger tumor sizes, higher Ki67 levels, TNBC, and HER2+ subtypes
were associated with the administration of adjuvant chemotherapy,
which is consistent with actual treatment recommendations.
However, among the whole population, patients had no clear
benefit from chemotherapy, chemotherapy did not increase the
iDFS or BCSS, and tumor size could not predict the benefit of
chemotherapy. Furthermore, we found that the analysis based on
molecular subtype was statistically significant, which supports that
molecular subtype was a determinant predictive factor of
chemotherapy benefit for those small BCs.

Regarding HR+/HER2− BCs, it is known that several genomic
signatures, such as Oncotype DX and MammaPrint, have become
important tools in determining the risk of recurrence in HR+/HER2
− patients as well as the benefit of chemotherapy. For example, the
National Comprehensive Cancer Network (NCCN) guidelines
recommend a performance of a 21-gene recurrence score to
predict the benefit of chemotherapy for HR+/HER2− T1N0 BC
patients, especially for tumors more than 0.5 cm in size (23).
Patients with an intermediate or high score should consider
adjuvant chemotherapy; if the 21-gene recurrence score is absent,
clinicians should take chemotherapy into consideration. However,
our result revealed that little benefit of chemotherapy was observed
among those small, node-negative HR+/HER2− BCs, which could
be considered when deciding whether to omit chemotherapy.
Combined with the good prognosis of small HR+/HER2− BCs,
endocrine treatment might be sufficient for most of this population.
On the other hand, our result suggests that the value of those
genomic signature tools in those HR+/HER2− small BC patients is
still uncertain, and prognostic genomic signature tests are likely
unnecessary for these patients. To further investigate the value of
genomic signature and the question of who needs adjuvant
chemotherapy among those HR+/HER2− small BC patients,
clinical trials are needed.

TNBC, which is defined as negative hormonal receptor and
HER2 status, accounts for nearly 20% of all BCs and has an
aggressive biological behavior (24). Our study confirmed that even
these small, node-negative TNBC tumors had an increased
recurrence risk and BC-related death compared with other
subtypes. Because TNBC tumors do not respond to endocrine
treatment and anti-HER2 therapy, chemotherapy remains the only
option available (25, 26). Current guidelines generally recommend
adjuvant chemotherapy for TNBC patients with tumor size >0.5 cm
(23). In our study, trends suggested a distinct benefit of iDFS survival
with chemotherapy in T1N0 TNBC patients. Taking the high risk of
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recurrence and the need for improvements of prognosis into
consideration, our results suggest that adjuvant chemotherapy
should be considered even for those small TNBC tumors, and
more clinical trials are warranted to investigate new treatment
patterns (e.g., immune therapy) for these small TNBCs.

For HER2+ tumors, numbers of randomized clinical trials have
shown that trastuzumab added to chemotherapy could improve
survival in the adjuvant setting (27–29). However, few patients with
T1N0 HER2+ tumors, especially tumor size <1 cm, were recruited
in these trials. Despite this fact, since 2010, the NCCN guidelines
have recommended that chemotherapy and trastuzumab should be
considered for offering to HER2+ T1bN0 patients (23). Thus, most
clinicians recommend HER2-targeted therapies for these small
tumors because HER2+ BC has an increased recurrence risk and
due to the generally low toxicity of anti-HER2 agents, such as
trastuzumab. In this study, which included 427 HER2+ small
tumors, we found a trend of benefit from adjuvant chemotherapy
with or without trastuzumab. Combined with the APT trial’s results,
our results support that single-agent chemotherapy plus
trastuzumab could be considered an attractive approach for small,
node-negative HER2+ BC, balancing benefits versus risks (30).

However, our study has several limitations. First, since the
present study was retrospective, the baseline characteristics and
treatment were not randomized, which makes it difficult to
conclude whether survival data reflect the response to adjuvant
chemotherapy or the natural history of specific subgroups. Second,
the median follow-up period for our cohort was 47.9 months, which
was relatively short for small BCs, especially for HR+/HER2−
patients. Due to relatively little events, a longer follow-up time
will guarantee the reliability of our findings. Moreover, the
classification of chemotherapy versus non-chemotherapy did not
account for the impact of the variability of chemotherapy regimens.
CONCLUSION

In summary, our study shows that among patients with pT1N0 BC, a
group with generally favorable clinical outcomes, molecular subtype
was a significant prognostic factor, and TNBC had the worst
prognosis. Furthermore, T1N0 BC patients could not clearly benefit
from adjuvant chemotherapy, which was potentially beneficial for
only TNBC and HER2+ patients. Therefore, compared with tumor
size, the molecular subtype of BC may facilitate a more accurate
tailoring of treatment recommendations for T1N0 BC patients and
guide possible clinical de-escalating therapy.
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The multidrug-resistant (MDR) phenotype is usually accompanied by an abnormal
expression of histone deacetylase (HDAC). Given that HDAC is vital in chromatin
remodeling and epigenetics, inhibiting the role of HDAC has become an important
approach for tumor treatment. However, the effect of HDAC inhibitors on MDR breast
cancer has not been elucidated. This study aim to demonstrate the potential of chidamide
(CHI) combined with the chemotherapy drug doxorubicin (DOX) to overcome
chemotherapeutic resistance of breast cancer in vitro and in vivo, laying the
experimental foundation for the next clinical application. The results showed that, CHI
combined with DOX showed significant cytotoxicity to MDR breast cancer cells in vitro
and in vivo compared with the CHI monotherapy. The cell cycle distribution results
showed that CHI caused G0/G1 cell cycle arrest and inhibited cell growth regardless of
the addition of DOX. At the same time, annexin V staining and TUNEL staining results
showed that CHI enhanced the number of cell apoptosis in drug-resistant cells. The
western blot analysis found that p53 was activated in the CHI-treated group and
combined treatment group, and then the activated p53 up-regulated p21, apoptosis
regulator recombinant protein (Puma), and pro-apoptotic protein Bax, down-regulated
the apoptotic proteins Bcl-xL and Bcl-2, and activated the caspase cascade to
induce apoptosis.

Keywords: breast cancer, histone deacetylase, chidamide, doxorubicin, drug resistance
Abbreviations: MDR, multidrug-resistant; HDAC, histone deacetylase; HDACi, histone deacetylase inhibitor; CHI,
chidamide; DOX, doxorubicin.
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INTRODUCTION

Doxorubicin (DOX) is an anthracycline widely used as the first-
line treatment of breast cancer (1, 2). The pharmacological effect
of this drug is to intervene between gene base pairs of DNA,
interfere with gene transcription, and inhibit the synthesis of
DNA and RNA in tumor cells. With time, the cancer cells
become resistant to drugs. Once drug resistance develops, the
effect of the drugs decreased significantly (3). The drug resistance
of breast cancer cells is the main reason for the failure of
chemotherapy and the recurrence of the disease, and it is one
of the problems that need to be solved urgently in clinical
practice. Drug-resistant cells respond to chemotherapy drugs
through different mechanisms, such as strong DNA damage
repair ability, cell cycle change, apoptosis retardation,
epigenetic modifications, and abnormal activation of multiple
signaling pathways, including PI3K/AKT, Notch, Hedgehog,
p53/p21, and Wnt pathways (4–6). Among them, the p53/p21
pathways are important factors for tumor cell resistance to
chemotherapy drugs (7–9).

In recent years, epigenetic abnormalities have become an
important indicator of tumor development and progression.
Histone is one of the basic components of chromosomes in the
human body (10). Its acetylation is important in the
development of tumors. When HDAC is overexpressed in
cells, it causes acetylation imbalance inducing tumorigenesis
(11). Given that HDAC plays a vital role in chromatin
remodeling and epigenetics, inhibiting the role of HDAC has
become an important approach to tumor therapy. In fact,
HDAC1, HDAC2, HDAC3, HDAC6, and HDAC7 have been
shown to be overexpressed in breast cancer (12–15). Studies
found that the down-regulation of HDAC inhibited the
proliferation and survival of tumor cells in drug-resistant
breast cancer cells and delayed the progression of breast
cancer (16).

Chidamide (CHI) is the first subtype-selective histone
deacetylase inhibitor (HDACi) independently developed and
synthesized in China, which can selectively inhibit HDAC1,
HDAC2, HDAC3 in class I and HDAC10 in class IIb (17). It
is used more in breast cancer because of its good curative
effects, few adverse reactions, strong targeting, and easy
administration. In combination therapy, multiple oncogenic
signaling pathways can also be targeted simultaneously, thereby
increasing the possibility of overcoming drug resistance in
difficult-to-treat advanced breast cancer (18, 19).

In this study, the efficacy of CHI was analyzed in MDR
breast cancer cell lines. In addition, CHI had a synergistic
sensitization effect with DOX. The combined therapy
downregulated the expression of HDAC1, activated p53 and
released p21, inhibited cell proliferation, and induced MDR
cell cycle arrest and apoptosis. This study demonstrated the
potential of CHI combined with the chemotherapy drug
DOX to overcome chemotherapeutic resistance of breast
cancer, laying the experimental foundation for the next
clinical application.
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MATERIALS AND METHODS

Cell Culture
Human breast cancer cell line Cal51 and its MDR counterpart
CALDOX were both obtained from Dr. Ernesto Yague (Imperial
College London, UK) (20). Human breast cancer cell line MCF-7
and its MDR counterpart MCF-7/A02 were both obtained from
Professor Dongsheng Xiong (Institute of Hematology, PUMC,
Tianjin, China) (20). All the cells were maintained in the RPMI-
1640 medium (Corning Incorporated), supplemented with 10%
fetal bovine serum (Corning Incorporated) and 1% penicillin-
streptomycin (Corning Incorporated) at 37°C in an atmosphere
with 95% air and 5% CO2. CHI was derived from Chipscreen
Biosciences (Shenzhen, China) and dissolved in DMSO at a final
concentration of 1 mM. DOX was purchased from Rhawn
(Shanghai, China) and dissolved in DMSO at a final
concentration of 1 mM.

Cell Viability Analysis
The cell counting kit-8 (CCK-8, Dojindo, Japan) was used to
evaluate the effects of DOX or CHI alone or in combination on
cell viability. The cells were seeded in a 96-well plate with a
density of 2×104 to 4×104 cells/ml and 100 ml complete medium
per well. After 3 days of treatment with different concentrations
of CHI or DOX or a combination of the two, 10 ml of CCK-8
reagent was added to each well and incubated for 2 h. The
absorbance detection was measured at 450 nm using a
microplate reader (Rayto, USA). Based on the results, the
concentration of the drug that inhibited cell growth by 50%
(IC50) was calculated. For drug combination experiments (21),
CalcuSyn software (Biosoft, Cambridge, UK) was used to
calculate the combination (CI) values based on median dose
effect analysis after the combinations of a range of DOX and CHI
concentrations. The CI values between 0.1 and 0.9 indicated
different degrees of synergism: CI values between 0.9 and 1.1
indicated additive, whereas CI values >1.1 are indicated
antagonistic effects.

Crystal Violet Staining
The cells were seeded in six-well plates (2 × 105 cells/well) and
treated with DOX (2 mM for CALDOX and 0.4mM for MCF-7/
A02) and CHI (6mM for CALDOX and 4mM for MCF-7/A02) for
1 week at 37°C. The resistant clones were fixed with 4%
paraformaldehyde (Servicebio, Wuhan, China) and stained
with 0.4% (w/v) crystal violet (Solarbio, Beijing, China) and
counted. The crystal violet remaining in the cells was dissolved in
33% (v/v) acetic acid (Solarbio, Beijing, China) and quantified by
measuring the optical density at 592 nm (22).

EDU Staining
Cells at logarithmic growth stage were inoculated in 24-well
plates with 1× 104-2 ×104 cells per well and cultured to normal
growth stage. The EDU program used Cell-Lighetm EDU
Apollo488 In Vitro Kit (RiboBio, Guangzhou, China) and was
observed by Axioplan 2 microscope.
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Cell Cycle Analysis
After 48 h of treatment, the cells were fixed in 70% ethanol
overnight at 4°C, washed twice with PBS, treated with RNase A
for 30 min at 4°C and stained with propidium iodide (Sigma–
Aldrich, Merck KGaA, final concentration, 20 µg/ml) for 30 min
at 4°C. The samples were analyzed using a BD FACSCanto II
(Becton Dickinson, San Jose, CA, USA) flow cytometer to
determine the proportion of cells at each stage of the cell cycle
using flow cytometry software (ModFit LT, Verity Software
House, Inc., Topsham, ME, USA).

RNA Isolation and Real-Time Quantitative
PCR
The total cellular RNA was isolated using an RNA extraction
solution (Wuhan Goodbio Technology Co., Ltd.) following the
manufacturer’s protocol.ARevertAidFirst-StrandcDNASynthesis
Kit (Thermo)was used to generate cDNAwith 2 µgRNA.The real-
time quantitative PCR (RT-qPCR) was performed using SYBR
Green I (Takara, Dalian, China) and detected using an ABI
SDS7900 Real-time PCR System (Applied Biosystems). Specific
gene primers were synthesized by GenePharma (Shanghai, China)
(Table 1). The RT-qPCR conditions were as follows: one cycle at
94°C for 30 s and 45 cycles at 94°C for 5 s and 60°C for 30 s. The
melting curve analysis was from 60 to 95°C at a 0.3°C increase per
15s.The resultswere analyzedusing the2−DDCtmethod; andDDCt=
Cttarget gene of sample − Ctb-actin of sample − (Cttarget gene of
control − Ctb-actin of control). All experiments were repeated
three times.

Annexin V Staining
Cell apoptosis was detected using Annexin V−FITC/PI Assay Kit
(ImmunoWay, Texas, USA), according to the procedure
recommended by the manufacturer. The cells (1 × 105) were
washed twice with PBS and suspended in 100 ml binding buffer
followedbystainingwith5 mlAnnexinV−FITCfor30min inadark
room. 5 ml PI was added for 5 min, and the total volume was finally
replenished to 250−300 ml with binding buffer. The fluorescence
was detected using a flow cytometer (BD FACSCanto II). The
quantitative values showed the average percentage of annexin V−
positive cells (lower right quadrant, both in early apoptosis; upper
right quadrant, late apoptosis), of three independent experiments

Western Blot Analysis
After 48h of treatment, the cells were lysed using RIPA buffer
(Solarbio, Beijing, China). The supernatant was collected by
centrifugation at 12,000 rpm for 10 min at 4°C, and the total
protein in the specimen was quantified using BCA kit (Solarbio,
Beijing, China). Proteins in equal amounts were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
Frontiers in Oncology | www.frontiersin.org
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electrotransferred onto PVDF membranes (Millipore, USA), and
then the membranes were blocked with 5% blotting-grade milk.
The membranes were incubated overnight at 4°C with primary
antibodies rabbit anti-GAPDH (CST, 2118, 1:1,000 dilution), rabbit
anti-HDAC1 (CST, 34589, 1:1,000 dilution), rabbit anti-histone H3
(acetyl K9, CST, 9649, 1:1,000 dilution), rabbit anti-histone H3
(acetyl K18, CST, 13,998, 1:1,000 dilution), rabbit anti-histone
H3 (CST, 12230, 1:1,000 dilution), rabbit anti-p21 (ImmunoWay,
YM3453, 1:1,000 dilution), mouse anti-p53 (ImmunoWay,
YM3052, 1:2,000 dilution), rabbit anti-Puma (CST, 12450, 1:1,000
dilution), rabbit anti-Bcl-xL (CST, 2764, 1:1,000 dilution), rabbit
anti-Bcl-2 (CST, 3498, 1:1,000 dilution), rabbit anti-caspase-7 (CST,
12827, 1:1,000 dilution), rabbit anti-cleaved-caspase-7 (CST, 8438,
1:1,000 dilution), rabbit anti-caspase-3 (CST, 9665, 1:1,000
dilution), rabbit anti-cleaved-caspase-3 (CST, 9664, 1:1,000
dilution), mouse anti-caspase-9 (CST, 9508, 1:1,000 dilution),
rabbit anti-cleaved-caspase-9 (CST, 7237, 1:1,000 dilution) at 4°C
overnight. The membranes were washed with Tris-buffered saline
plus Tween 20 (TBST) for 30 min and incubated with secondary
antibodies of horseradish peroxidase (HRP)-conjugated goat anti-
mouse and anti-rabbit IgG (Servicebio, GB23301 and GB23303,
respectively, 1:3,000 dilution) at room temperature for 1 h. Western
blot signal detection was performed using SuperSignal West Pico
chemiluminescent substrate (Pierce), following the manufacturer’s
recommended instructions

In Vivo Xenografts
The cells (1 × 107) were suspended in 100 ml PBS containing 10%
Matrigel (BDBiosciences) and injected into themammary fat pad of
5-week-old female nude mice (SiPeiFu Company, Beijing, China).
Tumor sizes were measured with a caliper every 3 days in two
dimensions, and the tumor volume was calculated using the
following formula: tumor volume (mm3) = 0.5 ×ab2(a and b being
the longest and shortest diameters of the tumor, respectively).
Fourteen days after the cell injection, the tumor-bearing mice were
randomly divided into four groups (five mice/group): 1) control
group (normal saline), 2) DOX group (2mg DOX per kg BW), 3)
CHI group (5mg CHI per kg BW), and 4) CHI+DOX group (5mg
CHI and 2mg DOX per kg BW). The drugs were injected every 3
days and tumor volumes were monitored until the mice were
euthanized. Subsequently, the tumors were collected to extract
proteins and RNA. All mice were raised in accordance with the
National Institutes of Health guidelines for laboratory animal care
and use. The use of the animals in this study was approved by the
Animal Care and Use Committee of Tianjin Cancer Hospital.

TUNEL Assay
For the TUNEL assay in vitro and in vivo, cells were first fixed
with 4% paraformaldehyde and then permeabilized with 1%
Triton X-100. The TUNEL procedure was performed using the
in situ cell death detection kit (Roche, Shanghai, China) and the
cells were mounted in SlowFade Antifade with DAPI (Solarbio,
Beijing, China) and viewed using a Zeiss Axioplan 2 microscope.

Statistical Analysis
All data in this research were expressed as the mean ± standard
deviation (SD) of three independent experiments. Line charts or
TABLE 1 | Primers for quantification measurements of mRNA expression.

Gene Forward Reverse

Bcl-2 CTGGGAGAACAGGGTACGATAA GGCTGGGAGGAGAAGATGC
Bax TCATCCAGGATCGAGCAGG TGTCCACGGCGGCAAT
Caspase-3 AGGCAGGCGACGAGTT TTCCCATAGAGTTCCACAAA
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corresponding bar graph were drawn by GraphPad Prism 7
software. Student’s t test was used when comparing the means of
two groups. The one-way analysis of variance was used when
comparing the means among more than two groups. P value less
than 0.05 was considered statistically significant.
RESULTS

Effects of CHI and DOX on the Viability of
MDR Breast Cancer Cells
The MDR breast cancer cells CALDOX and MCF-7/A02 were
derived from chemosensitive cell lines Cal51 and MCF-7,
respectively. The chemosensitive and chemoresistant breast
Frontiers in Oncology | www.frontiersin.org 483
cancer cell growth was inhibited by CHI in a dose-dependent
manner. The IC50 test results showed that the resistance of the
two drug-resistant cell lines to DOX was 41.98 times and 47.58
times, respectively compared with their parental chemosensitive
counterparts (Figure 1A). However, the resistance of the two
drug-resistant cell lines to CHI was 1.8-fold and 1.9-fold,
respectively (Figure 1B).The results showed that the
chemoresistant cell lines showed no resistance to CHI. Next,
the effect of the combination of CHI and DOX on cell viability
was evaluated using median dose effect analysis. The
CALDOX and MCF-7/A02 cells were treated with increasing
concentrations of CHI, either alone or in combination with DOX
at fixed ratios (DOX/CHI, 1:3 for CALDOX and 1:10 for MCF-7/
A02) (Table 2). Living cells were detected using the CCK-8
A

B

D E

F

C

FIGURE 1 | Effects of chidamide (CHI) and/or doxorubicin (DOX) on the viability and histone H3 acetylation of MDR breast cancer cells. (A) IC50 values of DOX of
two pairs of human breast cancer cell lines and their multidrug-resistant (MDR) sublines. (B) IC50 values of CHI of two pairs of human breast cancer cell lines and
their MDR sublines. (C) Cytotoxicity of CHI and DOX to CALDOX and MCF-7/A02 cells. (D) Expression of HDAC1 in sensitive and resistant cell lines. (E) Effects of
CHI and DOX on HDAC1 expression in drug-resistant cells. (F) Effects of CHI and DOX on acetylation of H3K9 and H3K18 in drug-resistant cells. H3 was used as a
loading control. The numerical values are expressed as mean ± standard deviation (SD) of three independent replicates. *P < 0.05, ***P < 0.001.
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proliferation method, and data were analyzed by GraphPad
Prism software. CompuSyn software was used to evaluate the
combined effect. The combination index (CI) value was 0.1–0.9
(Figure 1C), indicating that CHI and DOX had a synergistic
effect in CALDOX and MCF-7/A02 cells.

Expression of HDAC1 in Breast Cancer
and the Effect of CHI on Histone H3
Acetylation
The basic expression level of CHI target HDAC1 in MDR breast
cancer cell lines and sensitive cell lines was investigated (23). As
shown in Figure 1D, HDAC1 was expressed in sensitive cell lines
and drug-resistant cell lines (CAL51, CALDOX, MCF-7, and
MCF-7/A02), and the expression level of HDAC1 in drug-
resistant cell lines was slightly higher than sensitive cell lines.
Next, the acetylation of histone H3 lysine residue was measured
to determine the inhibitory effect of CHI on HDAC. As shown in
Figure 1E, CHI downregulated the expression of HDAC1 in
drug-resistant cells, and significantly increased the acetylation
of H3K9 and H3K18, regardless of the addition of DOX
(Figure 1F).

CHI Combined with DOX Inhibited the
Proliferation and Induced Cell Cycle Arrest
in MDR Breast Cancer Cells
To further evaluate the killing effect of CHI combined with DOX
on chemotherapy-resistant breast cancer cells, cells were treated
with DOX (2 mM for CALDOX and 0.4mM for MCF-7/A02) and
CHI (6mM for CALDOX and 4mM for MCF-7/A02) for 7 days,
As expected, based on crystal violet staining, the inhibitory effect
was significantly higher in the combined group than in the
monotherapy group (Figure 2A). The effect of CHI in
combined with DOX on proliferation was confirmed.
Furthermore, based on EDU staining, the number of EDU
positive cells (yellow) and DAPI positive cells (blue) was
visually measured. As shown in Figure 2B, the percentage of
EDU incorporation in the combined medication group decreased
significantly compared with the monotherapy group. The
inhibitory effect of CHI on cell cycle was detected by flow
cytometry. CALDOX and MCF-7/A02 cells were treated with
CHI (0–10 mol/L) with increasing doses for 48h. CALDOX and
MCF-7/A02 cells cycle arrest induced by CHI during G0/G1
phase (Supplement Figure 1). The cell cycle distribution of
CALDOX and MCF-7/A02 cells exposed to DOX and CHI alone
or in combination for 48h was analyzed by using flow cytometry.
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The proportion of G0/G1 phase cells prominently increased in
the CHI-treated and combined medication group compared with
the control group. In addition, the combined use of DOX and
CHI significantly increased the percentage of cells at G2/M phase
compared with the CHI-treated group, and the percentage of Sub
G1 increased in the DOX-treated group and combination
medication group (Figure 2C).

Cell Apoptosis Induced by CHI Combined
with DOX in MDR Breast Cancer Cells
Cell apoptosis was detected by flow cytometry to further explore
the mechanism of cell death induced by CHI and DOX. The
results showed that the apoptotic rate was significantly higher in
the combined medication group compared with the control
group and the DOX-treated group. In addition, the apoptotic
rate was higher in the CHI-treated group compared with the
control group (Figure 3A). Furthermore, the number of
TUNEL-positive cells (red) and DAPI-positive cells (blue) was
visually measured. As shown in Figure 3B, the percentage of
TUNEL-positive cells increased significantly in the combined
medication group. These results showed that CHI enhanced the
apoptosis of DOX on CALDOX and MCF-7/A02 cells.

CHI Combined with DOX Induced
Cytotoxicity by Driving p53/p21 to Induce
Cell Cycle Arrest and Promote Caspase-
Dependent Apoptosis
The p53/p21 signaling pathway was often dysregulated in
human cancers and associated with the resistance to standard
anticancer therapies. Therefore, whether the cytotoxic effect of
CHI combined with DOX on MDR breast cancer cells was due
to the activation of the p53/p21 signaling pathway was further
explored. The expression levels of p53, p21, caspase-3/7/9, and
the Bcl family were further detected. After 48h of combined
treatment with CHI and DOX, the western blot analysis showed
that p53 and p21 were upregulated in the CHI-treated group
and combined treatment group compared with the control
group (Figure 4A), which might explain the mechanism of
G0/G1 cell cycle arrest (24). The western blotting analysis
showed that the levels of Bcl-xL, Bcl-2, caspase-9, caspase-7,
and caspase-3 were downregulated and those of Puma, Bax,
cleaved caspase-9, cleaved caspase-7, and cleaved caspase-3
were upregulated in the combined medication group
compared with the control group (Figure 4A). According to
RT-qPCR, when CALDOX and MCF-7/A02 cells were exposed
to CHI and DOX, the relative gene expression of Bax, caspase 3
increased significantly and the relative gene expression of Bcl-2
decreased (Figure 4B)

Effect of CHI Combined with DOX on
Xenograft Tumor Growth of CALDOX Cells
in Nude Mice
CHI combined with DOX had significant antitumor activity in
vitro against MDR breast cancer cells, which prompted to study
whether its antitumor effect in vivo could be maintained. The
CALDOX cells were injected into the mammary fat pad of female
TABLE 2 | Cytotoxicity of chidamide (CHI) and doxorubicin (DOX) to MDR breast
cancer cells.

CALDOX
Doxorubicin (µM) 0.625 1.25 2.5 5 10
Chidamide (µM) 1.875 3.75 7.5 15 30
Cl 0.38 0.69 0.86 0.449 0.781
MCF-7/A02
Doxorubicin (µM) 0.2 0.4 0.8 1.6 3.2
Chidamide (µM) 2 4 8 16 32
Cl 0.463 0.551 0.778 0.839 0.870
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nude mice. On the 14th day after injection, the mice were
randomly divided into four groups, with an equal number of
mice in each group. Each group was treated with DOX, CHI,
CHI + DOX or vehicle control (Figure 5A). As expected, the
tumors in the DOX-treated group continued to grow in the
xenograft models, indicating DOX resistance. Tumor
progression reduced to a certain extent in the CHI-treated
group compared with the control and DOX-treated groups.
However, the combined treatment group showed a more
significant reduction in tumor growth in the MDR xenograft
model (Figure 5B). Animals in the DOX-treated group and the
Frontiers in Oncology | www.frontiersin.org 685
combined treatment group lost significant body weight (BW).
On the contrary, no significant loss of BW was observed in the
CHI-treated group in the MDR xenograft model (Figure 5C).
Consistent with the in vitro results, the western blot results
showed that compared with the control group, the level of Bcl-xl,
Bcl-2 were downregulated and those of p53, p21, Puma, cleaved
caspase-7, cleaved caspase-3, and Bax were upregulated in the
combined treatment group (Figure 5D). The percentage of
TUNEL-positive cells was significantly higher in the combined
treatment group than in the monotherapy and the control
groups (Figure 5E). RT-qPCR results showed that compared
A

B

C

FIGURE 2 | Effects of chidamide (CHI) and/or doxorubicin (DOX) on the proliferation and cell cycle of multidrug-resistant (MDR) breast cancer cells. (A) Drug
resistance clonogenic assay confirmed the effect of CHI and/or DOX on cell proliferation. (B) EDU staining confirmed the effect of CHI and/or DOX on cell
proliferation. (C) Effects of CHI and/or DOX on cell cycle. Numerical values are expressed as mean ± SD of three independent replicates. “*” indicates a significant
difference compared with the control group (*P < 0.05, **P < 0.01),”#” indicates a significant difference compared with the DOX-treated group (###P<0.001), and “&”
indicates a significant difference compared with the CHI-treated group (&P<0.05).
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with the control group, the relative gene expression of Bax and
caspase-3 was significantly increased, while the relative gene
expression of Bcl-2 was decreased (Figure 5F).
DISCUSSION

Chemotherapy is the preferred treatment for breast cancer.
Cancer cells become resistant to drugs over time, which is a
Frontiers in Oncology | www.frontiersin.org 786
major cause of chemotherapy failure and disease recurrence (25–
27). DOX is an important chemotherapy drug in the treatment of
breast cancer. Drug resistance is a complex phenomenon
involving multiple mechanisms (26, 28). New methods are
urgently needed to avoid or slow down the occurrence of drug
resistance so as to improve the efficacy of chemotherapy. Two
drug-resistant breast cancer cell lines, MCF-7/A02 and
CALDOX, were used in this study. Both cell lines had MDR
phenotypes, but the mechanisms were different. Previous studies
A

B

DC

FIGURE 3 | Effects of chidamide (CHI) and/or doxorubicin (DOX) on apoptosis of multidrug-resistant (MDR) breast cancer cells. (A) After treatment with CHI and/or
DOX (48h), flow cytometry was used to detect apoptosis. Annexin V/PI staining was measured with flow cytometry. Representative plots of three independent
experiments are shown. Quantitative values showed the average percentage of Annexin V-positive cells (lower right quadrant, both in early apoptosis; upper right
quadrant, late apoptosis) of three independent experiments. (B) Apoptosis was determined using TUNEL staining assay. The number of TUNEL-positive cells (red)
and DAPI-positive cells (blue) was visually measured. All samples were subjected to at least two biological replicate analyses, and three images of each replicate
were obtained using a 20× objective to count TUNEL-positive cells and DAPI-positive cells. The percentage of TUNEL-positive cells was calculated as (TUNEL-
positive cells/total cells) × 100. The numerical values are expressed as mean ± S (D) of three independent replicates. “*” indicates a significant difference compared
with the control group (*P < 0.05, **P < 0.01),”#” indicates a significant difference compared with the DOX-treated group (##P < 0.01), and “&” indicates a significant
difference compared with the CHI-treated group (&P < 0.05).
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proved that the most important factor of MCF-7/A02 resistance
was the overexpression of P-gp, and the resistance mechanism of
CALDOX cells did not depend on the drug transporter.
Although the reasons for drug resistance were different in
these cell lines (20), HDAC1 was activated in the two MDR
cell lines, which was consistent with the results reported by other
organizations (29, 30). CHI is the international first subtype-
selective HDACi independently developed by MicroCore
Biology. It is mainly used for various types of lymphocyte or
myelogenous leukemia (31). CHI has been used in various
Frontiers in Oncology | www.frontiersin.org 887
clinical and preclinical studies in recent years, In 2019, it was
approved in combination with isetam for hormone receptor-
positive advanced breast cancer (18). Therefore, the inhibition of
HDAC is a new therapeutic approach. The clinical and basic
research on the use of CHI in the treatment of breast cancer is
ongoing (32–34). This study was done in vivo and in vitro
experiments. The results revealed that the expression of
HDAC1 was higher in resistant cells than sensitive cells.
Therefore, two drug-resistant breast cancer cell lines CALDOX
and MCF-7/A02 were used as the research objects to explore the
A

B

FIGURE 4 | Chidamide (CHI) combined with doxorubicin (DOX) induced cytotoxicity by driving p53/p21 to induce cell cycle arrest and caspase-dependent
apoptosis. Cells were treated with DOX and/or CHI for 48 h. (A) The western blot analysis showed that CHI combined with DOX treatment down-regulated Bcl-xl,
Bcl-2, caspase-9, caspase-7, caspase-3 and up-regulated p53, p21, Puma, Bax, cleaved caspase-9, cleaved caspase-7, cleaved caspase-3 in CALDOX and MCF-
7/A02 cells. GAPDH was used as a loading control. (B) Fold changes in Bcl-2, Bax and caspase-3 mRNA levels were detected using RT-qPCR in MDR cells. The
numerical values are expressed as mean ± SD of three independent replicates. “*” indicates a significant difference compared with the control group (*P < 0.05, **P <
0.01), “#” indicates a significant difference compared with the DOX-treated group (#P < 0.05, ##P < 0.01), and “&” indicates a significant difference compared with the
CHI-treated group (&P < 0.05).
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effects of inhibition on the proliferation and apoptosis of drug-
resistant breast cancer cells. CHI significantly increased the
histone H3 acylation level of drug-resistant cells and reduced
the expression of HDAC1 regardless of the addition of DOX.
This was consistent with recent findings that CHI treatment
increased the expression of Lys18 of H3 acetylation in myeloid
leukemia K562 and ThP-1 cells, and the expression of Lys9 and
Frontiers in Oncology | www.frontiersin.org 988
Lys18 of H3 acetylation in human myeloma RPMI-8226 and
ARP-1 cells (23, 35). Drug-resistant cloning experiments and
EDU experiments showed that single-drug CHI had a certain
effect on CALDOX and MCF-7/A02 cell proliferation. However,
The combination significantly inhibited cell proliferation.

CHI induces cell cycle arrest in several ways, the most
important of which seems to be the increase in cell cycle gene
A

B

D

E

F

C

FIGURE 5 | Antitumor activity of chidamide (CHI) and/or doxorubicin (DOX) in MDA breast cancer cells in vivo. (A–C) CALDOX xenograft tumor growth curve, size, and body
weight after treatment with normal saline (control), DOX, CHI or CHI + DOX. (D) Western blot analysis of HDAC1, H3K9, H3K18, p53, p21, Puma, Bcl-xl, Bcl-2, cleaved
caspase-7, cleaved caspase-3, and Bax on CALDOX-derived tumors treated with PBS (control), DOX, CHI, or CHI + DOX. (E) TUNEL staining analyzed cell apoptosis after
treatment with normal saline (control), DOX, CHI, or CHI + DOX. (F) Relative fold change of Bax, Bcl-2, and caspase-3 gene expression levels in CALDOX-derived tumors
treated with normal saline (control), DOX, CHI, or CHI + DOX. The numerical values are showed as mean ± SD of three independent replicates. “*” indicates a significant
difference compared with the control group (*P < 0.05, **P < 0.01,***P<0.001),”#” indicates a significant difference compared with the DOX-treated group (##P < 0.01, ###P <
0.001), and “&” indicates a significant difference compared with the CHI-treated group (&P < 0.05, &&P < 0.01). ns, no significance.
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expression. The cell cycle distribution results showed that
irrespective of the addition of DOX, CHI could cause G0/G1
cell cycle arrest and inhibit cell growth, which might be related to
the up-regulation of the expression of p21. This was consistent
with the results of previous research. HDAC1 promotes the
expression of p21 to a certain extent. The p53 bound to the C-
terminal Sp1 of p21, the region where p53 and HDAC1
competed for binding. After HDACi treatment, HDAC1 was
released from the p21 promoter Sp1-binding site, inhibiting
deletion and transcription induction, thereby increasing the
expression of p21 and arresting the cells in the G0/G1 phase
(36, 37). At the same time, recent studies found that CHI
regulated TS genes through miR-129-3p, resulting in the G1-
phase arrest of non-small cell lung cancer (NSCLC) H1355 and
A549 cells. In myeloid plastic syndrome SKM-1, Mutz-1 cells
and leukemia KG-1 cells, CHI blocks cell cycle in the G0/G1
phase by upregulating of the expression of p21 (24, 38).

The induction of apoptosis has been shown to be a promising
way for the development of new anticancer drugs. Previous studies
showed that HDACi (CHI, MS-275/FK228, panobinostat,
quisinostat, sodium butyrate) induced caspase cascade by
activating apoptotic intrinsic pathways and increasing
mitochondrial permeability (39–43). In this study, flow cytometry
and TUNEL staining results showed that CHI enhanced the
number of cell apoptosis in drug-resistant cells. In drug-resistant
cells, p53, as a tumor suppressor, remained silent, while p53 protein
expression was upregulated in the CHI-treated and combined
treatment group, which might be the cause of cell apoptosis.
Activated p53 upregulated the recombinant protein of apoptotic
regulator factor (Puma), downregulated the anti-apoptotic protein
Bcl-xl and Bcl-2, and activated the pro-apoptotic protein Bax.When
regulated by p53 signal, it was transferred from the cytoplasm to
mitochondria, bound to the mitochondrial membrane and released
cytochrome C. Under the action of dATP, cytochrome C was
released into the cytoplasm, combined with apoptotic protease
activator 1 (APAF-1) to form a polymer, and combined with the
precursor of caspase 9 to form apoptosomes, and caspase 9 was
activated. The caspase 9 activated a series of caspase members
downstream of the pathway, including caspase 7 and caspase 3,
further inducing specific apoptotic substrates and cell apoptosis.
CONCLUSION

In summary, CHI combined with DOX can synergistically
inhibit cell proliferation, reduce HDAC1 expression, activate
p53, release p21, cause G0/G1 cell cycle arrest, and initiate
apoptosis signaling pathway. This might be one of the
important mechanisms for CHI combined with DOX to
reverse drug resistance in breast cancer. This study provided
evidence to support the efficacy and safety of CHI in vitro and in
Frontiers in Oncology | www.frontiersin.org 1089
vivo in suppressing drug resistance in the treatment of breast
cancer (44).
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The animal study was reviewed and approved by Animal Care
and Use Committee of Tianjin Cancer Hospital.
AUTHOR CONTRIBUTIONS

JZ and SZ conceived and designed the study. LC and QY
performed the experiments. ZS and JL analyzed experimental
results. LC, TP, and DZ wrote the draft of the manuscript. SZ
reviewed and edited the manuscript. All authors contributed to
the article and approved the submitted version.
FUNDING

This study was supported by research funding from the National
Natural Science Foundation of China (81502306, 81672623);
Tianjin Municipal Science and Technology Committee
(19YFZCSY00030); General project of scientific research program
of Tianjin Municipal Education Commission (2019KJ186).
ACKNOWLEDGMENTS

Thanks to all the authors listed for their contributions to this
study. This manuscript has been released as a pre-print at
Research Square, 10.21203/rs.3.rs-67615/v2.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
614458/full#supplementary-material

Supplementary Figure 1 | (A) Effect of CHI monotherapy on cell cycle. With the
increase in concentration, the inhibition of the G0/G1 phase was also enhanced. (B)
Effect of CHI on acetylation of H3. As the concentration increased, the acetylation of
H3K9 and H3K18 also increased.
REFERENCES
1. Shafei A, El-Bakly W, Sobhy A, Wagdy O, Reda A, Aboelenin O, et al. A

review on the efficacy and toxicity of different doxorubicin nanoparticles for
targeted therapy in metastatic breast cancer. BioMed Pharmacother (2017)
95:1209–18. doi: 10.1016/j.biopha.2017.09.059

2. Singh JC, Mamtani A, Barrio A, Morrow M, Sugarman S, Jones LW, et al.
Pathologic Complete Response with Neoadjuvant Doxorubicin and
March 2021 | Volume 11 | Article 614458

https://www.frontiersin.org/articles/10.3389/fonc.2021.614458/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.614458/full#supplementary-material
https://doi.org/10.1016/j.biopha.2017.09.059
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Cao et al. Chidamide and Doxorubicin in Breast Cancer
Cyclophosphamide Followed by Paclitaxel with Trastuzumab and
Pertuzumab in Patients with HER2-Positive Early Stage Breast Cancer: A
Single Center Experience. Oncologist (2017) 22(2):139–43. doi: 10.1634/
theoncologist.2016-0268

3. Christowitz C, Davis T, Isaacs A, van Niekerk G, Hattingh S, Engelbrecht
A-M, et al. Mechanisms of doxorubicin-induced drug resistance and drug
resistant tumour growth in a murine breast tumour model. BMC Cancer
(2019) 19(1):757. doi: 10.1186/s12885-019-5939-z

4. Takebe N, Miele L, Harris PJ, Jeong W, Bando H, Kahn M, et al. Targeting
Notch, Hedgehog, andWnt pathways in cancer stem cells: clinical update.Nat
Rev Clin Oncol (2015) 12(8):445–64. doi: 10.1038/nrclinonc.2015.61

5. Touil Y, Zuliani T, Wolowczuk I, Kuranda K, Prochazkova J, Andrieux J, et al.
The PI3K/AKT signaling pathway controls the quiescence of the low-
Rhodamine123-retention cell compartment enriched for melanoma stem
cell activity. Stem Cells (2013) 31(4):641–51. doi: 10.1002/stem.1333

6. Li Y-J, Lei Y-H, Yao N, Wang C-R, Hu N, Ye W-C, et al. Autophagy and
multidrug resistance in cancer. Chin J Cancer (2017) 36(1):52. doi: 10.1186/
s40880-017-0219-2

7. Mbaveng AT, Bitchagno GTM, Kuete V, Tane P, Efferth T. Cytotoxicity of
ungeremine towards multi-factorial drug resistant cancer cells and induction
of apoptosis, ferroptosis, necroptosis and autophagy. Phytomedicine (2019)
60:152832. doi: 10.1016/j.phymed.2019.152832

8. Das CK, Linder B, Bonn F, Rothweiler F, Dikic I, Michaelis M, et al. BAG3
Overexpression and Cytoprotective Autophagy Mediate Apoptosis Resistance
in Chemoresistant Breast Cancer Cells. Neoplasia (2018) 20(3):263–79.
doi: 10.1016/j.neo.2018.01.001

9. Xu Z, Chen L, Xiao Z, Zhu Y, Jiang H, Jin Y, et al. Potentiation of the
anticancer effect of doxorubicinin drug-resistant gastric cancer cells by
tanshinone IIA. Phytomedicine (2018) 51:58–67. doi: 10.1016/
j.phymed.2018.05.012

10. Huang H, Wenbing Y, Dong A, He Z, Yao R, Guo W. Chidamide Enhances
the Cytotoxicity of Cytarabine and Sorafenib in Acute Myeloid Leukemia
Cells by Modulating H3K9me3 and Autophagy Levels. Front Oncol (2019)
9:1276:1276. doi: 10.3389/fonc.2019.01276

11. Chan TS, Tse E, Kwong Y-L. Chidamide in the treatment of peripheral T-cell
lymphoma. Onco Targets Ther (2017) 10:347–52. doi: 10.2147/OTT.S93528

12. Krusche CA, Wülfing P, Kersting C, Vloet A, Böcker W, Kiesel L, et al.
Histone deacetylase-1 and -3 protein expression in human breast cancer: a
tissue microarray analysis. Breast Cancer Res Treat (2005) 90(1):15–23. doi:
10.1007/s10549-004-1668-2

13. Seo J, Min SK, Park H-R, Kim DH, Kwon MJ, Kim LS, et al. Expression of
Histone Deacetylases HDAC1, HDAC2, HDAC3, and HDAC6 in Invasive
Ductal Carcinomas of the Breast. J Breast Cancer (2014) 17(4):323–31.
doi: 10.4048/jbc.2014.17.4.323

14. Zhao H, Yu Z, Zhao L, He M, Ren J, Wu H, et al. HDAC2 overexpression is a
poor prognostic factor of breast cancer patients with increased multidrug
resistance-associated protein expression who received anthracyclines therapy.
Jpn J Clin Oncol (2016) 46(10):893–902. doi: 10.1093/jjco/hyw096

15. Caslini C, Hong S, Ban YJ, Chen XS, Ince TA. HDAC7 regulates histone 3
lysine 27 acetylation and transcriptional activity at super-enhancer-associated
genes in breast cancer stem cells. Oncogene (2019) 38(39):6599–614.
doi: 10.1038/s41388-019-0897-0

16. Witt AE, Lee CW, Lee TI, AzzamDJ, Wang B, Caslini C, et al. Identification of
a cancer stem cell-specific function for the histone deacetylases, HDAC1 and
HDAC7, in breast and ovarian cancer. Oncogene (2017) 36(12):1707–20.
doi: 10.1038/onc.2016.337

17. Gao S, Li X, Zang J, Xu W, Zhang Y. Preclinical and Clinical Studies of
Chidamide (CS055/HBI-8000), An Orally Available Subtype-selective HDAC
Inhibitor for Cancer Therapy. Anticancer Agents Med Chem (2017) 17
(6):802–12. doi: 10.2174/1871520616666160901150427

18. Jiang Z, Li W, Hu X, Zhang Q, Sun T, Cui S, et al. Tucidinostat plus
exemestane for postmenopausal patients with advanced, hormone receptor-
positive breast cancer (ACE): a randomised, double-blind, placebo-controlled,
phase 3 trial. Lancet Oncol (2019) 20(6):806–15. doi: 10.1016/S1470-2045(19)
30164-0

19. Zhang Q, Wang T, Geng C, Zhang Y, Zhang J, Ning Z, et al. Exploratory
clinical study of chidamide, an oral subtype-selective histone deacetylase
Frontiers in Oncology | www.frontiersin.org 1190
inhibitor, in combination with exemestane in hormone receptor-positive
advanced breast cancer. Chin J Cancer Res (2018) 30(6):605–12.
doi: 10.21147/j.issn.1000-9604.2018.06.05

20. Hu Y, Guo R, Wei J, Zhou Y, Ji W, Liu J, et al. Effects of PI3K inhibitor NVP-
BKM120 on overcoming drug resistance and eliminating cancer stem cells in
human breast cancer cells. Cell Death Dis (2015) 6:e2020. doi: 10.1038/
cddis.2015.363

21. Hu Y, Li S, Yang M, Yan C, Fan D, Zhou Y, et al. Sorcin silencing inhibits
epithelial-to-mesenchymal transition and suppresses breast cancer metastasis
in vivo. Breast Cancer Res Treat (2014) 143(2):287–99. doi: 10.1007/s10549-
013-2809-2

22. Shukla M, Tong P, White SA, Singh PP, Reid AM, Catania S, et al. Centromere
DNA Destabilizes H3Nucleosomes to Promote CENP-A Deposition during
the Cell Cycle. Curr Biol (2018) 28(24). doi: 10.1016/j.cub.2018.10.049

23. He J, Chen Q, Gu H, Chen J, Zhang E, Guo X, et al. Therapeutic effects of the
novel subtype-selective histone deacetylase inhibitor chidamide on myeloma-
associated bone disease. Haematologica (2018) 103(8):1369–79. doi: 10.3324/
haematol.2017.181172

24. Liu Z, Chen J, Wang H, Ding K, Li Y, de Silva A, et al. Chidamide shows
synergistic cytotoxicity with cytarabine via inducing G0/G1 arrest and
apoptosis in myelodysplastic syndromes. Am J Transl Res (2017) 9
(12):5631–42. doi: 10.1016/j.biopha.2016.08.023

25. Tang Y, Wang Y, Kiani MF, Wang B. Classification, Treatment Strategy, and
Associated Drug Resistance in Breast Cancer. Clin Breast Cancer (2016) 16
(5):335–43. doi: 10.1016/j.clbc.2016.05.012

26. Chun K-H, Park JH, Fan S. Predicting and Overcoming Chemotherapeutic
Resistance in Breast Cancer. Adv Exp Med Biol (2017), 1026:59–104.
doi: 10.1007/978-981-10-6020-5_4
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Hospital of Nanjing Medical University, Nanjing, China

Triple-negative breast cancer (TNBC) is often treated with anthracyclines (e.g., epirubicin
or doxorubicin), but very little is known about anthracycline resistance, especially
epirubicin resistance in TNBC. To identify novel long noncoding RNAs (lncRNAs)
involved in epirubicin resistance in TNBC, we established a new TNBC MDA-MB-231
cell line that was resistant to epirubicin (Epi-R). A total of 12 differentially expressed
lncRNAs were identified using RNA sequencing analysis of Epi-R cells. Among these
lncRNAs, we found a novel intronic lncRNA, lnc005620, was highly expressed in Epi-R
cells and human TNBC tissues. Further gain- and loss-of-function studies demonstrated
that lnc005620 played an oncogenic role and partially abrogated the effects of epirubicin
on TNBC cells. Using iTRAQ proteomics analysis, we found that three members of the
integrin family, integrin b4, integrin b1 and integrin a6, were all upregulated in Epi-R MDA-
MB-231 cells. Integrin b1, encoded by the ITGB1 gene, was validated to be a
downstream target of lnc005620 in Epi-R MDA-MB-231 cells. Our study demonstrates
that novel lnc005620 promotes TNBC progression and chemoresistance to epirubicin via
integrin b1 both in vitro and in vivo and provides a promising therapeutic target for TNBC
patients in terms of enhancing the benefits of epirubicin treatment.

Keywords: triple-negative breast cancer, epirubicin resistance, long noncoding RNA, ITGB1, MDA-MB-231
INTRODUCTION

Breast cancer is the most commonly diagnosed cancer and the second leading cause of cancer death
in women worldwide (1). Triple-negative breast cancer (TNBC), which constitutes approximately
12–17% of breast cancer cases, is a heterogeneous subtype characterized by the absence of estrogen
receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) (2).
Compared to other subtypes, TNBC is usually more aggressive and associated with the development
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of resistance to conventional chemotherapeutics (2, 3). Patients
withTNBCexperienceworse prognosis and shorter overall survival
owing to higher rates of recurrence, early metastasis and limited
therapeutic options (4).

Anthracyclines (ANTs), including doxorubicin, epirubicin
and idarubicin, are the main therapeutic drugs for TNBC (5).
The currently known antitumor mechanisms of ANTs are the
inhibition of DNA and RNA synthesis, thus preventing the
replication of rapidly growing cancer cells (6). ANTs also have
the capacity to improve the host immune system to boost the
efficacy of chemotherapy (7, 8). Among ANTs, epirubicin is the
most effective against TNBC, but 30–40% of patients still
respond poorly, and acquired resistance has been reported (5,
9). Although preclinical models suggest that drug transport
proteins (10, 11), antioxidant defenses (12–14), apoptotic
signaling (15–17), and topoisomerase modulation (18, 19) may
mediate ANT resistance, much less is known about ANT
resistance, especially epirubicin resistance of TNBC, than about
other drugs. Hence, it is urgent to reveal the potential factors
involved in regulating epirubicin resistance in TNBC and find
useful therapeutic targets for patients.

Due to the development of high-throughput technologies,
such as microarrays and next-generation sequencing (NGS), an
increasing number of novel transcripts have been detected, and
the vast majority of these transcripts do not seem to be derived
from annotated protein-coding genes (20). Among the various
types of non-protein-coding transcripts, long noncoding RNAs
(lncRNAs), which are more than 200 nucleotides in length,
have attracted increasing attention (21, 22). lncRNAs have
been proposed to carry out diverse functions, including
transcriptional regulation, organization of nuclear domains,
and regulation of proteins or RNA molecules (23). Thus, it
is not surprising that lncRNAs have been implicated in
diseases. An increasing number of studies have revealed the
ability of lncRNAs to modulate a variety of oncogenic
processes, including tumor formation and metastatic
progression (24, 25). The involvement of lncRNAs in the
development of chemoresistance in breast cancers has also been
reported (26, 27). Therefore, it is meaningful to investigate the
roles of lncRNAs in regulating the tumorigenesis and drug
resistance of TNBC, which can help with the identification of
novel therapeutic targets.

In our study, to identify novel lncRNAs involved in epirubicin
resistance in TNBC, we established a new TNBC MDA-MB-231
cell line that is resistant to epirubicin. A novel intronic lncRNA,
lnc005620, whose host gene was DnajB6, a negative regulator of
breast cancer, was discovered using RNA sequencing analysis.
lnc005620 was highly expressed in Epi-R cells and human TNBC
tissues. Further gain- and loss-of-function studies demonstrated
that lnc005620 played an oncogenic role and partially abrogated
the effects of epirubicin on TNBC cells. FISH assays showed that
lnc005620 was mainly distributed in the cytoplasm of MDA-MB-
231 cells. The cell surface receptor integrin b1 was found to be
the downstream target of lnc005620 via iTRAQ proteomic
analysis. The role of lnc005620 in facilitating tumorigenesis
and epirubicin resistance was also validated in vivo.
Frontiers in Oncology | www.frontiersin.org 293
MATERIALS AND METHODS

Patients Samples and Study Approval
Primary cancer tissue and adjacent non‐cancerous tissue samples
were all from the patients of Department of Breast Surgery, the
Affiliated Obstetrics and Gynaecology Hospital of Nanjing
Medical University. Immediately after excision, samples were
transported to the laboratory. All the patients were pathologically
confirmed. Human study was approved by the Ethics Committee
of the Affiliated Obstetrics and Gynaecology Hospital of Nanjing
Medical University. Written permission was obtained in all cases
from the donor’s family to use breast cancer tissues for
experimental research.

Animal welfare and experimental procedures were carried out
strictly in accordance with National Research Council guidelines
for the care and use of laboratory animals (1996) and were
reviewed and approved by the Laboratory Animal Welfare Ethics
Committee of Nanjing Medical University.

Cell Culture and Reagents
The human triple-negative breast cancer cell line MDA-MB-231
was purchased from Chinese Type Culture Collection, Chinese
Academy of Sciences (Shanghai, China). Short tandem repeat
(STR) typing profiles of the cell line were analyzed to identify the
cell origin and detect intraspecies cross-contamination of human
origin. MDA-MB-231 cells were cultured in L15 medium (Gibco,
NY, USA) supplemented with 100 U/ml penicillin/streptomycin
(Thermo Fisher, MA, USA) and heat inactivated 10% fetal
bovine serum (FBS, Gibco) at 37°C in a humidified incubator
with 5% CO2.

Epirubicin (Famaxin®) was obtained from Pfizer (NY, USA)
and dissolved in PBS. Epirubicin-resistant MDA-MB-231 cells
were generated by exposing native cells to increasing
concentrations of epirubicin (0, 6.25, 31.25 and 62.5 ng/ml).
Cells were treated for 8 h every time, and after eight rounds of
repeated intermittent induction as described before (“clinically
relevant model”—pulsed treatment to mimic the cycles of
chemotherapy) (28), MDA-MB-231 cells resistant to 31.25 ng/
ml epirubicin were obtained. Resistance was defined when the
half-maximal inhibitory concentration (IC50) value superseded
the IC50 value of the corresponding native cell line and resistant
cells could not tolerate a further increase in drug concentration.
Cell viability was determined using the MTT Cell Proliferation
and Cytotoxicity Assay Kit (Beyotime, Shanghai, China). The
IC50 value was calculated using Prism 8 software (GraphPad
Software, CA, USA).

RNA Isolation, Library Preparation,
Sequencing and Data Analysis
Total RNA from epirubicin-resistant and native MDA-MB-231
cells was extracted using TRIzol™ Reagent (Thermo Fisher)
according to the manufacturer’s instructions. RNA purity was
tested using a NanoPhotometer® spectrophotometer (IMPLEN,
CA, USA). RNA concentration was measured using a Qubit®

RNA Assay Kit in Qubit® 2.0 Fluorometer (Life Technologies,
CA, USA). RNA integrity was assessed using the RNA Nano
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6000 Assay Kit and the Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). See Supplementary Methods in the
online Supporting Information for details.

Protein Extraction, iTRAQ Proteome and
Data Analysis
Samples for RNA sequencing were also used to perform
proteome analysis. Proteins were extracted as previously
described (29). See Supplementary Methods in the online
Supporting Information for details.

Fluorescence In Situ Hybridization (FISH)
The FISH probe specific to lnc005620 was designed and
synthesized (Ribo, Guangzhou, China) according to the
manufacturer’s instructions. See Supplementary Methods in
the online Supporting Information for details.

Cell Transfection
The full-length of lnc005620 (Supplementary Table 1) was
amplified and cloned into the vector pcDNA3.1 by GeneCreat
(Wuhan, China). Small interfering RNA (siRNA) sequences
targeting lnc005620 or ITGB1 (Supplementary Table 2) were
also designed and synthesized by GeneCreat. Cells were cultured
in medium until 80% confluence and transfected. Transfection
was carried out using Lipofectamine 2000 (Invitrogen, CA, USA)
following the manufacturer’s instructions. Transfection
efficiency was detected by RT-qPCR 24 h later.

Cell Viability Assays
The altered cell viability was assayed using the Cell Counting Kit-
8 (CK04, Dojindo, Rockville, MD, USA). In brief, cells were
seeded into a 96‐well plate and treated with the CCK8 reagent
and further cultured for 0.5 h. The optical density at 450 nm was
measured with a Multiscan Spectrum (MB-580, Huisong,
Shenzhen, China).

EdU assay was used to measure the rate of cell proliferation.
According to the manufacturer’s instructions (BeyoClick™ EdU
Cell Proliferation Kit with Alexa Fluor 594, C0078S, Beyotime),
cells were cultured in a 24‐well plate and treated with 20 mM
EdU. The nuclei were stained with Hoechst dye 33,342. Images
of five randomly selected areas of each group were taken with an
UltraVIEW® VoX system (PerkinElmer, IL, USA).

Flow Cytometry
Flow cytometric analysis was performed to evaluate cell
apoptosis. In brief, cells were collected followed by staining
with Annexin V-FITC/PI according to the manufacturer’s
instructions (Annexin V-FITC/PI Apoptosis Detection Kit,
C1062, Beyotime). Data were collected using a CytoFLEX flow
cytometer and CytExpert software (Beckman Coulter, CA, USA).

Cell Migration and Invasion Assays
A wound healing assay was used to evaluate cell migration.
Wounds were scratched on the cell monolayer using 20 ml
pipette tips. Non-adherent cells were removed by washing
with PBS, and then the cells were cultured for 48 h and
imaged under a microscope (Olympus cx41, Tokyo, Japan).
Frontiers in Oncology | www.frontiersin.org 394
Adobe Photoshop CS6 (Adobe Systems, CA, USA) was used for
the quantitative analysis.

Cell invasion was detected using a transwell invasion assay. In
brief, 100 ml Matrigel (BD, NY, USA) was first added to the
bottom of the transwell chamber (24-well insert, TCS003024, Jet
Biofil, Guangzhou, China), and then 1 × 105 cells in FBS-free
medium were placed on the membrane in the chamber. Migrated
cells on the permeable membrane were fixed using 4%
formaldehyde, stained with crystal violet, and imaged under a
microscope (Olympus cx41). ImageJ V1.8.0 (NIH, MD, USA)
was used for quantitative analysis.

Immunohistochemistry and
Immunofluorescence
Human breast cancer tissues were fixed in 10% formalin,
processed, and paraffin embedded. Multiple sections (5 mm)
were prepared. See Supplementary Methods in the online
Supporting Information for details.

Reverse Transcription-Quantitative
Polymerase Chain Reaction (RT-qPCR)
Total RNA was extracted using TRIzol™ Reagent (Thermo
Fisher) according to the manufacturer’s instructions. Two
micrograms of RNA were reverse transcribed with SuperScript
III® (Thermo Fisher). The obtained cDNA was quantified by
using SYBR Green Real-time PCR Master Mix (Roche, Basel,
Switzerland). See Supplementary Methods in the online
Supporting Information for details.

Protein Extraction and Western Blotting
Total protein was extracted, and the concentration was
determined by the Bradford method. See Supplementary
Methods in the online Supporting Information for details.

In Vivo Tumorigenesis Assay
The full-length lnc005620 was amplified and cloned into a
lentivirus vector for retrovirus production in MDA-MB-231
cells (Lv–lnc005620). Male BALB/c nude mice (5 weeks of age)
were purchased from Beijing Vitalriver Laboratory Animal
Co., Ltd (Beijing, China). MDA-MB-231 cells (5 × 106)
transfected with Lv–lnc005620 or Lv–NC (empty vector for
negative control) were suspended in 200 ml PBS and then
injected subcutaneously in the mouse flanks. When tumors
were palpable, the mice were randomized into epirubicin
(Pharmorubicin®, Pfizer) treatment groups or control
groups. Epirubicin was dissolved in PBS and injected
subcutaneously at the tumor sites (5 mg/kg) weekly.
Treatment lasted for 2 weeks until the xenograft tumor was
removed and the mass was calculated.

Statistics
Data are presented as the mean ± SD. Significant differences
between two groups were analyzed using two-tailed, unpaired
t-tests. One-way ANOVA was used for comparisons between
multiple groups. GraphPad Prism software (version 8.0.0;
GraphPad Software Inc., CA, USA) was used for statistical
analysis. P < 0.05 was considered statistically significant.
March 2021 | Volume 11 | Article 592215
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RESULTS

Characterization of Epirubicin-Resistant
MDA-MB-231 Cells
We initiated our study by identifying the MDA-MB-231 cell line
through STR typing profile analysis (Supplementary Table 3
and Supplementary Figure 1) and generating an epirubicin-
resistant MDA-MB-231 cell line. Native and resistant cells were
exposed to epirubicin concentrations ranging from 6.25 to 3,125
ng/ml. Cell viability was determined 48 h later by MTT assay
Frontiers in Oncology | www.frontiersin.org 495
(Supplementary Figure 2). The IC50 values of MDA-MB-231
native and resistant cells were 0.26 ng/ml and 1.4 ng/ml,
respectively. The resistance index was calculated by the
resistant IC50/native IC50, and the value was 5.38.

To determine the characteristics of epirubicin-resistant
MDA-MB-231 cells, CCK-8 and EdU assays were performed
after 72 h of exposure to epirubicin at concentrations of 12.5 ng/
ml, 62.5 ng/ml and 312.5 ng/ml. We demonstrated that
epirubicin-resistant MDA-MB-231 cells showed elevated cell
proliferation compared to the native controls (Figures 1A–C).
March 2021 | Volume 11 | Article 592215
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FIGURE 1 | Characterization of epirubicin-resistant MDA-MB-231 cells. Epirubicin-resistant (Epi-R) and native (Nat) MDA-MB-231 cells were exposed to different
concentrations of epirubicin (12.5 ng/ml, 62.5 ng/ml and 312.5 ng/ml). (A) Cell proliferation analysis by CCK-8 assay. (B) Cell proliferation analysis by EdU assay.
DAPI for nuclei. Scale bars: 100 mm. (C) Quantitative analysis of EdU assay. (D) Flow cytometry analysis of cell apoptosis. (E) Quantitative analysis of apoptotic cell
percentages. (F) Cell migration analysis by wound healing assay. Scale bars: 200 mm. (G) Quantitative analysis of cell migration. n = 3. Data are represented as the
mean ± SD, **P < 0.01, ***P < 0.001.
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Further, apoptotic cells were identified by flow cytometry after
48 h of exposure to epirubicin. The percentages of apoptotic cells
were consistently lower in epirubicin-resistant MDA-MB-231
cells than the native controls (Figures 1D, E). Subsequently, we
determined the effect of epirubicin on cell migration. The wound
healing assay indicated that the native MDA-MB-231 cells died
more rapidly and could not completely cover the scratches after
the cells were treated with epirubicin at concentrations of 62.5
ng/ml and 312.5 ng/ml. The migratory ability of epirubicin-
resistant MDA-MB-231 cells was higher than that of the native
controls at a concentration of 12.5 ng/ml after treatment of
epirubicin for 24 h or 48 h (Figures 1F, G). According to the
above results, we verified the characteristics of epirubicin-
resistant MDA-MB-231 cells.

Identification of Novel lncRNAs in
Epirubicin-Resistant MDA-MB-231 Cells
To identify lncRNAs associated with epirubicin resistance in
TNBC chemotherapy, we performed whole transcriptome
sequencing (RNA-Seq) using RNA from epirubicin-resistant
MDA-MB-231 cells and their native controls (GEO accession
Frontiers in Oncology | www.frontiersin.org 596
number: GSE152003). After strict analysis and screening of the
sequencing results, we obtained a total of 52 differentially
expressed transcripts (Figure 2A). Coding potential analysis
software was used to screen transcripts of uncertain coding
potential (TUCP), and we found 40 TUCPs, of which 17 were
upregulated and 23 were downregulated in epirubicin-resistant
cells (Figure 2A). A total of 12 differentially expressed lncRNAs
were obtained after excluding these TUCPs, of which four
lncRNAs were upregulated and eight were downregulated in
epirubicin-resistant cells compared with the native controls
(Figure 2B and Table 1).

lncRNAs can have a regulatory effect on adjacent protein-
coding genes, so first we performed a colocalization gene analysis
of the 12 differentially expressed lncRNAs, and the colocalization
threshold was set to 100 kb upstream and downstream of
lncRNAs. Second, we conducted a coexpression analysis by
analyzing the correlation coefficient between lncRNA and
mRNA expression to predict the target genes of lncRNAs.
Finally, GO analysis was used to clarify the function of these
mRNAs and to predict the potential roles of the lncRNAs.
Among the 12 novel lncRNAs was the intronic lncRNA
A

B

D

E F G H

C

FIGURE 2 | Identification of novel lncRNAs in epirubicin-resistant MDA-MB-231 cells. Epirubicin-resistant (Epi-R) and native (Nat) MDA-MB-231 cells were used for
RNA sequencing analysis. (A) Volcano plots of differentially expressed lncRNAs and transcripts of uncertain coding potential (TUCPs) between Epi-R and Nat cells.
(B) Hierarchical cluster analysis diagram of 12 novel differentially expressed lncRNAs. n = 3. (C) Hierarchical clustering analysis diagram of 521 coexpressed genes of
lnc005620. (D) GO functional enrichment analysis of 521 genes coexpressed with lnc005620. n = 3. (E) RT-qPCR validation of lnc005620 expression in Epi-R and
Nat MDA-MB-231 cells, MCF-7 cells and MCF-10A cells. n = 3. (F–H) RT-qPCR analysis of lnc005620 expression in breast cancer tissues and paired adjacent non‐
tumor tissues from TNBC (n =10) and non-TNBC (n = 12) patients. Data are represented as the mean ± SD, **P < 0.01, ***P < 0.001.
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lnc005620, which was located on chromosome 7 and had a total
length of 2,511 bp. Based on the colocalization analysis, we found
that the host gene of lnc005620 was DnaJB6, a member of the
DnaJ/Hsp40 family. DnaJB6 is a negative regulator of breast
tumor formation and metastasis (30). Further coexpression
analysis revealed that 521 genes were coexpressed with
lnc005620 (Supplementary Table 4). Heat-map clustering
analysis of these coexpressed genes is shown in Figure 2C. GO
functional enrichment analysis of these genes showed that the
top ten functions were mainly focused on the regulation of cell
cycle arrest and DNA damage (Figure 2D). Based on this
information, our further research was focused on lnc005620.

To identify the noncoding characteristics of lnc005620, the
National Genomics Data Center (NGDC, https://bigd.big.ac.cn/
lgc/calculator) and Coding Potential Calculator (http://cpc.gao-
lab.org/programs/run_cpc.jsp) databases were used to calculate
the coding potential score of lnc005620. The values were −0.265
and −1.00201, respectively, which were both less than zero. A
coding potential score of a transcript that is greater than zero
indicates a protein-coding RNA, while if it smaller than zero, it
indicates a ncRNA.We also investigated the open reading frames
(ORFs) of lnc005620 that might encode peptides by BLAST
search (https://www.ncbi.nlm.nih.gov/orffinder) and found that
none were similar to the amino acid sequence of the
existing protein.

To confirm that the expression of lnc005620 was altered in
epirubicin-resistant cells, we detected the expression level of
lnc005620 in epirubicin-resistant MDA-MB-231 cells. A
significantly elevated expression of lnc005620 was detected in
epirubicin-resistant MDA-MB-231 cells compared to their
native controls (Figure 2E). We also measured the expression
of lnc005620 in the non-triple negative breast cancer (non-
TNBC) cell line MCF-7 and the human normal breast
epithelial cell line MCF-10A and found lower levels of
lnc005620 in both cell lines (Figure 2E). Then, we detected the
expression of lnc005620 in 22 breast cancer tissues and paired
adjacent non-tumor tissues, among which 10 were TNBC and 12
were non-TNBC (Supplementary Table 5). The results showed
that compared with that in non-TNBC tissues, the expression of
lnc005620 in TNBC tissues was significantly increased (Figure
2F). There was no difference in the expression of lnc005620
between the cancer tissues and paired adjacent tissues in both
Frontiers in Oncology | www.frontiersin.org 697
TNBC and non-TNBC (Figures 2G, H). Taken together, our
data indicated that lnc005620 might have potential roles in
regulating epirubicin resistance in TNBC.

lnc005620 Promotes Proliferation, Invasion
and Epirubicin Resistance in
MDA-MB-231 Cells
We then investigated the functional role of lnc005620 in TNBC
progression and epirubicin resistance. According to the high
expression of lnc005620 in epirubicin-resistant MDA-MB-231
cells, we constructed a lnc005620 overexpression model using
native MDA-MB-231 cells to study the role of lnc005620 in the
proliferation, apoptosis and invasion of MDA-MB-231 cells
(Figure 3A). According to the results from CCK-8 and EdU
assays, we found that MDA-MB-231 cells overexpressing
lnc005620 showed elevated cell proliferation compared to the
control group (Figures 3B–D ). After treatment with 12.5 ng/ml
epirubicin for 72 h, cell proliferation decreased but was still higher
in cells overexpressing lnc005620 (Figures 3B–D ). Using flow
cytometry, we found that MDA-MB-231 cells overexpressing
lnc005620 showed significantly lower percentages of apoptotic
cells (Figures 3E, F). The percentage of apoptotic cells increased
but was still lower in cells overexpressing lnc005620 after 48 h
exposure to 12.5 ng/ml epirubicin (Figures 3E, F). Furthermore,
in the wound healing assay, the results indicated that
overexpression of lnc005620 promoted cell migration (Figures
3G, H). As expected, migratory ability was inhibited after 24 h
treatment of epirubicin but remained higher in cells
overexpressing lnc005620 (Figures 3G, H). Next, the Transwell
assay also showed that lnc005620 promoted the invasion of MDA-
MB-231 cells regardless of whether the cells were treated with
epirubicin for 48 h (Figures 3I, J). These results demonstrated that
lnc005620 played an oncogenic role and partially abrogated the
effects of epirubicin on MDA-MB-231 cells.

Inhibition of lnc005620 Alleviates
Proliferation, Invasion, and Epirubicin
Resistance in MDA-MB-231 Cells
To investigate whether inhibition of lnc005620 could alleviate
epirubicin resistance in TNBC cells, we constructed a lnc005620
knockdown model by transfecting four siRNA sequences
targeting lnc005620 into epirubicin-resistant MDA-MB-231
TABLE 1 | Differentially expressed lncRNAs of epirubicin-resistant and native MDA-MB-231 cells identified by RNA-Seq.

Novel_lncRNA_ID Gene_Type Chromosome Start End Strand Length(bp) fold change q value analyze

LNC_000021 lincRNA GL000220.1 112106 157660 + 1690 5.50 0.017 up
LNC_005620 intronic_lncRNA chr7 1.57E+08 1.57E+08 − 2511 8.75 0.042 up
LNC_004501 intronic_lncRNA chr4 73404373 73421223 − 1940 Inf 0.046 up
LNC_003175 lincRNA chr2 1.13E+08 1.13E+08 + 4477 Inf 0.039 up
LNC_004494 antisense chr4 55878135 55948105 − 4044 #NAME? 0.049 down
LNC_004608 intronic_lncRNA chr5 6599280 6633281 + 3238 #NAME? 0.018 down
LNC_000109 lincRNA KI270733.1 148201 173452 − 415 #NAME? 0.005 down
LNC_000253 intronic_lncRNA chr1 77714596 77759962 + 2759 #NAME? 0.003 down
LNC_000270 intronic_lncRNA chr1 86352171 86396310 + 2022 #NAME? 0.010 down
LNC_000767 intronic_lncRNA chr1 1.84E+08 1.84E+08 − 3815 #NAME? 0.045 down
LNC_001614 intronic_lncRNA chr12 1.12E+08 1.12E+08 + 918 #NAME? 0.007 down
LNC_001615 intronic_lncRNA chr12 1.17E+08 1.17E+08 + 1394 #NAME? 0.019 down
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cells (Figure 4A). We found that knockdown of lnc005620 led to
a decrease in proliferation of epirubicin-resistant MDA-MB-231
cells and this effect was more significant after treatment with 12.5
ng/ml epirubicin for 72 h (Figures 4B–D). An increase in the
apoptotic cell percentage in epirubicin-resistant cells was also
demonstrated (Figures 4E, F). After treatment with 12.5 ng/ml
epirubicin for 48 h, a further increase in the proportion of
apoptotic cells was observed in lnc005620 knockdown cells
(Figures 4E, F). Wound healing assays indicated that
knockdown of lnc005620 weakened the migratory ability of
epirubicin-resistant cells and enhanced the inhibitory effect of
epirubicin on cell migration (Figures 4G, H). Transwell assays
were used to determine whether inhibition of lnc005620
influenced cell invasion in epirubicin-resistant cells. As
expected, knockdown of lnc005620 suppressed cell invasion and
enhanced the anti-invasion effect of epirubicin (Figures 4I, J).
Frontiers in Oncology | www.frontiersin.org 798
To this end, we concluded that inhibition of lnc005620 alleviated
epirubicin resistance in MDA-MB-231 cells.

To validate the effect of lnc005620 on other TNBC cell lines, we
usedanotherANT,doxorubicin (Dox) andperformed the studies in
MDA-MB-436 and MDA-MB-468 cells. Firstly, we measured the
expression of lnc005620 in these two cell lines and found a
lower level of lnc005620 in MDA-MB-436 and MDA-MB-468
cells than epirubicin-resistant and native MDA-MB-231 cells
(Supplementary Figure 3A). Then CCK-8 assay was used to
detected cell proliferation in these cells after 48 and 72 h of
exposure to doxorubicin at concentrations of 12.5, 62.5, and 312.5
ng/ml (SupplementaryFigures3B,C).According to the results,we
did further research byusing 62.5 ng/ml doxorubicin for 72h.Next,
we constructed a lnc005620 overexpression model using native
MDA-MB-436 and MDA-MB-436 cells. Both of the two kinds of
cells overexpressing lnc005620 showed increased proliferation,
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FIGURE 3 | lnc005620 promotes proliferation, invasion and epirubicin resistance in MDA-MB-231 cells. lnc005620 was overexpressed in native MDA-MB-231 cells
treated with or without 12.5 ng/ml epirubicin. (A) RT-qPCR validation of lnc005620 expression. (B) Cell proliferation analysis by CCK-8 assay. (C) Cell proliferation
analysis by EdU assay. DAPI for nuclei. Scale bars: 100 mm. (D) Quantitative analysis of EdU assay. (E) Flow cytometry analysis of cell apoptosis. (F) Quantitative
analysis of apoptotic cell percentages. (G) Cell migration analysis by wound healing assay. Scale bars: 200 mm. (H) Quantitative analysis of cell migration. (I) Cell
invasion analysis by Transwell assay. Scale bars: 500 mm. (J) Quantitative analysis of cell invasion. OE-NC, negative control; OE-lnc005620, overexpression of
lnc005620; OE-NC+Epi, negative control and exposure to epirubicin; OE-lnc005620+Epi, overexpression of lnc005620 and exposure to epirubicin. n = 3. Data are
represented as the mean ± SD, **P < 0.01, ***P < 0.001.
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migration and invasion ability, and simultaneously decreased cell
apoptosis with or without doxorubicin treatment (Supplementary
Figures 4, 5). These results furtherly verified the oncogenic role of
lnc005620 in other TNBC cells treated with another ANT.

Identification of Key Proteins Associated
With Epirubicin Resistance in MDA-MB-
231 Cells
To investigate the underlying functional proteins contributing
to epirubicin resistance in TNBC and the possible mechanisms
of action of lnc005620, proteome analysis was performed using
the iTRAQ method. First, we detected the subcellular location
of lnc005620 by using FISH assay with a specific probe. The
results showed that lnc005620 was mainly distributed in the
cytoplasm of MDA-MB-231 cells (Figure 5A). After iTRAQ
proteomics analysis, a total of 202 differentially expressed
Frontiers in Oncology | www.frontiersin.org 899
proteins (DEPs) were obtained, of which 130 proteins were
upregulated and 72 were downregulated in epirubicin-resistant
cells compared with their native controls (Supplementary
Table 6). GO function analysis (Figure 5B) demonstrated
that DEPs were enriched in metabolic process and biological
regulation within the biological process category. In the cellular
component category, the organelle part and extracellular region
were the dominant functions. In the molecular function
category, binding and catalytic activity accounted for a major
proportion. KEGG analysis of the DEPs (Figure 5C) was
performed, and the results showed that 24 upregulated and
12 downregulated DEPs were enriched in metabolic pathways.
The top ten pathways included focal adhesion and the MAPK
signaling pathway.

Among these DEPs, we found that three members of the
integrin family, integrin b4, integrin b1 and integrin a6, were all
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FIGURE 4 | Inhibition of lnc005620 alleviates proliferation, invasion and epirubicin resistance in MDA-MB-231 cells. lnc005620 was knocked down in epirubicin-
resistant MDA-MB-231 cells treated with or without 12.5 ng/ml epirubicin. (A) RT-qPCR validation of lnc005620 expression. (B) Cell proliferation analysis by CCK-8
assay. (C) Cell proliferation analysis by EdU assay. DAPI for nuclei. Scale bars: 100 mm. (D) Quantitative analysis of EdU assay. (E) Flow cytometry analysis of cell
apoptosis. (F) Quantitative analysis of apoptotic cell percentages. (G) Cell migration analysis by wound healing assay. Scale bars: 200 mm. (H) Quantitative analysis
of cell migration. (I) Cell invasion analysis by Transwell assay. Scale bars: 500 mm. (J) Quantitative analysis of cell invasion. si-NC, negative control; si-lnc005620,
siRNA against lnc005620; si-NC+Epi, negative control and exposure to epirubicin; si-lnc005620+Epi, siRNA against lnc005620 and exposure to epirubicin. n = 3.
Data are represented as the mean ± SD, **P < 0.01, ***P < 0.001.
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upregulated in epirubicin-resistant cells. Integrins comprise a
large family of cell surface receptors that are composed of two
subunits, a and b (31). The b1 integrin subunit encoded by the
ITGB1 gene is one member of this large family and is a critical
Frontiers in Oncology | www.frontiersin.org 9100
mediator of breast cancer initiation and progression (32, 33).
Overexpression of ITGB1 has been associated with poor overall
survival in TNBC patients (34). Here, we calculated the Pearson’s
correlation coefficient of lnc005620 and ITGB1, and the value
A B

D

E
F

G
H

C

FIGURE 5 | Identification of key proteins associated with epirubicin resistance in MDA-MB-231 cells. Epirubicin-resistant (Epi-R) and native (Nat) MDA-MB-231 cells
were used for iTRAQ proteome analysis. (A) FISH analysis of the subcellular location of lnc005620 with a specific probe in native MDA-MB-231 cells. Small nuclear
RNA U6 (U6) and 18S ribosomal RNA (18S) served as references for nuclear and cytoplasmic localization, respectively. Blue: DAPI for nuclei, red: probe for target
genes. Scale bars: 25 mm. n = 3. (B) GO function analysis of 202 differentially expressed proteins between Epi-R and Nat cells. (C) KEGG analysis of 202
differentially expressed proteins between Epi-R and Nat cells. (D) Immunofluorescence staining of ITGB1 in Epi-R and Nat cells. Blue: DAPI for nuclei, green: ITGB1.
Scale bars: 50 mm. n = 3. (E) Western blotting of ITGB1 in breast cancer tissues and paired adjacent non‐tumor tissues from TNBC and non-TNBC patients.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal reference. Lines 1, 3, 5, 7, 9, 11: para-carcinoma tissues; lines 2, 4, 6, 8, 10, 12:
carcinoma tissues. (F) Quantitative analysis of ITGB1 protein expression. (G) Immunohistochemistry analysis of ITGB1 expression in breast cancer tissues from
TNBC and non-TNBC patients responding or nonresponding to epirubicin treatment. Scale bars: 200 mm. n = 3/group. (H) Quantitative analysis of ITGB1
expression. Data are represented as the mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001.
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was 0.56 (P = 0.044). Considering that lnc005620 is mainly
located in the cytoplasm and ITGB1 is a cell surface receptor, we
focused on ITGB1 for further research on the mechanism
of lnc005620.

To confirm the high expression of ITGB1 in epirubicin-
resistant MDA-MB-231 cells, immunofluorescence was used,
and we found that the expression of ITGB1 increased in
epirubicin-resistant cells compared to the native cells (Figure
5D). Then, we detected the protein expression of ITGB1 in
breast cancer tissues and paired adjacent non-tumor tissues
from patients diagnosed with TNBC or non-TNBC. Western
blotting analysis showed that an increased trend of ITGB1
expression was observed in cancer tissues from TNBC (Figure
5E), but quantitative analysis of the bands showed no significant
difference (Figure 5F). Furthermore, 12 breast cancer tissues from
patients who received epirubicin treatment were used for
immunohistochemistry of ITGB1. Patients were divided into
nonresponding (3 were TNBC and non-TNBC) and responding
(3 were TNBC and non-TNBC) groups (Supplementary Table 7)
according to the Response Evaluation Criteria In Solid Tumors
(RECIST, version 1.1) (35). The results showed that ITGB1 was
upregulated significantly in TNBC patients who did not respond
to epirubicin treatment compared with those who showed a
response to epirubicin therapy (Figures 5G, H). Silencing of
ITGB1 suppresses TNBC cell migration and invasion (36). We
also confirmed that knockdown of ITGB1 promoted apoptosis
and inhibited the migration and invasion of epirubicin-resistant
MDA-MB-231 cells (Supplementary Figure 6). In summary,
ITGB1 plays an oncogenic role and might be associated with
nonresponse to epirubicin treatment in TNBC patients.

ITGB1 Is a Downstream Target of
lnc005620 That Functions in the Epirubicin
Resistance of MDA-MB-231 Cells
To further investigate whether ITGB1 is a functional target of
lnc005620, we first detected the alteration of ITGB1 expression
after lnc005620 was overexpressed or knocked down in MDA-
MB-231 cells. Immunofluorescence and western blotting
experiments both showed that overexpression of lnc005620
upregulated the expression of ITGB1 (Figures 6A–C), whereas
knockdown of lnc005620 downregulated the expression level
(Figures 6D–F) whether the cells were treated with 12.5 ng/ml
epirubicin for 48 h or not. Then, we modulated the expression of
lnc005620 and ITGB1 simultaneously. By performing CCK-8
and EdU assays, we demonstrated that knockdown of ITGB1
alleviated lnc005620’s effect on cell proliferation and the results
were more significant after treatment with 12.5 ng/ml epirubicin
for 72 h (Figures 6G–I). Flow cytometry clearly showed that
knockdown of ITGB1 partially abrogated the effects of lnc005620
on cell apoptosis and epirubicin treatment reinforced these
effects (Figures 6J, K). Similarly, knockdown of ITGB1 also
reversed the effect of lnc005620 on cell migration (Figures 6L,
M) and invasion (Figures 6N, O) regardless of whether the cells
were treated with epirubicin. In conclusion, lnc005620 may
promote breast cancer progression and epirubicin resistance
via ITBG1.
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lnc005620 Facilitates Tumorigenesis and
Epirubicin Resistance In Vivo
To validate the in vitro results of lnc005620, we established a
model of nude mice bearing MDA-MB-231 xenografts. MDA-
MB-231 native cells stably transfected with Lv–lnc005620 or
negative control Lv–NC were injected into the flanks of the
mice. After the tumors were established, mice were treated with
5 mg/kg epirubicin or PBS subcutaneously at the tumor sites
weekly for 2 weeks. Hence, four groups were established: Lv–
NC+PBS, Lv–lnc005620+PBS, Lv–NC+epirubicin, and Lv–
lnc005620+epirubicin. Tumors were removed, and the tumor
mass was quantified (Figure 7A). The results showed that
lnc005620 promoted tumor growth and that epirubicin
treatment significantly suppressed tumor growth. More
importantly, with treatment with epirubicin, tumor cells
infected with Lv–lnc005620 grew faster than the controls,
suggesting that lnc005620 suppressed the cell cytotoxicity
induced by epirubicin treatment in vivo (Figure 7B). Moreover,
immunohistochemistry analysis was conducted to determine
whether lnc005620 affects the expression of ITGB1 in xenograft
tumor tissues. As shown in Figures 7C, D, overexpression of
lnc005620 promoted the level of ITGB1, indicating that
lnc0065620 regulated carcinogenesis and epirubicin resistance
by targeting ITGB1 in breast cancer.
DISCUSSION

Among various types of breast cancers, TNBC is frequently seen
in young age (<50 years), at advanced stage at presentation, and at
a higher rate of metastasis (37–39). Women with TNBC do not
benefit from endocrine therapy or trastuzumab due to the lack of
effective targets, ER, PR and HER2 (40). Chemotherapy is
currently the mainstay of systemic medical treatment (41, 42).
ANTs are commonly used chemotherapies for treating TNBC,
especially metastatic TNBC, although they use should be carefully
monitored in elderly cancer patients due to cardiotoxicity (43).
Considering that the mean age at diagnosis of breast cancer in
China is 45–55 years (44), ANTs are used more frequently
in Chinese than in Western women. Disappointingly, the
pathological complete response (pCR) rate is less than 30% due
to the effect of chemotherapy resistance (41, 45). It is necessary to
understand both molecular and cellular mechanisms and explore
new targeted approaches in improving patient outcomes.

With the development of high-throughput technologies,
various types of non-protein-coding transcripts in breast
cancer have been studied (46). Although the question of
whether noncoding RNAs represent ‘‘transcriptional noise’’ or
truly functional biomolecules has been debated over the last
decade (47), increasing studies have cemented lncRNAs as
potent modulators and even diagnostic biomarkers of cancers
(24). In our study, 12 differentially expressed lncRNAs and 42
TUCPs were identified between MDA-MB-231 cells resistant to
epirubicin and their native controls using RNA sequencing. To
identify novel lncRNAs involved in modulating the biological
behavior of TNBC, a combination of bioinformatic analysis and
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FIGURE 6 | ITGB1 is a downstream target of lnc005620 that functions in the epirubicin resistance of MDA-MB-231 cells. lnc005620 was overexpressed in native
MDA-MB-231 cells or knocked down in epirubicin-resistant MDA-MB-231 cells, and treated with or without 12.5 ng/ml epirubicin for 48 h (A–F). (A, D)
Immunofluorescence staining of ITGB1. Blue: DAPI for nuclei, green: ITGB1. Scale bars: 50 mm. (B, E) Western blotting of ITGB1. (C, F). Quantitative analysis of
ITGB1 protein expression. lnc005620 was overexpressed and ITGB1 was knocked down simultaneously in native MDA-MB-231 cells treated with or without 12.5
ng/ml epirubicin (G–O). (G) Cell proliferation analysis by CCK-8 assay. (H) Cell proliferation analysis by EdU assay. DAPI for nuclei. Scale bars: 100 mm.
(I) Quantitative analysis of EdU assay. (J) Flow cytometry analysis of cell apoptosis. (K) Quantitative analysis of apoptotic cell percentages. (L) Cell migration analysis
by wound healing assay. Scale bars: 200 mm. (M) Quantitative analysis of cell migration. (N) Cell invasion analysis by Transwell assay. Scale bars: 500 mm.
(O) Quantitative analysis of cell invasion. OE-lnc005620+si-NC, overexpression of lnc005620 plus negative control; OE-lnc005620+si-ITGB1, overexpression of
lnc005620 plus siRNA against ITGB1; OE-lnc005620+si-NC+Epi, overexpression of lnc005620 plus negative control and exposure to epirubicin; OE-lnc005620+si-
ITGB1+Epi, overexpression of lnc005620 plus siRNA against ITGB1 and exposure to epirubicin. n = 3, Data are represented as the mean ± SD, *P < 0.05, **P <
0.01, ***P < 0.001.
Frontiers in Oncology | www.frontiersin.org March 2021 | Volume 11 | Article 59221511102

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


Wang et al. lnc005620 in Epirubicin Resistance of MDA-MB-231 Cells
experimental verification was used. In addition to being highly
expressed in epirubicin-resistant cells and human TNBC tissues,
aberrant expression of lnc005620 remarkably led to abnormal
apoptosis, migration and invasion of MDA-MB-231 cells and
partially abrogated the effects of epirubicin. Thus, lnc005620 was
explored for the first time and validated to be a novel lncRNA
that modulates oncogenesis and epirubicin resistance in TNBC.

The definition of lncRNAs based on length and function is
widely accepted. However, the classifications of lncRNAs are
currently confusing. One of the most commonly used and
relatively convenient methods of classification relies on the
corresponding genomic location and context of the lncRNA,
that is, the position in the chromosome where the lncRNA is
transcribed (21). lnc005620 is 2511 bp in length and an intronic
lncRNA located on chromosome 7. Introns have long been
known to harbor small ncRNAs such as snoRNAs, miRNAs
and siRNA. ncRNAs within introns are commonly produced
through the postsplicing process and are specific signals of gene
transcription, impacting and modulating the expression of many
other genes (48). Many of the long transcripts encoded within
the introns of annotated genes have also been reported (49–51)
and observed to be misregulated in cancers (52, 53). As an
intronic lncRNA, the host gene of lnc005620 is DnajB6, a
negative regulator of breast cancer (30). According to
colocalization and coexpression gene analyses of lnc005620, we
inferred the potential role of lnc005620 in breast cancer.

Since lnc005620 is a novel lncRNA, before we explored the
underlying mechanisms, the subcellular location of lnc005620
was detected, which can help determine that the roles of
Frontiers in Oncology | www.frontiersin.org 12103
lncRNAs depending on their mostly nuclear or cytoplasmic
localization. The ultimate function of mRNAs is to be
translated, so multiple layers of posttranscriptional regulation
exist in the cytoplasm. lncRNAs can “identify” mRNAs in the
cytoplasm and modulate their expression (54). In this study, we
found that lnc005620 was mainly distributed in the cytoplasm of
MDA-MB-231 cells. Clearly, proteomics, which is closely related
to the phenotype, has a clear advantage over transcriptomics in
investigating posttranslational modifications. Hence, we
analyzed iTRAQ proteomics data and found 202 differentially
expressed proteins between epirubicin-resistant MDA-MB-231
cells and the native controls. Three members of the integrin
family, integrin b4, integrin b1, and integrin a6, were all
upregulated in epirubicin-resistant cells. A high level of
integrin b1 has been associated with poor outcomes and drug
resistance in many types of tumors, including gastric cancer,
pancreatic cancer, lung cancer, colon cancer and ovarian cancer
(55–61). In triple-negative breast cancer, a high level of integrin
b1 has also been considered a prognostic and predictive marker
(34, 62). We confirmed that integrin b1 is regulated by lnc005620
and that lnc005620 promotes breast cancer progression and
epirubicin resistance via integrin b1. Further research is
needed to clarify the details of the interactions between
lnc005620 and integrin b1 and also the other two members,
integrin b4 and integrin a6.

In summary, our study revealed that novel lnc005620
promotes TNBC progression and chemoresistance to
epirubicin by regulating integrin b1 expression both in vitro
and in vivo. lnc005620 may be a promising therapeutic target for
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FIGURE 7 | lnc005620 facilitates tumorigenesis and epirubicin resistance in vivo. MDA-MB-231 native cells stably transfected with Lv‐lnc005620 or negative control
Lv‐NC were injected into mouse flanks. After the tumors were established, mice were treated with 5 mg/kg epirubicin or PBS subcutaneously at the tumor sites
weekly for 2 weeks. (A) Images of nude mice and tumors. (B) Volumes of tumors. (C) Immunohistochemistry analysis of ITGB1 expression in the tumors. Scale bars:
50 mm. (D) Quantitative analysis of ITGB1 expression. n = 5/group. Data are represented as the mean ± SD, *P < 0.05, **P < 0.01.
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TNBC patients in terms of enhancing the benefits of
epirubicin treatment.
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While numerous therapies are highly efficacious in early-stage breast cancers and in
particular subsets of breast cancers, therapeutic resistance and metastasis unfortunately
arise in many patients. In many cases, tumors that are resistant to standard of care
therapies, as well as tumors that havemetastasized, are treatable but incurable with existing
clinical strategies. Both therapy resistance and metastasis are multi-step processes during
which tumor cells must overcome diverse environmental and selective hurdles. Mechanisms
by which tumor cells achieve this are numerous and include acquisition of invasive and
migratory capabilities, cell-intrinsic genetic and/or epigenetic adaptations, clonal selection,
immune evasion, interactions with stromal cells, entering a state of dormancy or
senescence, and maintaining self-renewal capacity. To overcome therapy resistance and
metastasis in breast cancer, the ability to effectively model each of these mechanisms in the
laboratory is essential. Herein we review historic and the current state-of-the-art laboratory
model systems and experimental approaches used to investigate breast cancer metastasis
and resistance to standard of care therapeutics. While each model system has inherent
limitations, they have provided invaluable insights, many of which have translated into
regimens undergoing clinical evaluation. We will discuss the limitations and advantages of a
variety of model systems that have been used to investigate breast cancer metastasis and
therapy resistance and outline potential strategies to improve experimental modeling to
further our knowledge of these processes, which will be crucial for the continued
development of effective breast cancer treatments.

Keywords: breast cancer, metastasis, chemoresistance, genetically engineered mouse models, patient derived
xenograft (PDX) model, cancer cell lines
INTRODUCTION

Breast Cancer Metastasis and Therapy Resistance
Breast cancer is the most commonly diagnosed cancer in women and results in 40,000 deaths in the
United States annually. The presence of hormone receptors (HR), specifically estrogen receptor
(ER) and progesterone receptor (PR), together with expression and amplification of the human
epidermal growth factor receptor type 2 (HER2), help to broadly classify breast cancer into three
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main clinical subtypes: ER/PR+, HER2+, or triple negative
(TNBC). The histological classification of breast cancer by HR
status largely dictates treatment decisions today. However, the
molecular stratification of breast cancer, discovered almost 20
years ago by cDNA microarray of breast tumors, further
unmasked intrinsic subtypes of breast cancer. These molecular
portraits of breast cancer, now based on a 50-gene classifier
(PAM50) (1, 2), help depict the molecular heterogeneity both
within and across these intrinsic subtypes and offer a molecular
complement to histological classifications. Although standard of
care (SOC) therapeutic regimens vary amongst the major breast
cancer subtypes, therapy resistance and metastasis remain shared
clinical issues for all types of breast cancer.

Metastatic breast cancer accounts for the vast majority of
breast cancer related deaths. However, our understanding of this
process is still largely evolving. Further complicating this
multistep process is the inherent heterogeneity present within
a patient’s tumor (intra-tumor heterogeneity) and the fact that
the intrinsic classification of breast cancer shapes both the timing
and location of metastatic relapse. For instance, while HR+
breast cancers tend to home to the bone and lymph nodes,
TNBCs exhibit a preference for visceral organs like the lungs,
liver, and brain. HER2+ breast cancers tend to metastasize to the
brain after averting HER2-targeted therapies. Additionally, the
timing of metastatic presentation also differs by breast cancer
subtype, with HR+ tumors typically recurring later than TNBCs
after initial presentation and treatment of the primary disease.
The predilection of subtypes to home to specific locations in the
body, the subtype-dependent variation in recurrence windows, as
well as how particular subpopulations of tumor cells within these
cancers accomplish metastatic steps remain imperative questions
to answer in order to mitigate breast cancer mortality.
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Despite considerable appreciation for the subtype-specific
differences in timing and location of metastatic disease,
knowledge is lacking on how to accurately predict a tumor’s
metastatic fitness as well as the specific biological mechanisms
instructing the stage-specific steps of the metastatic cascade. The
development of in vitro and in vivo models over several decades
has helped illuminate the metastatic process. Considerable work
remains to improve such models in order to gain molecular
insights into metastasis and therapeutic resistance, the primary
culprits of cancer-related deaths.

Laboratory Models of Breast Cancer
Metastasis is a multistep process that requires the successful
dissemination of tumor cells from the primary site, vascular entry
(intravasation) and transit to a distant site, exit (extravasation) from
the vasculature into the secondary site, and finally seeding and
colonization in the secondary organ site. Importantly, the
accomplishment of only one phase of the metastatic cascade by
the tumor cell does not necessarily predict successful fulfillment of
metastasis as a whole. Thus, experimental models and interpretation
of the mechanisms derived from these models is imperative in order
to differentiate successful from unsuccessful metastasis and the
consequential events dictating a tumor cell’s fitness to evade,
spread, and thrive a distant site from the breast. The multistep
nature of metastasis and the heterogeneity exhibited within breast
cancer warrants the continued use and development of laboratory
models to accurately reflect this complicated process in order to
discover therapeutic interventions. To date, a compilation of
experimental models has shed light on mechanisms surrounding
invasion and dissemination, tumor cell dormancy, organ tropism,
and microenvironment interactions (Figure 1). How these
biological events are shaped by therapeutic interventions adds
FIGURE 1 | Breast cancer models for investigating therapy resistance and metastasis. Steps of the metastatic cascade and SOC therapy resistance are
diagrammed. For each step, classes of laboratory models that may be used to investigate its biology are listed. SOC, standard of care. PDX, patient-derived
xenograft. GEMM, genetically engineered mouse model. CTC, circulating tumor cell.
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another level of complexity surrounding metastasis and
disease recurrence.

Mechanisms of therapy resistance in breast cancer are diverse
amongst breast cancer subtypes and mechanism of action of each
therapy. Mechanisms of therapy resistance have been found to be
particularly different in the cases of molecularly targeted versus
cytotoxic chemotherapies. Therapeutic resistance can be intrinsic, or
pre-existing in tumors prior to drug exposure, or acquired following
drug treatment. Both intrinsic and acquired resistance can be
achieved through clonal evolution (de novo acquisition of
mutations or genomic structural changes), clonal dynamics
(enrichment and/or depletion of genomic subclones through
Darwinian selection), epigenetic adaptations (chromatin
modification, transcriptional and post-transcriptional cellular
plasticity, microenvironmental crosstalk, metabolic regulation),
and acquisition or maintenance of cancer stem-like cell (CSC)
features. While some genomic mechanisms of therapy resistance
have been appreciated for decades, models to study epigenetic-
mediated mechanisms of resistance have been developed more
recently. As an added layer of complexity, many non-genomic
resistance mechanisms have been found to be reversible, such as
drug tolerant or persister cell states. Thus, elucidating the temporal
nature of resistance mechanisms is of utmost importance to
effectively identify appropriate therapeutic windows. Laboratory
models to investigate these complex mechanisms will be discussed
below (Figure 1).
MODELS OF METASTASIS

The establishment of distant metastasis necessitates the cancer
cells to overcome several key hurdles along the journey from the
primary tumor to a distant organ. Numerous in vitro and in vivo
models have enabled the exploration of mechanisms
surrounding the various steps of metastasis, yet the accurate
recapitulation of the multi-step process of the metastatic cascade
varies drastically from model to model. Though metastasis is
traditionally viewed as a linear series of events, often
accomplished by the fittest of cancer cells (3), numerous
questions remain surrounding not only the mechanisms
governing these discrete steps, but also concepts surrounding
dormancy and the emergence of metastatic lesions after months
to years. The metastatic cascade can also be impacted by somatic
mutation-driven mechanisms. For example, numerous ESR1
mutations and gene fusions have been identified in metastatic
or liquid biopsies from ER+ breast cancer patients. Introduction
of many of these mutations into in vitro and in vivo laboratory
models (some even naturally occur in patient-derived xenografts,
PDXs) has enabled demonstration that they functionally drive
metastasis through aberrant ESR1 signaling (4–7). Further
description of these mutations can be found in our discussion
of therapy resistance in ER+ breast cancer. On the other hand,
the metastatic cascade can also be driven by non-genetic (i.e.
epigenetic) mechanisms that can be modeled in the laboratory,
such as tumor cell-microenvironmental interactions. The
continued mystery surrounding multiple facets of breast cancer
metastasis and the need to develop therapies around this
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advanced stage of disease requires a renewed approach by
investigators to develop and use models with increased
physiological relevance, whether in vitro or in vivo. Specifically,
how experimental models accurately reflect early versus late
recurrences, distinguish metastatic risk among patients, and
provide an accurate approximation of the metastatic process
that can be extrapolated to patients remain imperative questions
to answer. The model platforms, as well as the advantages and
disadvantages of various systems, will be summarized in the
current section (Table 1).

In Vitro Models of Metastasis—2D
In vitro models encompass a variety of assays of different
structural, microenvironmental, and cellular composition that
provide controlled experimental systems to extrapolate cellular
processes implicated in the metastatic cascade. Given the elusive
biology of metastasis in vivo, in vitro models offer a surrogate
approach to interrogate mechanisms responsible for fulfilling
discrete steps in the metastatic cascade. Typically, these
approaches have been instrumental to examine the functional
implications of a particular gene or pathway in metastasis and
provide a defined platform to quantitatively assess cell function
associated with cell proliferation, survival, invasion, adhesion, and
cell–cell and -microenvironment interactions. Additionally, the
adoption of more heterogenous cell models through genetically
engineered mouse models (GEMMs), PDXs, or primary cells
directly from patients for in vitro studies has the potential to
significantly enhance our understanding of metastasis.

The initial steps of metastasis require that tumor cells
disseminate or invade from the breast. This initial step of
metastasis requires that cells gain migration capacity. The
scratch or wound healing assay is one such in vitro assay in a
two-dimensional (2D) space that measures the ability of a
monolayer of tumor cells to fill a “wounded” area created
experimentally by introducing a scratch through the cell sheet.
Often these assays are applied to studies that query the function of
a particular gene in the regulation of migration properties. The
application of live-cell microscopy can provide a level of
quantitation that enables the establishment of cell migration
kinetics over time. Despite the relative ease of the 2D invasion
assay, the scalable nature of the method, and the relative flexibility
of the system with multiple cell inputs, these 2D cell models differ
considerably from in vivo models. Namely, their spatial
organization, cell interactions, and intercellular signaling can
differ substantially from the physiologically complex three-
dimensional (3D) space of a tumor. Indeed, drug screening
outcomes in 2D systems often fail to accurately recapitulate the
in vivo setting (8, 9).

Cancer cell invasion and dissemination often involve
chemotaxis, the directed movement of cells by an extracellular
gradient. Boyden chamber assays enable the experimental
evaluation of these phenomena by the seeding of cells on an
upper chamber and monitoring the migration of cells through a
defined porous membrane toward a chemoattractant in the
bottom well. Given the separation of migrating vs. refractory
cells on the bottom and upper chambers, respectively, migration-
competent cells can be recovered and evaluated in response to a
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TABLE 1 | Benefits and drawbacks of laboratory models to study breast cancer therapy resistance and metastasis.

Application Type of Model Advantages Disadvantages

Metastasis In vitro – 2D • Ease of experimental and genetic manipulation
• Precise control of variables
• Ability for longitudinal/kinetic measurements
• Several established assays for 2D migration
• Potential for scalability

• Lack of microenvironment
• Lack of complete ECM complement
• Lack of biophysical forces and barriers to invasion
• Genetic drift due to long-term culture
• Inability to recapitulate complete heterogeneity of patient

tumors

In vitro – 3D • Closer physiological relevance to primary tumor
• Numerous established assays for 3D invasion/migration/

ECM interactions
• Increased control of experimental inputs (cellular and

ECM composition)
• Ability to visualize heterotypic or cell-matrix interactions
• Potential for scalability
• Better predictors of in vivo drug responses compared to

2D
• Low cost to analyze patient tumor cells compared to

PDX establishment

• Not all tumor samples can survive in vitro, restricting
experiments to short-term cultures

• Lack of complete in vivo microenvironment

In vivo – injection into
circulation

• Ability to model later stages of the metastatic cascade
• Site-specific development of metastasis
• Opportunity to utilize several tumor models and cell lines
• Immunocompetent if syngeneic line used
• Readily reproducible

• Inability to model early stages of the metastatic cascade
• Immunocompromised host if material is PDX- or human

cell line-derived

In vivo – orthotopic
xenografts

• Ability to model the entire metastatic cascade
• Ability to experiment with minimally manipulated human

tumor biopsies
• Intact mammary microenvironment
• Degree of genetic and phenotypic intratumor

heterogeneity closely matches patients
• Ability to experiment with minimally manipulated human

tumor biopsies
• Ability to obtain multi-site metastases
• Ability to transduce and label tumor cells for metastasis

studies
• Ease of separating tumor from stroma based on species

• Deficient immune system
• Mouse, not human, microenvironment
• High cost
• Lengthy time for tumor establishment and passaging
• The majority of patient tumors will not engraft as PDXs –

TNBC advantage over ER+ in engraftment

In vivo – GEMMs and
syngeneic transplants

• Ability to model the entire metastatic cascade
• Intact immune system and complete microenvironment
• Some degree of genetic and phenotypic heterogeneity
• Ability to genetically control metastasis
• Relative low cost of animal purchase compared to PDXs

• Tumors are initiated by only a few oncogenic events over
a relatively short time scale

• Lack of models of ER+ breast cancer metastasis
• Organ tropism not always reflective of clinical setting
• Sometimes long timescales of tumorigenesis
• Necessitates genetic breeding colony

Therapy
resistance

In vitro – 2D • Same as above
• Ability for longitudinal monitoring of resistance dynamics

and reversibility
• Ease of testing large-scale drug combinations
• Numerous established assays for drug efflux, CSC

features, cell survival/viability
• Ability for longitudinal monitoring of resistance dynamics

and reversibility

• Same as above

In vitro – 3D • Same as above
• Have been demonstrated to recapitulate heterogeneity

and epigenetic features of patients’ tumors
• Relative ease of testing large-scale drug combinations
• Ability for longitudinal monitoring of resistance dynamics

and reversibility

• Same as above
• Drug screening assays must be amenable to 3D viability

or morphological readouts

In vivo - PDXs • Same as above
• Ability to study drug pharmacokinetic/distribution

properties in a whole organism
• Ability to test novel agents in ‘preclinical trials’

comparable to human clinical trials

• Same as above
• Inability to fully evaluate the efficacy of therapies that are

modulated by the immune system

(Continued)
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particular chemical or physical gradient in an effort to identify
subpopulations with potentially distinct invasive potentials.
These approaches helped establish the bone-tropic mouse
mammary 4T1 carcinoma cells from repeated chemotactic
selection in vitro (10). Adaptations of the Boyden chamber
have evolved to include additional matrices and cell types to
enable the evaluation of other metastatic steps, such as
intravasation and extravasation. The modified Boyden chamber
assay, for example, includes Matrigel, fibronectin, or collagen I to
the trans-well porous membrane in order to model the
extracellular matrix (ECM), a critical component in cellular
migration. The addition of macrophages and endothelial cells
to such a modified trans-well system, termed the subluminal to
luminal trans-endothelial migration assay (iTEM), identified the
presence of macrophages as an important niche factor for
invasive tumor cells highly expressing an actin regulatory
protein, MenaINV, to traverse the endothelium during
intravasation (11–13). The plating of endothelial cells within
this system provided an additional component that enabled the
evaluation of invasion through cell-cell junctions of the
endothelium and the ECM.

In Vitro Models of Metastasis—3D
3D models have gained considerable attention lately to better
recapitulate the multicellular interactions of tumor cells within a
defined ECM. These models can be generated from GEMMs,
breast cancer cell lines, PDX tumors, or tumors obtained directly
from breast cancer patients. In contrast to 2D in vitro systems, 3D
approaches provide a platform to study cellular heterogeneity,
cellular plasticity, cell-cell, and cell-ECM interactions and have
evolved to provide a more physiologically relevant in vitro
platform to interrogate the metastatic program (Table 1). Since
the advent of organoid cultures for the investigation of cell
organization and polarity in 3D basement membrane contexts,
molecular insights into the heterogeneity of the primary tumor
now demand the adaptation of the 3D system to accurately reflect
the level of complexity in vivo. 3D organoid biobanks have
emerged as a comprehensive representation of the phenotypic
and molecular heterogeneity from patient tumors (14–16). In
addition to GEMM and cell line models, they represent an
extremely powerful resource for ongoing development of
engineered 3D systems as models for metastasis and
therapeutic resistance.
Frontiers in Oncology | www.frontiersin.org 5111
3D systems rely on the ECM, known to be intricately
involved in breast cancer metastasis. The ECM of both
primary tumor and distant metastatic sites are composed of
insoluble proteins (e.g., collagen, laminin, fibronectin, and
elastin), glycosaminoglycans, and proteogIycans. In particular,
the deposition, remodeling, and crosslinking of ECM within the
primary tumor regulates both mechanical and biochemical cues
for the cancer cells, and “stiffer” tumors often exhibit poorer
prognosis (17). Multiple 3D organoid models have implicated
matrix composition as a critical regulator of tumor cell transit.
For instance, the mode of migration by carcinoma cells,
specifically single or collective in nature, is impacted by the
presence of Type 1 collagen, independent of the genetic state of
the tumor cell (18). Similarly, the conserved cytokeratin 14
(K14+) basal epithelial program orchestrates collective leader-
follower cell behaviors during tumor cell invasion in 3D Type 1
Collagen (19). Friedl and colleagues demonstrated that leader
cell function depends on a gap junction Cx43-dependent/
ADORA1 axis in mediating collective cancer cell invasion
(20). Interestingly, cadherins and ECM confinement further
cooperate to determine unjamming transitions, coordinated
vs. uncoordinated collective cell movements, and fluidization
of tumor cells, impacting states of cell transit at matrix
bottlenecks (21). Introduction of microfluidic systems by soft
lithography techniques to such organoid models further
revealed the importance of a chemotactic SDF1/CXCR4
gradient necessary for positioning K14+ leader cells within
invasive cellular collectives (22).

While the above 3D organoid models largely focus on
mechanisms of tumor cell invasion within the ECM,
organotypic cultures have recently evolved in their level of
sophistication to address biological questions related to
additional stages within the metastatic cascade. For instance,
immune cell introduction into 3D organoid models of invasion
addresses the immunosurveillance bottleneck encountered by
tumor cells, revealing important functions for natural killer cell
and tumor cell crosstalk on the invasion of K14+ cells (23).
Reconstitution of 3D cultures of established breast cancer cell
lines with immune cells offers additional models to interrogate
immune- and tumor-cell interactions in vitro (24). Organotypic
models have more recently been developed to model the
metastatic niche, where questions of tumor cell dormancy and
colonization can be addressed. For instance, in vitro co-cultures of
TABLE 1 | Continued

Application Type of Model Advantages Disadvantages

• Ability to serially expand therapy resistant tumors
• Ability for longitudinal monitoring of resistance dynamics

and reversibility

In vivo - GEMMs • Same as above
• Ability for analysis of genetic drivers of resistance
• Ability to serially expand therapy resistant tumors
• Ability to test stroma-targeted therapies
• Ability for longitudinal monitoring of resistance dynamics

and reversibility

• Same as above
• Inability to fully model the impacts of therapy on

intratumor heterogeneity
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organotypic microvascular niches and disseminated tumor cells
(DTCs) identified the importance of the microvascular niche in
distinguishing states of tumor cell dormancy versus emergence
based on thrombospondin-1 and TGF-b availability (25).
Additional complex organotypic cultures, such as the Bone-In-
Culture-Array (BICA) have been developed to determine
mechanisms of early-stage bone colonization (26, 27).

Organotypic cultures of the metastatic niche provide an
important platform for drug screening. For instance, BICA
revealed the utility of danusertib, an Aurora kinase family
inhibitor, as a potential therapeutic inhibiting early-stage bone
colonization (26). Moreover, DTCs were protected from
chemotherapy by an a5b3 and a4b1 integrin-mediated
interaction with the perivascular niche (28). Using organotypic
cultures, integrin inhibitors disrupted this protection and
rendered DTCs susceptible to chemotherapy. Thus, tailored
drug screening using organotypic cultures of breast cancer cells
and cells of the microenvironment offer more high-throughput
and less costly alternatives to therapeutic testing in vivo.

In Vivo Experimental Models of Metastasis
Experimental metastasis refers to the introduction of tumors
cells directly into the vascular system, circumventing the early
stages of the metastatic cascade. This approach has been useful to
explore the functional roles of distinct genes in metastatic
colonization and to test therapeutic agents in late-stage
metastasis. Importantly, experimental models of metastasis
simulate extravasation and colonization in the secondary site,
reflecting later stages of disease, as opposed to spontaneous
models (described below), which model the full extent of the
metastatic cascade. In the case of PDXs and human cell lines,
the majority of these injection studies are conducted in
immunodeficient mice, precluding analysis of the immune
system. Despite this limited snapshot of the metastatic process,
the application of such an approach by Fidler and colleagues
sparked the landmark discovery that only subpopulations of cells
possess metastatic abilities, and these could be clonally selected
to derive lines with enhanced metastatic seeding to a particular
organ (29).

Importantly, experimental models of metastasis are largely
dictated by the site of injection and inherent tropism of the
tumor cells. Although these studies rely heavily on the lodging of
tumor cells into the first capillary bed encountered downstream
of the location of vascular delivery, mechanisms of Paget’s seed-
and-soil hypothesis have been pursued to identify factors
involved in organ-specific metastasis (3). For instance, lateral
tail vein injections largely result in pulmonary metastases (30),
intracardiac injections prompt metastasis in the bone and brain
(31), intracarotid injection similarly route to the brain, and intra-
iliac artery injections selectively seed bone metastasis (32). Using
such approaches, studies were performed to identify genes that
orchestrate breast cancer metastasis to specific organs. One
widely used model, the lung-tropic MDA-MB-231 LM2 cells,
was derived by selection of a subline from the parental MDA-
MB-231 TNBC cells with greater metastatic proclivity to the
lungs (30). Similar bone-tropic (33) and brain-tropic (31)
sublines of MDA-MB-231 cells were also derived using similar
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methodologies. Experimental metastasis models have been
instrumental to establish metastatic derivatives of other human
and mouse breast cancer cell lines, such as MCF7 (34), 4T1 (35),
and T47D (36). Thus, collective efforts over the years have
leveraged the experimental metastasis model and the utility of
such a model to dissect mechanisms of extravasation and tumor
cell colonization. While noteworthy, these studies exclude earlier
stages of metastasis, limiting the full physiological comparison to
appropriately model aspects of the selective pressures
encountered by tumor cells within the earlier stages of the
metastatic cascade, the potential interclonal tumor cell
interactions required throughout the metastatic process,
additional tumor-host cell interactions during transit, and the
elusive biology surrounding tumor cell dormancy. Despite these
limitations, experimental models of metastasis have provided a
reproducible approach to interrogate aspects of metastatic
fitness. Recently, a sophisticated strategy involving lentiviral
barcoding and scaling across several human basal-like cell lines
as proof-of-principle used pan-cancer PRISM cell line pools for
high-throughput metastatic potential mapping (37). Using this
approach, an altered lipid metabolism state was associated with
brain metastasis in basal-like breast cancer. Though this pan-
cancer “MetMap” lacked the context of an intact immune
system, such a study provides a valuable resource to probe
metastatic potential across tumor types.

In Vivo Orthotopic Xenograft Models of
Metastasis
A major advantage of orthotopic models of breast cancer
metastasis, in which breast cancer cells are engrafted into the
mammary glands of mice, is that they capture all steps of the
metastatic cascade. These models enable direct comparison of
primary tumors, circulating tumor cells (CTCs), and metastases
matched within the same animal. Importantly, some models
metastasize to multiple secondary sites, enabling comparisons
of tumor cells growing in distinct secondary organ
microenvironments. Numerous breast cancer cell lines have
been orthotopically xenografted into mice for CTC and
metastasis studies (33, 38, 39). PDX models, in which never-
cultured biopsies are obtained from patients and directly engrafted
into mice, have been found to capture molecular features and
heterogeneity of originating patients’ tumors and serve as a
renewable resource of minimally manipulated human tumor
cells (16, 40–42). The primary disadvantages of these models
are: 1) the requirement of using immune-compromised mice,
thus precluding assessment of the impact of a fully intact immune
system on metastasis, 2) the often-lengthy duration of
experiments, regularly up to 12 months, and 3) the costly nature
of immune-compromised animal purchase and long-term
housing. A major need in the field is the broad implementation
of xenograft models in mice with ‘humanized’ immune systems.

Ideally, PDXs should reflect the full range of cellular
heterogeneity and disease progression across breast cancers.
The PDX consortium, a shared effort comprised of several
academic institutions, has amassed 537 PDX lines representing
500 patients (40). An open question remains regarding how
accurately these PDXs reproduce the metastatic behavior of the
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patient’s tumor, as well as more general metastatic characteristics
associated with breast cancer subtype. Although considerable
evidence exists that these PDXs can produce CTCs and generate
micro- and macroscopic metastatic lesions within several distant
sits in the mouse (41, 43–45), a full credentialization of the
metastatic propensity of this vast tissue resource remains an
evolving collective task. Given that ER+ cancers typically exhibit
longer latency and a proclivity to metastasize to bone, the
development of humanized mouse models in which breast
cancer PDXs metastasize to human bone implants has created
a highly reliable system to interrogate late-stage metastasis to the
bone (46). Specifically, bone discs from femoral heads of patients
undergoing hip replacement surgery were implanted
subcutaneously into NOD/SCID mice. This model system
resembles a prior human-in-mouse bone system where breast
cancer cell lines, instead of PDXs, were used (47). Nonetheless,
human bone was the preferred site of metastasis for ER+ PDXs
over mouse bone, while TNBC PDXs metastasized at a lower rate
to bone, but with an increased frequency of visceral metastasis.
Thus, PDX models can accurately recapitulate site-specific
preferences of metastasis for breast cancer subtypes.

Spontaneously arising metastases in PDX models, sometimes
even to distinct secondary organs, enable powerful comparisons
that are usually impossible in the clinical setting due to limited
availability of metastatic specimens. PDX models have been
found to faithfully recapitulate secondary organ tropisms of
their originating patient tumor (40, 41, 43). A major benefit of
PDX models is the difference in species between the tumor and
stromal compartments, enabling relative ease of separating these
in the laboratory and informatically. While markers universally
recognizing human tumor cells are uncommon, human CD298
has been used with success to isolate viable human tumor cells
from early- and late-stage PDX mammary tumors and lung
metastases (48, 49). Obtaining macroscopic metastatic lesions
from PDX models, especially in secondary organ sites aside from
the lung, is extremely uncommon. Incorporating survival
surgery, in which mammary tumors are grown nearing ethical
tumor burden endpoints, then resected, enables monitoring of
mice for longer periods to allow detectable metastatic lesions to
arise. This approach has been used with success in several PDX
models, some of which metastasize robustly to multiple
secondary organs. This methodology is majorly bolstered by
incorporation of in vivo imaging constructs (e.g. bioluminescent
markers), allowing in vivo and ex vivo detection of metastatic
lesions from multiple secondary organs of the mouse (50, 51).
These models have also enabled comparison of tumor cell
subpopulations growing as primary tumors, CTCs, and
metastatic lesions. In particular, in vivo modeling of CTC
tumor cell biology to capture vascular transit has been
demonstrated directly from patient blood specimens together
with in vivo validation in cell line xenografts. The differential
labeling of the MDA-MB-231 LM2 cell line with eGFP and
mCherry fluorescence enabled the detection of multicolor CTC
clusters in circulation, which were later shown to be oligoclonal
precursors of metastasis to the lung requiring plakoglobin for
collective tumor cell transit (52). Interestingly, such CTC
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collectives preferentially arose in hypoxic areas of the tumor,
as demonstrated in patient and cell line specimens (53). Similar
studies using MDA-MB-231 or murine 4T1 cell lines further
demonstrated the requirement of neutrophils to facilitate CTC
cluster cell cycle entry, heightening metastatic conditioning in
the circulation (54). While powerful, extrapolation of such
approaches to cell line or PDX models necessitates prior
introduction of lentiviral or alternative cell labels for accurate
tracking and identification of rare cell populations in vivo.

Enrichment and Screening of Metastasis
With In Vivo Xenograft Models
To identify genes suppressing colonization of the lung, a high-
throughput RNAi screen of ~1,000 genes was conducted by
intravenously injecting pools of mouse mammary tumor 4T1
cells expressing siRNA constructs into Balb/c mice (55).
Bioluminescence imaging was used to quantify lung colonization
for each of 48 pools, and next-generation sequencing was used to
identify siRNAs enriched in lung lesions. This screen identified
alpha-N-acetylgalactosaminide alpha-2,6-sialyltransferase 2
(St6GalNAc2) as a novel metastasis suppressor that acts through
its O-glycanation of the surface of tumor cells. A major advantage
of this approach is use of immune-competent Balb/c mice. While
this screen focused on the final steps of the metastatic cascade
(colonization and outgrowth in the secondary organ site),
additional screens encompassing the entire metastatic cascade
from the orthotopic site are warranted in order to piece together
mediators of specific phases of metastasis. Genetic screens focused
on the regulation of CTCs have shed light on important regulators
of CTC composition and function during vascular transit. One
such screen entailed a CRISPR-Cas9 loss-of-function mini-pool
screen in vivo to evaluate guide RNA dropouts, with Vcam1
identified as a necessary factor for CTC-neutrophil interactions
(54). Additionally, an in vivo genome-wide CRISPR activation
screen was performed on CTCs to screen for pro-metastatic genes.
Together with single cell RNA sequencing from patient CTC
specimens, Rpl15-dependent ribosomal protein upregulation was
implicated in proliferative and survival cues for CTCs in vivo (56).

Orthotopic xenograft models have been a rich model system
with which to conduct in vivo functional genomics screens for
genes driving or suppressing metastasis. A recent study
employed TNBC PDX tumor cells transduced with an ORF
library orthotopically injected into mice, then utilized
bioluminescence imaging to obtain lung metastases. Genes
decreasing lung metastasis latency were then identified by next
generation sequencing of lung lesions (57). This custom ORF
library was constructed to over-express genes identified from
differential expression analysis of human genes identified by
RNA sequencing of lung metastases and matched mammary
tumors from PDX models and successfully identified a validated
driver of breast cancer metastasis, CEACAM5, that is currently
under clinical investigation. While in vivo metastasis screens are
arguably one of the most powerful approaches available to
identify genes with a bona fide function in the metastatic
cascade, these screens are costly and, especially in the case of
orthotopic xenografts, can require long periods of time. Thus,
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focusing such screens on a prioritized subset of genes is critical to
minimize the cost and scale of this undertaking.

Genetically Engineered Mouse Models
and Syngeneic In Vivo Transplant Models
of Metastasis
A considerable number of GEMMs exist that utilize constitutive
or inducible transgenic approaches to model tumor progression
and metastasis. By far the most widely used system is the Mouse
Mammary Tumor Virus (MMTV) LTR promoter, among several
other promoters (WAP, BLG, and C- (3)1) (58), that has been
used to readily drive the expression of transgenes specifically in
the mammary epithelium. Key oncogenes explored within the
mammary epithelium include ErbB2/Neu (59), polyoma middle
T antigen (PyMT) (60), Simian virus 40 (SV40) (61), Wnt1 (62),
TGF-a (63), c-Myc (64), and H-Ras (58). MMTV-Neu and
MMTV-PyMT represent two of the most well-characterized
transgenic mouse models of mammary tumorigenesis, which
readily metastasize to the lung, albeit at different rates (58).

By far, the most widely utilized models over the past 20 years
include the MMTV-Neu and MMTV-PyMT models. MMTV-neu
transgenic mice develop multifocal mammary tumors at a median
age of 7.5 months and metastasize to the lungs (65–67). MMTV-
PyMT mice, on the other hand, metastasize with higher frequency
and shorter latency (60). Recent integrative genomic analyses of
both models identified critical parallels with human breast cancers,
particularly copy number alterations in key ECM and other proteins
that drive metastasis in these models (68). Over the years, both
models were instrumental in establishing the biological functions for
the TGF-b (69–72), Wnt (73), and EGF (72) pathways in breast
cancer progression and metastasis. Importantly, these models
incorporated the thorough examination of endogenous tumor–
stroma interactions associated with metastatic progression (74).
As genetic and technological advances developed, higher
resolution cell biology and live microscopy approaches unveiled
previously furtive cellular interactions occurring along the
metastatic cascade. Findings from such studies unveiled important
tumor cell-macrophage interactions critical for vascular leakage and
intravasation (75–77). MMTV-PyMT transgenic mice were also
utilized to uncover collective tumor cell interactions during
invasion, ultimately responsible for oligoclonal metastasis (78).
Follow-up studies further implicated nanolumenal signaling
between tumor cell clusters via the molecule epigen during
oligoclonal metastasis (79). To more accurately depict breast
cancer subtype, the TP53-null syngeneic transplant model of
mammary tumorigenesis comprises a biobank of tumors that
reflect heterogeneity of human breast cancers at the molecular
and histological levels (80–82). Importantly, the TP53-null
syngeneic transplantable GEMM harbors an intact immune
system, which has been an instrumental modulator of metastatic
propensity to the lung (83). Given the molecular and histological
representation of cellular heterogeneity, this transplant model has
enabled the study of various aspects of the metastasis and
therapeutic resistance (83, 84) Establishment of organ-tropic
models from this heterogeneous GEMM will provide an
invaluable resource to study the contributions of inter- and intra-
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tumor heterogeneity (Roarty, unpublished). The foremost
advantage of these GEMMs is the ability to experimentally probe
the entirety of the metastatic cascade in the context of an intact
immune system.

Spontaneous models of metastasis also hold great promise to
unravel mechanisms of tumor cell dormancy in the metastatic
niche. A persistent mystery in cancer biology is the “lag” or
emergence of metastasis several months, years, or decades
following removal of the patient’s primary tumor. Although it is
appreciated that the time-to-relapse and cancer cell tropism
exhibited in breast cancer are dictated largely by the intrinsic
subtype of the tumor (85), the exact timing of dissemination
during cancer progression and how such fleeing cells later emerge
as metastatic lesions remains unknown. Several lines of evidence
demonstrate a lack of linearity in the metastatic process. In
patients, disseminated tumor cells in the bone marrow were
found to harbor fewer genetic alterations than the primary
lesion, suggesting that these precursors arose earlier rather than
later in advanced stages of disease progression (86). Mouse models
have molecularly exposed this lack of linearity seen in humans
(87), where non-invasive mammary intraepithelial neoplasia
(MIN), arising in both MMTV-neu and MMTV-PyMT
transgenic models, were capable of releasing disseminated cells
into the circulation of mice, leading to micrometastasis within the
bone marrow and lungs (88). Such early disseminated cancer cells
can fulfill all steps of metastasis, as has been demonstrated in the
MMTV-neu model, where Wnt signaling and a hybrid EMT-
dependent program enable metastasis after a period of dormancy
(89). The switch from dormant to active metastatic states is an
ongoing area of investigation, but one that is yielding interesting
findings of the constant interplay between cancer cells and their
extracellular and immune microenvironment in this process (25,
90–94). Thus, the utility of mouse models to interrogate the
molecular regulation of dormant versus active metastatic states
will be an imperative endeavor to provide important
therapeutic insights.

The recent success of immune checkpoint inhibitors (ICIs) in
improving patient outcomes has only amplified a growing interest
the application of such therapies to breast cancer (95). Syngeneic
models of metastasis offer a unique opportunity to interrogate the
immune landscape and immune cell responses in the tumor
microenvironment. Early work in the MMTV-PyMT transgenic
model, harboring a homozygous null mutation for the gene
encoding the macrophage growth factor, colony-stimulating
factor-1 (CSF-1), demonstrated that macrophages were
necessary for metastatic progression in vivo (96). As mentioned
above, tumor-associated macrophages play multiple roles in
promoting cancer metastasis by secreting epidermal growth
factor (EGF) to promote motility, invasion, and ECM
degradation by cancer cells (97). Such models have additionally
implicated adaptive immune cells, IL-4 expressing CD4+ T
lymphocytes, in indirectly promoting invasion and metastasis by
regulating the phenotype and effector function of CD11b+Gr1-F4/
80+macrophages, ultimately modulating EGF signaling within the
cancer cells (98). Other murine models like the K14cre;Cdh1f/f;
Trp53f/f (KEP) model further highlighted the importance of
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immune cell function in tumor progression by demonstrating a
role for neutrophil expansion during tumor progression by a gdT
cell/IL-17/neutrophil axis (99). Separately, in the syngeneic TP53
null transplant model of mammary tumorigenesis, the
dichotomous distribution of macrophages and neutrophils in
murine tumor models was identified, further emphasizing the
need for improved characterization of inter-patient heterogeneity
of the myeloid compartment (100). At present, TNBC represents
the most promising candidate for ICIs given the presence of
immune cell infiltrates in subsets of these patients and a higher
somatic mutation burden relative to non-TNBC. More recently,
the utilization of “mutagenized” tumors by overexpression of the
APOBEC3B enzyme in credentialed GEMMs further
demonstrated the utility of mouse models in the identification
of mechanisms of response to ICI therapy involving B cells and
CD4+ T follicular helper cells (101). Future studies using relevant
mouse models will be imperative to uncover the spatiotemporal
exchanges between cancer and immune cells across both the
primary metastatic cellular landscape in an effort to effectively
develop novel immunotherapeutic approaches for advanced-stage
breast cancers.
STANDARD OF CARE THERAPY
RESISTANCE IN BREAST CANCER

Although SOC regimens vary amongst the major breast cancer
subtypes, therapeutic resistance is a major clinical issue in each.
The foremost classes of targeted therapy used in ER+ breast
cancer are selective estrogen receptor modulators (SERMs; e.g.
tamoxifen), selective estrogen degraders (SERDs; e.g. fulvestrant)
or aromatase inhibitors (102). SOC for HER2+ breast cancers
include anti-HER agents such as small molecule inhibitors,
HER2 blocking antibodies, or HER2 antibody drug conjugates
(ADCs). As TNBC lacks these cell surface proteins, SOC agents
in this setting are currently limited to cytotoxic chemotherapies.
In the case of BRCA1/2 deleterious mutant carriers, patients who
are often triple negative, PARP inhibitors are currently approved
for use in the metastatic setting and are under investigation for
use in the neoadjuvant setting.

Mechanisms of therapy resistance can be categorized as:
1) acquired either permanently or reversibly, and either clonally
or sub-clonally, following treatment, or 2) pre-existing clonally or
sub-clonally prior to treatment.Acquiredorpre-existing resistance
can be mediated by genomic events (mutations, copy number
alterations, genomic structural variants), transcriptional programs,
epigenetic modification of chromatin, post-transcriptional
regulation of RNA and/or protein levels, and metabolic rewiring.
Reversible resistance is often referred to as drug-tolerance or
adaptation of “persister” cell phenotypes. These molecular
changes can ultimately mediate resistance by enhancing efflux or
breakdown of drugs, blocking drug uptake, inhibiting drug-
mediated apoptosis, adaptive programs of repair and survival, or
protection of CSC features. Tumor cell extrinsic mechanisms
driving resistance such as immune system escape, have also been
identified. Furthermore, tumor cell dormancy has been found to
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contribute to therapy resistance, especially in theER+ subtypewith
characteristically late-arisingmetastatic/therapy resistant relapses.
In contrast, TNBCs typically exhibit relapses on the scale of only a
few years after diagnosis (103). Here we discuss the variety of
experimental models that have been used to gain insights into
breast cancer therapy resistance.
IN VITRO MODELS OF THERAPY
RESISTANCE—2D

Established breast cancer cell lines provide a tractable platform
with which to functionally dissect the roles of putative drivers of
resistance discovered by profiling patients’ biopsies. Although
these models lack the often important microenvironmental cues
of in vivo systems, they have provided valuable insights about the
biology of breast cancer resistance. While systematic analyses of
SOC therapy resistance mechanisms across a multitude of
models within each major breast cancer subtype are yet
incomplete, some studies have provided snapshots of these
mechanisms in defined contexts as described below (Figure 1,
Table 1).

Drug Tolerant States, Epigenetic
Phenotypes, and Metabolic Rewiring
Breast cancer cell lines offer the opportunity to study intra-
tumoral heterogeneity and cellular plasticity as they pertain to
therapeutic resistance. In an effort to investigate targeted therapies
not yet approved as SOC for breast cancers, modeling of the “drug
tolerant persister” (DTP) cell subpopulation in basal-like breast
cancer cell lines after acute treatment with therapies such as MEK
or BRAF inhibitors revealed that epigenetic plasticity, rather than
Darwinian selection, was associated with resistance. This study
demonstrated that targeting this epigenetic plasticity with a BET
inhibitor abrogated the DTP state and cell survival (104). Acute
treatment of a broad panel of cancer cell lines, including HER2-
positive breast cancer cell lines, with tyrosine kinase targeted
inhibitors revealed chromatin modification-mediated adaptation
of the DTP state is a common feature of cancer cells (105). A study
of ER+ breast cancer cell lines revealed the histone demethylase
KDM5 contributed to fulvestrant resistance. KDM5 was found to
drive transcriptomic intra-tumor heterogeneity as evidenced by
single cell RNA sequencing of cell lines. Single cell analyses and
cellular barcode-mediated lineage tracing revealed that the
fulvestrant-resistant phenotype pre-existed in a low-abundance
genomic subclone prior to treatment of cell lines (106).
Furthermore, cell line-based studies of resistance to experimental
epigenetic-targeted therapies such as BET bromodomain
inhibitors have revealed potential synergistic drug combinations
that may prove useful clinically in the future (107, 108).

Treatment of TNBC cell lines with SOC chemotherapy was
found to result in adaptation of a polyploid “giant cell” phenotype,
a morphological feature that has been observed in chemotherapy-
treated human breast tumors (109). These resistant cell lines were
characterized by metabolic reprogramming that may provide
novel therapeutic opportunities for treating chemoresistant
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TNBCs. Other studies of acute chemotherapy treatment of MCF7
cells revealed increased expression of proteins related to apoptosis
signaling and redox homeostasis (110). Serial analyses of pre- and
post-chemotherapy TNBC biopsies has nominated putative
drivers and suppressors of adaptive survival programs in post-
chemotherapy residual disease. Functionalization of the putative
resistance drivers MYC and MCL1 in TNBC cell lines revealed
they mediated CSC features through rewiring of mitochondrial
oxidative phosphorylation (111). Conversely, the putative
resistance suppressor DUSP4 was found to be silenced in post-
chemotherapy TNBCs, thus removing its inhibition of ERK
signaling (112). Taken together, these studies revealed that
breast cancer cell lines can model dynamic, reversible
mechanisms of SOC therapy resistance. It is possible these
epigenetic mechanisms of therapy resistance are prominent in
the context of TNBC due to the lack of a unifying oncogenic driver
in this subtype.

ER and HER2 Pathway Resistance
Mechanisms
Numerous ESR1 mutations and gene fusions, reviewed recently
(113), have been identified in patient tumor sequencing data
associated with resistance and relapse in HR+ positive breast
cancers. Many of these mutations have been introduced into
breast cancer cell lines for mechanistic studies. For example, the
K303R ESR1 mutation, identified in patient tumor sequencing
data and ectopically expressed in the MCF7 ER+ cell line, was
demonstrated to confer aromatase inhibitor resistance through
increased downstream PI3K and IGF1R pathway activation (114,
115). Recurrent ESR1 activating mutations, such as Y537S,
Y537N, and D538G, and gene fusions such as ESR1-YAP1 and
ESR1-PCDH11X, frequently identified in metastatic ER+ breast
cancers, have been introduced into breast cancer cell lines to
reveal their role in driving SERM and SERD resistance and to
identify collateral lethalities associated with these frequently
observed mutations (4–7). ESR1 mutations associated with
resistance in breast cancer patients have also been found to
naturally occur in ER+ breast cancer cell lines grown under long-
term estrogen deprivation (LTED). These LTED cell lines
eventually resume proliferation in the absence of estrogen
supplementation and were found to harbor a subclonal Y537C
mutation (116). Thus, cell lines naturally evolving estrogen-
independent growth mechanisms provide an additional system
with which to study ESR1 biology. Recently, loss of
neurofibromin (NF1), identified in breast cancer patient
sequencing data as associated with poor outcomes, was
demonstrated in ER+ breast cancer cell lines to function as a
transcriptional co-repressor of ER. These findings were then
translated in vivo using cell line xenografts and PDXs, enabling
preclinical trials demonstrating novel therapeutic combinations
to treat NF1-low ER+ breast tumors (117).

Anti-HER2 therapy resistance mechanisms include genetic
alteration of HER2 itself, reactivation of downstream HER2
signaling, or activation of compensatory pathways (118). These
mechanisms have been investigated in a multitude of HER2-
positive breast cancer cell lines. For example, long-term exposure
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of HER2+ cell lines to anti-HER2 drugs revealed that resistance
could be conferred through upregulation of ER signaling (119).
Xenograftment of HER2-amplified cell lines or ER+ cell lines
genetically engineered to over-express HER2 has provided a
platform with which to compare the efficacies of anti-HER2
agents in combination with anti-estrogen and targeted therapies
(120, 121). Recent studies of HER2+ cell lines and genetically
engineered mouse models (MMTV-rtTA/HER2) revealed HER2
therapy resistance can be mediated by cyclin D1/CDK4 and
EGFR signaling, providing promising therapeutic targets to
overcome resistance that are currently in clinical testing (122).

Cancer Stem-Like Cells and Drug Efflux
Numerous studies have demonstrated a critical role for CSCs or
tumor-initiating cells (TICs) in driving breast tumorigenesis,
resistance, and metastasis. These cells can be distinguished from
the non-TIC population based on cell surface marker expression
(123) and have been identified in human tumors, breast cancer
cell lines, GEMMs, and PDX models. Studies in breast cancer cell
lines have demonstrated that following exposure to SOC
chemotherapies, CSC, TIC, and EMT features and functions
can be elevated in cells of the various major subtypes of breast
cancer (124–127). These models have provided a robust platform
with which to characterize and target transcriptional and
signaling regulators of CSC features. Furthermore, breast
cancer cell lines with mesenchymal properties were found to
exhibit more chemoresistance than were epithelial-like or
“hybrid EMT” breast cancer cells (128). As opposed to
administering chemotherapies to breast cancer cells grown on
plastic, HER2+ breast cancer cells have been xenografted into
immune-compromised mice which were then treated with
chemotherapy. Ex vivo analyses of cells derived from those
tumors revealed that chemotherapy exposure in vivo had
enriched for CSC/TIC features that were maintained in
cultures derived from those tumors (129).

Subsets of breast CSCs, termed the “side population”, have
been identified that have high expression of drug efflux proteins
and are resistant to chemotherapeutics due to their ability to expel
drugs from within the cells. This population has been observed in
breast cancer cell lines (130). Breast cancer cell lines were used to
determine that ROR1, an upstream regulator of the drug efflux
pump ABCB1, contributes to chemotherapy resistance and is
correlated with CSC features and poor therapeutic responses
(131). Importantly, the CSC and drug efflux features of breast
cancer in vitro models have also been observed in biopsies
obtained directly from patients. Development of anti-CSC
therapies is a major topic of current investigation in the field
and is expected to perturb both therapy resistance and metastasis.

In Vitro Models of Therapy Resistance—3D
Recent advances in 3D organoid culturing methodologies have
revolutionized the ability to test SOC and investigational agents in
patient- and PDX-derived cells. A major advantage of these
organoid models is the relatively low cost and high efficiency
when compared with mouse PDX establishment. A biobank of 95
patient-derived primary and metastatic breast cancer organoids
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was recently described that preserves many of the histologic and
genomic features of donor patient’s tumors. These organoids were
leveraged for high-throughput drug screening. Interestingly, direct
comparison of tamoxifen response in patients with their matched
organoid cultures revealed congruent responses (14). Similarly,
organoids have been derived from orthotopic PDX models,
enabling high-throughput drug screening with panels of SOC
and experimental compounds, providing novel avenues for
preclinical drug testing (132) and synergistic combinations
(133). Direct genomic and pharmacologic comparisons of
organoids in vitro and tumors derived from orthotopic
xenotransplantation into mice has revealed a high degree of
concordance (16). Together, these studies reveal that patient-
and PDX-derived organoid cultures are promising platform with
which to efficiently and speedily test the efficacies of SOC and
investigational therapies for clinical translation. There is a great
deal of excitement that the relative speed and ease of
investigational drug testing in patient-derived organoid cultures,
when compared with establishment of PDX mice, will finally
enable rapid, real-time, implementation of personalized therapies
tailored for patients exhibiting resistance to SOC therapies.
In Vivo Cell Line Xenograft PDX Models of
Therapy Resistance
PDX models enable experimentation with minimally manipulated
human tumor cells in an organismal microenvironment, one that
albeit lacks a fully functional immune system. Several studies have
utilized these models to study SOC therapy resistance, revealing
novel biological insights and trends matching those observed in
patients’ tumors. These models also afford the ability to study the
conjoined phenotypes of metastasis and therapy resistance, which
often co-occur in models and in patients. Two main approaches
have been used with these models: 1) discovery-based approaches
in which SOC agents are administered to PDXs, then tumors are
sampled longitudinally to identify mechanisms of resistance, and
2) preclinical testing approaches monitoring the efficacy of
experimental agents or combinations with SOC.

As an example of a discovery approach, treatment of TNBC
PDX models with standard front-line chemotherapies revealed
diverse responses across models derived from distinct patients. A
subset of models harbored resistance accompanied by a reversible
drug-tolerant phenotypic state in the absence of clonal selection.
Lentiviral barcode-mediated clonal tracking in these models
enabled monitoring of clonal architecture throughout treatment
in vivo and, combined with transcriptomic profiling, revealed
targeted therapy options that were translated into preclinical
trials in PDXs (134). Studies such as these have revealed novel
therapeutic avenues such as oxidative phosphorylation inhibition
in the case of TNBC (134, 135). A longitudinal profiling study of
long-term single-agent taxane treatment of TNBC PDX models
delineated dynamic maintenance of TIC populations as resistance
arose (136). A study of BRCA1-deficient PDX models was
conducted to longitudinally characterize resistance to SOC
chemotherapies and PARP inhibitors. This study identified
previously known, as well as novel, mechanisms of BRCA1
reactivation, including de novo gene fusion events (137).
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In each of these studies, aspects of these resistance mechanisms
were validated in unmanipulated patients’ biopsies, revealing that
PDX models are effective tools with which to discover bona fide
resistance drivers with clinical relevance.

In the second type of approach, PDX models have also proven
a robust platform with which to test the efficacy of experimental
and repurposed anticancer drugs, such as BET bromodomain
inhibitors in TNBC (138). In the HER2+ breast cancer setting,
PDXs were instrumental in demonstrating the efficacy of CDK4/6
inhibition in overcoming anti-HER2 therapy resistance (122). As
discussed above, ESR1 mutations contribute to therapy resistance
and metastasis in ER+ breast cancers. PDX models bearing
naturally occurring ESR1 mutations have been valuable tools
with which to test endocrine therapies (5) and targeted
inhibitors against oncogenic kinases such as RON to overcome
endocrine therapy resistance (139). Furthermore, use of PDX
models affords the capacity to test the efficacy of stroma-
targeted therapies such as anti-angiogenesis agents (140) and
endothelium-targeted chimeric antigen receptor T cells (141). As
these models lack an intact immune system, most PDX studies to
date have focused on tumor cell-intrinsic mechanisms of
resistance. It will be of vital importance to expand these studies
to PDX models with ‘humanized’ immune system components as
those technologies evolve in the future.
IN VIVO GEMMs OF THERAPY
RESISTANCE

Preclinical GEMMs, in addition to their ability to model several
aspects of tumor progression, can be leveraged to provide insights
into the mechanisms of therapy response and resistance. One such
model recapitulated BRCA1-mutated breast cancer by means of
K14Cre;Brca1fl/fl;Trp53fl/fl (KBIP) genetics. In particular, these
tumors exhibited a hypersensitivity to platinum drugs and PARP
inhibitors, yet like patients, GEMMs succumbed to acquired
resistance (142, 143). These tumors up-regulated drug efflux
transporters and homologous recombination. GEMMs have also
enabled the identification of several other mechanisms of
therapeutic resistance, involving a stroma-related gene signature
as a predictor of resistance to neoadjuvant chemotherapy (144,
145), stromal-derived exosome uptake as a determinant of
radiation- and chemotherapy-resistance (146), and tumor-
associated fibroblast promotion of Her2-targeted resistance
through FGFR2 (147). Given the accurate reflection of breast
cancer subtypes by GEMMs, the testing of new drugs,
combinations, and schedules can be evaluated in such models to
provide predictive value for patients (148). Much like the isolation
and selection of metastatic derivatives, GEMMs can be used to
serially expand therapeutically resistant tumors, propagate them,
and then test and screen for therapeutic vulnerabilities in the
resistant setting (149). Relative to PDX models, lower cost is a
significant advantage to the use of GEMMs; however, they only
represent surrogates to their patient counterparts and do not
always reflect the complex genomic intra-tumor heterogeneity
observed in breast cancer patients’ tumors.
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TUMOR DORMANCY AND
MICROENVIRONMENTAL IMPACTS ON
THERAPY RESISTANCE

As described above, tumor cell dormancy in the context of DTCs
that have seeded at metastatic sites but not yet outgrown, is a
major issue due to their ability to evade therapeutic treatment and
their long-term survivability (27). DTCs have been found to
persist at metastatic sites, often undetected by standard clinical
means, for many years and are thought to lead to the often-late
relapses observed in ER+ cancers. Available models to study
metastatic dormancy were recently reviewed (150). DTCs were
identified in the bone marrow of Balb/c immune-competent mice
following orthotopic implantation of mouse mammary tumor 4T1
cells and surgical resection of primary tumors. These DTCs were
shielded from killing by standard cytotoxic chemotherapies by the
bone marrow microenvironment (specifically, the vascular
endothelium). Therapeutic inhibition of the interaction between
DTCs and the endothelium prevented eventual bone metastasis in
these models (28). Numerous studies describing the role of tumor
cell dormancy in therapy resistance have been reviewed recently
(151). For example, in ER+ breast cancer cells made resistant to
endocrine therapy, dormancy gene expression signatures were
identified by single cell RNA sequencing (152). Furthermore, in
vitro dormancy models have been used to demonstrate bone
marrow secreted factors are able to induce ‘re-awakening’ (i.e.
growth) of dormant ER+ breast cancer cells (153).

The contribution of stroma to therapy resistance is also an active
area of investigation, especially leveraging in vivomodels comprising
stromal compartments. For example, analysis of BRCA mutant
TNBCs unexpectedly revealed extensive macrophage infiltration
in this subtype. Use of ex vivomacrophage cultures, PARP-deficient
GEMMs, andBRCA-deficient xenografts revealed that PARP1 aides
in macrophage development and that combination of a PARP
inhibitor with a CSF1 receptor-blocking antibody enhanced tumor
responses in the BRCA-mutant setting (154). Numerous studies
using in vitro and xenograft models have also revealed a functional
role for cancer-associated fibroblasts in SOC therapy resistance in
breast cancers (155), as recently reviewed (156). Studies such as these
have clearly demonstrated that the roles of dormancy, therapy
resistance, microenvironmental crosstalk, and metastasis are
closely intertwined.
FUNCTIONAL GENOMICS SCREENS FOR
MEDIATORS OF BREAST CANCER
RESISTANCE

Genome-wide shRNA screening in breast cancer cell lines has
enabled high-throughput identification of genes required for cell
viability in the context of various oncogenic drivers and have
informed synergistic drug combinations (157, 158). Leveraging
shRNA screens in defined genetic backgrounds of well
characterized cell lines, such as in the context of PTEN-null lines,
has enabled identification of vulnerabilities relevant to genetic driver
events recurrent in breast cancer patient populations (159). Knock-
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down screens in the context of SOC therapeutic treatment are only
beginning to be adopted and can provide insights into functional
mediators of therapy resistance. A barcoded RNAi screen in a HER2
positive cell line revealed trastuzumab resistance could be conferred
only by PTEN loss out of a library targeting approximately 8,000
genes. The importance of this pathway was corroborated by the
finding that PIK3CA oncogenic mutations similarly conferred
resistance to trastuzumab (160). A study conducting genome-wide
shRNA screens in 77 breast cancer cell lines revealed functional
vulnerabilities of breast cancer cells en masse.When compared with
high-throughput drug screening data generated in these lines, cross-
referencing gene essentiality with drug resistance data in cell lines
yielded valuable insights into putative mediators of drug resistance
(161). Future expanded application of screening methodologies in
the context of therapeutic treatments in breast cancer cell lines and
organoids is expected to reveal valuable biological insights and
potential therapeutic combinations.

In vivo functional genomics screens hold further promise to
yield clinically relevant insights into mediators of therapy
resistance. Several groups have leveraged high-throughput
shRNA or CRISPR/Cas9 libraries subsequently xenografted
into immune-compromised mice in other cancer contexts (162,
163). These technologies are only beginning to be leveraged in
breast cancer models and have not been applied to the issue of
SOC therapy resistance as of yet. One recent study revealed genes
required for in vivo tumorigenic capacity in subcutaneously
xenografted TNBC cell lines, revealing genes involved in CSC
feature maintenance (164). A unique screening strategy was
used to identify tumor cell genes involved in immune-
microenvironment communication. A murine TNBC cell line
was transduced with a genome-wide shRNA library, then
subcutaneously transplanted into immune-competent and
immune-compromised mice. This novel screening approach
revealed several genes that were functionally validated to
mediate in vivo sensitivity to immune recognition, providing
potential targets for future immune therapies (165). In vivo
screening is limited by library complexity achievable in tumor
models, as well as cost of animal acquisition and maintenance.
However, application of shRNA and CRISPR/Cas9 libraries in
orthotopically xenografted breast cancer cell lines and PDX
models, as well as genetically engineered mouse models, upon
treatment with SOC therapies is expected to provide invaluable
insights into clinically relevant functional drivers of resistance in
breast cancer.
CONCLUDING REMARKS

Therapy resistance and metastasis continue to be the two major
causes of breast cancer mortality. The research works reviewed
herein have provided valuable insights into mechanisms driving
metastatic recurrence and treatment resistance. Continued
advancements in the field are needed to push scientific
boundaries to provide comprehensive insights into clinically
relevant mechanisms of cancer relapse. Additionally, as therapies
generate alterations in the tumor biology, modeling appropriate
disease outcomes will be imperative in order to accurately predict
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metastatic behaviors. Acquisition, expansion, and ease-of-use of
PDX models with ‘humanized’ microenvironmental components
is expected to revolutionize the field. Use of these humanized PDX
models for gene and protein expression profiling, lineage tracing,
clonal tracking, comparison of multi-site metastases, longitudinal
profiling throughout therapeutic treatment, and high-throughput
ORF and CRISPR/Cas9 screening are expected to provide
unprecedented biological insights. By including a more
physiologically relevant immune system, results from these
studies may be more readily translatable to the clinic. Moreover,
in vitro 3D organoid applications composed of multi-
component platforms that recapitulate an appropriate tumor
microenvironment will provide the ability to experimentally
interrogate meaningful cell and biological interactions driving
disease progression and could theoretically provide real-time
personalized therapeutic information for patients. As laboratory
and clinical research progress, the next generation of therapies will
become the new “standard of care”. As these develop, novel
mechanisms of resistance to those agents should be anticipated
and deeply investigated in the laboratory. With useful models, the
mysteries of metastasis and recurrence will gradually be unraveled
with time.
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Purpose: Nomogram prognostic models could greatly facilitate risk stratification and

treatment strategies for cancer patients. We developed and validated a new nomogram

prognostic model, named NCCBM, for breast cancer patients with brain metastasis

(BCBM) using a large BCBM cohort from the SEER (Surveillance, Epidemiology, and

End Results) database.

Patients and Methods: Clinical data for 975 patients diagnosed from 2011 to 2014

were used to develop the nomogram prognostic model. The predictive accuracy and

discriminative ability of the nomogram were determined by concordance index (C-index)

and calibration curve. The results were validated using an independent cohort of 542

BCBM patients diagnosed from 2014 to 2015.

Results: The following variables were selected in the final prognostic model: age,

race, surgery, radiation therapy, chemotherapy, laterality, grade, molecular subtype, and

extracranial metastatic sites. The C-index for the model described here was 0.69 (95%

CI, 0.67 to 0.71). The calibration curve for probability of survival showed good agreement

between prediction by nomogram and actual observation. The model was validated in

an independent validation cohort with a C-index of 0.70 (95% CI, 0.68 to 0.73).

Conclusion: We developed and validated a nomogram prognostic model for BCBM

patients, and the proposed nomogram resulted in good performance.

Keywords: brain metastasis, prognosis, breast cancer, nomogram, predictors

INTRODUCTION

Breast cancer is the most frequently diagnosed cancer in women worldwide and the second leading
cause of cancer-related mortality in women in the United States (1). About 5 to 15% of women
with breast cancer were diagnosed with central nervous system (CNS) metastasis; however, the
incidence of breast cancer patients with brain metastasis (BCBM) was reported to be as high as
30% (2). The development of brain metastasis in breast cancer patients results in a significant
reduction in overall survival duration (3). Themedian survival time for all subtypes of patients with
breast cancer with untreated brain metastasis is only 10 months and varies with different clinical
parameters (3). Prognostic models that accurately predict the survival of BCBM in the modern era
of breast cancer treatments are essential to optimize the management of BCBM.
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The prognosis of BCBM varies largely with different clinical
features; therefore, prognostic models are warranted to aid the
clinical decision and possibly help in stratifying patients for
further therapy. In the past few decades, a few prognostic models
has been developed to predict the prognosis for BCBM; however,
these models showed limited performance when applied to
external validation cohorts, thereby remaining insufficient, and
the routine use of these prognostic models is challenged (4). The
first prognostic model for BCBM was developed in 1997 by the
Radiation Therapy Oncology Group (RTOG) using a recursive
partitioning analysis (RPA) method (4) and was replaced by
the prognostic assessment (GPA) model 11 years later (5). In
2010, the GPA methodology was adapted to construct diagnosis-
specific GPA classes (DS-GPA) to predict survival in patients with
brain metastasis from breast cancers and other tumors (6). It is
worthy to note that evidence showed clear separation between
subgroups of patients with breast cancer and brainmetastases (7).
In 2012, Weil et al. developed a prognostic nomogram for BCBM
with a concordance index (C-index) of 0.67 in a population of
261 women, comparing the performance of the nomogram with
aforementioned prognostic models; Kattan et al. developed a
nomogram based on de-identified data for 2,367 patients with
brain metastasis from seven RTOG randomized trials (8). Paul
W Sperduto et al. developed a model named Breast GPA with
a larger contemporary cohort; they found the median survival
has improved modestly but varies widely by diagnosis-specific
prognostic factors (9).

In the present study, we developed and validated a
nomogram prognostic model in a population of 1,517 patients.
We investigated the sociodemographic and clinicopathologic
predictors associated with BCBM and constructed a robust
nomogram for predicting BCBM survival at 6 months, 1
year, and 2 years. The proposed nomogram was validated
in an independent external validation cohort and showed
good performance.

METHODS

Study Population and Design
Since the Surveillance, Epidemiology, and End Results (SEER)
database began collecting information on the molecular subtypes
and sites of distant metastasis in 2010, BCBM cases at the time
of initial cancer diagnosis from 2010 to 2015 were enrolled in
the present study. The inclusion criteria were as follows: (1)
Presence of brain metastasis; (2) clear follow-up information; (3)
reporting source was neither autopsy nor death certificate only.
The exclusion criteria were as follows: (1) tumors of uncertain
origin and (2) cases with duplicated record. A total of 975 cases
that were diagnosed from 2010 to 2013 were assigned to the
training cohort and used to develop the nomogram prognostic
model. The 542 cases diagnosed from 2014 to 2015 were assigned
to the independent validation cohort and used to validate the

Abbreviations: SEER, surveillance, epidemiology, and end results; BCBM, breast

cancer patients with brain metastasis; OR, odds ratio; HR, hormone receptor;

HER2, human epidermal growth factor receptor 2; LC, lobular carcinoma; IDC,

infiltrating duct carcinoma.

model. This study was approved by the institutional review board
at the Ethics Committee of Cancer Hospital of Chinese Academy
of Medical Sciences, and written informed consent was waived
since data were derived from the SEER database.

Variable Selection
Overall survival (OS) was defined as the length of time
from diagnosis to death or last contact and used as the
primary outcome. The following variable data were extracted
and classified according to the codes in the SEER database:
sex, age, race, marital status at diagnosis, insurance recode
(10), breast tumor laterality, tumor primary site, molecular
subtype, histological grade, pathological pattern [infiltrating duct
carcinoma (IDC), lobular carcinoma (LC), infiltrating ductal
and lobular carcinoma (IDLC), cribriform carcinoma, tubular
adenocarcinoma, mucinous adenocarcinoma, infiltrating duct
mixed with other types of carcinoma (IDM), ductal carcinoma,
micropapillary, and others], American Joint Committee on
Cancer (AJCC) T stage, AJCC N stage, surgery recode, radiation
recode, chemotherapy recode, survival in months, and number of
extracranial metastatic sites.

Statistical Analysis
Anomogramwas constructed based on the results of multivariate
analysis and by using the rms package (11) of in R version
3.6.3 (http://www.r-project.org/). A final model selection was
performed by a backward stepdown selection process with the
Akaike information criterion (12). The performance of the
nomogram was assessed by C-index and measured by comparing
nomogram-predicted vs. observed Kaplan–Meier estimates of
survival probability. Bootstraps with 1,000 resamples were
used for these activities. C-index and 95% confidence interval
(CI) were computed using survcomp package (13) in R. The
calibration plots were generated by comparing the nomogram-
predicted probability of OS at 6 months, 1 year, and 2 years with
the observed survival probability. The interpretation of this index
is similar to that of a receiver–operator curve: an index of 1.0
indicates a model that is perfectly concordant with the dataset;
an index of 0.0 suggests perfect discordance (14). P < 0.05 was
considered statistically significant.

RESULTS

Characteristics of the Training and
Validation Cohorts
In total, 1,517 cases that did not contain any missing variables
were included in this study. Based on year of diagnosis, the
included cases were divided into two distinct groups: cases that
were diagnosed from 2010 to 2013 (n = 975) were used as the
training cohort, whereas cases that were diagnosed from 2014
to 2015 (n = 542) were used as the validation cohort. The
median follow-up time was 5 years (95% CI, 4.5–5.33 years)
for the training cohort and 1.83 years (95% CI, 1.67–2 years)
for the validation cohort. Characteristics of the two datasets are
summarized in Table 1.
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TABLE 1 | Demographics and clinicopathologic characteristics of breast cancer

patients with brain metastasis.

Variables Training

cohort

(n = 975)

Validation

cohort

(n = 542)

Overall

(n = 1,517)

No. of

patients (%)

No. of

patients (%)

No. of

patients (%)

Age (years)

<40 53 (5.4%) 35 (6.5%) 88 (5.8%)

40–49 142 (14.6%) 64 (11.8%) 206 (13.6%)

50–59 271 (27.8%) 162 (29.9%) 433 (28.5%)

60–69 279 (28.6%) 163 (30.1%) 442 (29.1%)

70–79 161 (16.5%) 75 (13.8%) 236 (15.6%)

≥80 69 (7.1%) 43 (7.9%) 112 (7.4%)

Sex

Male 11 (1.1%) 9 (1.7%) 20 (1.3%)

Female 964 (98.9%) 533 (98.3%) 1497 (98.7%)

Race

White 613 (62.9%) 319 (58.9%) 932 (61.4%)

Black 182 (18.7%) 101 (18.6%) 283 (18.7%)

Hispanic 123 (12.6%) 65 (12.0%) 188 (12.4%)

Asian/Pacific Islander 53 (5.4%) 51 (9.4%) 104 (6.9%)

Other 4 (0.4%) 6 (1.1%) 10 (0.7%)

Marital status

None-single 701 (71.9%) 371 (68.5%) 1072 (70.7%)

Single 224 (23.0%) 133 (24.5%) 357 (23.5%)

Unknown 50 (5.1%) 38 (7.0%) 88 (5.8%)

Insurance

Uninsured 69 (7.1%) 26 (4.8%) 95 (6.3%)

Insured 884 (90.7%) 500 (92.3%) 1384 (91.2%)

Unknown 22 (2.3%) 16 (3.0%) 38 (2.5%)

Laterality

Left 464 (47.6%) 250 (46.1%) 714 (47.1%)

Right 434 (44.5%) 250 (46.1%) 684 (45.1%)

Bilateral 70 (7.2%) 37 (6.8%) 107 (7.1%)

Unknown 7 (0.7%) 5 (0.9%) 12 (0.8%)

Primary site

Upper-outer 185 (19.0%) 108 (19.9%) 293 (19.3%)

Upper-inner 37 (3.8%) 28 (5.2%) 65 (4.3%)

Lower-inner 26 (2.7%) 16 (3.0%) 42 (2.8%)

Lower-outer 41 (4.2%) 20 (3.7%) 61 (4.0%)

Overlapping 159 (16.3%) 90 (16.6%) 249 (16.4%)

Central 39 (4.0%) 26 (4.8%) 65 (4.3%)

Breast_NOS 466 (47.8%) 246 (45.4%) 712 (46.9%)

Other 22 (2.3%) 8 (1.5%) 30 (2.0%)

Surgery

Surgery not performed 810 (83.1%) 479 (88.4%) 1289 (85.0%)

Surgery performed 158 (16.2%) 58 (10.7%) 216 (14.2%)

Unknown 7 (0.7%) 5 (0.9%) 12 (0.8%)

Radiation

Radiotherapy not performed 16 (1.6%) 5 (0.9%) 21 (1.4%)

Radiotherapy performed 596 (61.1%) 321 (59.2%) 917 (60.4%)

None/Unknown 363 (37.2%) 216 (39.9%) 579 (38.2%)

(Continued)

TABLE 1 | Continued

Variables Training

cohort

(n = 975)

Validation

cohort

(n = 542)

Overall

(n = 1,517)

No. of

patients (%)

No. of

patients (%)

No. of

patients (%)

Chemotherapy

No/Unknown 464 (47.6%) 263 (48.5%) 727 (47.9%)

Yes 511 (52.4%) 279 (51.5%) 790 (52.1%)

Histology

IDC 606 (62.2%) 339 (62.5%) 945 (62.3%)

LC 50 (5.1%) 23 (4.2%) 73 (4.8%)

IDLC 23 (2.4%) 15 (2.8%) 38 (2.5%)

IDM 11 (1.1%) 7 (1.3%) 18 (1.2%)

Mucinous 6 (0.6%) 3 (0.6%) 9 (0.6%)

Tubular 0 (0%) 0 (0%) 0 (0%)

DCM 1 (0.1%) 2 (0.4%) 3 (0.2%)

Other 278 (28.5%) 153 (28.2%) 431 (28.4%)

AJCC T

T1 106 (10.9%) 67 (12.4%) 173 (11.4%)

T2 198 (20.3%) 109 (20.1%) 307 (20.2%)

T3 104 (10.7%) 78 (14.4%) 182 (12.0%)

T4 322 (33.0%) 158 (29.2%) 480 (31.6%)

TX 216 (22.2%) 116 (21.4%) 332 (21.9%)

T0 29 (3.0%) 14 (2.6%) 43 (2.8%)

AJCC N

N0 241 (24.7%) 137 (25.3%) 378 (24.9%)

N1 368 (37.7%) 223 (41.1%) 591 (39.0%)

N2 93 (9.5%) 43 (7.9%) 136 (9.0%)

N3 127 (13.0%) 58 (10.7%) 185 (12.2%)

NX 146 (15.0%) 81 (14.9%) 227 (15.0%)

Grade

Grade I 31 (3.2%) 18 (3.3%) 49 (3.2%)

Grade II 264 (27.1%) 126 (23.2%) 390 (25.7%)

Grade III 365 (37.4%) 220 (40.6%) 585 (38.6%)

Grade IV 13 (1.3%) 2 (0.4%) 15 (1.0%)

Unknown 302 (31.0%) 176 (32.5%) 478 (31.5%)

Subtype

HR+/HER2- 359 (36.8%) 204 (37.6%) 563 (37.1%)

HR+/HER2+ 142 (14.6%) 80 (14.8%) 222 (14.6%)

HR-/HER2+ 108 (11.1%) 67 (12.4%) 175 (11.5%)

HR-/HER2- 172 (17.6%) 102 (18.8%) 274 (18.1%)

Unknown 194 (19.9%) 89 (16.4%) 283 (18.7%)

Extracranial metastatic

sites

No 184 (18.9%) 104 (19.2%) 288 (19.0%)

One 370 (37.9%) 186 (34.3%) 556 (36.7%)

Two 270 (27.7%) 159 (29.3%) 429 (28.3%)

Three 142 (14.6%) 91 (16.8%) 233 (15.4%)

Unknown 9 (0.9%) 2 (0.4%) 11 (0.7%)

Nomogram Prognostic Model in Training
Cohort
The results of the univariate analysis are listed in
Supplementary Table 1. Multivariate analyses demonstrated
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TABLE 2 | Multivariate analysis of the training cohort.

Variable HR 95%CI P-value

Age (years)

<40 1 [Reference]

40–49 1.85 1.27–2.71 0.001

50–59 1.87 1.31–2.67 0.001

60–69 1.95 1.36–2.79 P < 0.001

70–79 2.68 1.83–3.91 P < 0.001

≥80 2.34 1.5–3.63 P < 0.001

Race

White 1 [Reference]

Black 1.22 1.01–1.47 0.039

Hispanic 0.95 0.76–1.19 0.676

Asian/Pacific Islander 1.11 0.8–1.53 0.533

Other 1.99 0.61–6.44 0.251

Laterality

Left 1 [Reference]

Right 1.02 0.88–1.18 0.797

Bilateral 0.65 0.47–0.91 0.011

Unknown 0.68 0.29–1.58 0.375

Surgery

Surgery not performed 1 [Reference]

Surgery performed 0.6 0.49–0.74 P < 0.001

Unknown 0.77 0.31–1.9 0.565

Chemotherapy

No/Unknown 1 [Reference]

Yes 0.52 0.44–0.61 P < 0.001

Grade

Grade I 1 [Reference]

Grade II 1.64 1.04–2.58 0.034

Grade III 2.02 1.28–3.19 0.003

Grade IV 1.97 0.93–4.19 0.077

Unknown 1.74 1.09–2.79 0.02

Subtype

HR+/HER2- 1 [Reference]

HR+/HER2+ 0.86 0.68–1.1 0.228

HR-/HER2+ 1.69 1.3–2.18 P < 0.001

HR-/HER2- 2.54 2.02–3.19 P < 0.001

Unknown 1.87 1.5–2.33 P < 0.001

Extracranial metastatic sites

No 1 [Reference]

One 1.12 0.92–1.38 0.259

Two 1.27 1.01–1.59 0.039

Three 1.6 1.24–2.05 P < 0.001

Unknown 0.62 0.29–1.33 0.217

that age, race, surgery, radiation therapy, chemotherapy,
laterality, grade, molecular subtype, and extracranial metastatic
sites were independent risk factors for OS (Table 2). The
prognostic nomogram that integrated all significant independent
factors for OS in the primary cohort is shown in Figure 1. The
C-index for OS prediction was 0.69 (95% CI, 0.67 to 0.71). The
calibration plot for the probability of survival at 6 months, 1 year,

and 2 years showed a good agreement between the prediction by
nomogram and actual observation (Figures 2A,C,E).

External Validation of the Nomogram
In the validation cohort, we test the nomogram prognostic model
using the same model parameters as the developed nomogram
in the training cohort. Our results indicated the C-index of the
nomogram for predicting OS was 0.70 (95% CI, 0.68 to 0.73),
and a calibration curve also showed excellent agreement between
prediction and observation in the probability of 6 months,
1 year, and 2 years (Figures 2B,D,F). These results suggested
that predictions in an independent data set were excellent and
therefore confirmed the exportability of the model.

DISCUSSION

In this study, the NCCBM prognostic model was developed
and validated using a large cohort of BCBM cases across the
United States. This NCCBM nomogram, based on routinely
available demographic, staging, and treatment information,
can predict the survival probability for individual BCBM,
which might be helpful for assisting clinicians in making
therapy decisions.

Prognostic Predictors for BCBM
A plethora of previous studies have reported the prognostic
factors for survival among BCBM, including tumor subtype,
age, Karnofsky Performance Status, number of brain metastases,
systemic chemotherapy, surgical resection, interval from first
cancer diagnosis to brain metastases, size of primary tumor,
presence/degree of extracranial metastases, primary tumor
control, dose of radiation, and solitary metastases. In the present
study, we found the prognostic variables for BCBM were as
follows: age, race, surgery, radiation therapy, chemotherapy,
laterality, grade, molecular subtype, and extracranial metastatic
sites. Some variables we reported were consistent with previous
results including tumor subtype, age, treatment information
(surgery, chemotherapy, and radiation), and extracranial
metastases. We also found the race and tumor grade were
independent predictors for survival of BCBM (Table 2). We
noticed a series of interesting results. Firstly, patients with Grade
III represent the worst prognosis [hormone receptor (HR): 2.02;
95% CI, 1.28–3.19; p < 0.003] when compared with Grade I, but
not Grade IV. Secondly, older patients indicated worse outcome
generally, but 70- to 79-year-old patients showed the worst
outcome (HR: 2.68; 95% CI, 1.83–3.91; p < 0.001), although not
patients older than 80 years.

Nomogram Prognostic Model for BCBM
The NCCBM nomogram described in this study was developed
based on the SEER database, encompassing approximately 28%
of the US population, which is a significant strength for
future clinical application compared with using limited single
institutional data. The performance of the NCCBM nomogram
was assessed by calibration and discrimination. Calibration is
defined as the ability to estimate the agreement between the
nomogram estimated survival and the observed survival. In the
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FIGURE 1 | Nomograms for predicting 6-month, 1-year, and 2-year overall survival (OS) of breast cancer patients with brain metastasis.

present study, the calibration plots showed excellent agreement
in both the training and validation cohorts, which suggested the
reliability of the NCCBM nomogram. Discrimination is defined
as the ability to distinguish between patients who experience an
event and those who do not experience it. The discrimination
of the NCCBM nomogram was assessed by the C-index. The
C-index of the NCCBM was 0.69 (95% CI, 0.67 to 0.71) in
the training cohort and 0.70 (95% CI, 0.68 to 0.73) in the
validation cohort, suggesting the robust performance of this
prognostic model.

As was reported by Marko et al. in 2012 (15), their nomogram
based on a population of 261 women showed a C-index of
0.67 with only internal validation, and when compared with
RPA, GPA, original DS-GPA and modified DS-GPA models.
Although in a more representative population cohort, the
NCCBM nomogram showed a better performance than the
aforementioned prognostic models. More recently, Song et al.
reported a novel nomogram for predicting OS for BCBM with a
C-index of 0.735 (16); however, this nomogram was developed
only based on a limited patient size from a single institution,
which is not a good representation of population, and the
performance has not been validated in an external cohort. In
summary, the NCCBM nomogram represents a wide population
and showed a moderate predictive effect on prognosis of BCBM.

Potential Limitations
Despite the promising findings of the present study, this
study should be considered in the context of its limitations.
Firstly, although the SEER database represents about 30%
of the US population, clinical data on tumor subtype and
distant metastatic sites was collected only after 2010 in the
SEER database and therefore limited the sample size of
this study. Secondly, information about disease recurrence or
subsequent sites of disease involvement was not collected in
the SEER database (17); hence, we were unable to investigate
patients who developed brain metastases later in their disease
course. Thus, there might be some patients who subsequently
developed brain metastases later in the disease course who
would not be included in our analysis, which may lead to
bias of the results. Future investigations using alternative
data sources should be carried out to address this important
point. Thirdly, detailed treatment information for patients
with brain metastases is not recorded in the SEER database;
thus, we cannot comment on more on this. Fourth, since
information relating to Karnofsky Performance Status was
not available in the SEER, we were unable to compare the
prediction effect of NCCBM nomogram and other prognostic
models directly. In addition, when applying it to other
countries and areas, external validation should be conducted
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FIGURE 2 | The calibration curve for predicting patient survival at (A) 6 months, (C) 1 year, and (E) 2 years in the training cohort and at (B,D,F) 6 months, 1 year, and

2 years in the validation cohort. Nomogram-predicted probability of overall survival is plotted on the x-axis; actual overall survival is plotted on the y-axis.

to test its validity. In summary, further prospective study
using more detailed clinical data should be carried out to
validate the robustness of this model before clinical application
and extension.

CONCLUSIONS

The current study used a Cox proportional hazards regression
in conjunction with a nomogram representation to construct a
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robust predictive model of survival of breast cancer patients with
bone metastasis. The NCCBM model is based on a combination
of eight clinical and molecular features that should be readily
available to clinicians treating patients with breast cancer, and
our validation results suggest that this model should be highly
reproducible in similar patient populations.
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Objective:We screened the TNBC stem cells using phage display (PD) and acquired the

specific binding clones; and then the positive phage DNAs were amplified and extracted,

synthesized with specific polypeptides, and labeled with fluorescein isothiocyanate

(FITC). Finally, we identified the specificity of the polypeptides in vitro and in vivo.

Methods: Human breast cancer cell line MDA-MB-231 and human mammary gland

cell line hs578bst were chosen in our study, and MDA-MB-231 breast cancer stem

cells (BCSCs) were cultured and identified by flow cytometry. The phage peptide library

was screened using MDA-MB-231 BCSCs, the positive phage clones were identified by

ELISA, and the DNA of the positive phages was extracted and sent to a biotechnology

company for sequencing. According to the sequencing results, a specific polypeptide

was synthesized and labeled with FITC. In the end, the specificity of a polypeptide to

BCSCs was identified in vivo and in vitro.

Results: The MDA-MB-231 BCSCs were cultured and enriched with the “serum

and serum-free alternate” method. The BCSCs were found to have characteristics of

CD44+/CD24−/low epithelial surface antigen (ESA) and ALDH+ with flow cytometry.

The phage was enriched to 200-fold after three rounds of screening for MDA-MB-231

BCSCs. The positive phages were sequenced; then a polypeptide named M58 was

synthesized according to sequencing results. Polypeptide M58 has a specific affinity to

MDA-MB-231 BCSCs in vivo and in vitro.

Conclusion: Specific polypeptides binding to MDA-MB-231 BCSCs were screened out

by PD screening method, which laid a theoretical foundation for the targeted therapy and

further research of BCSCs.

Keywords: triple-negative breast cancer, cancer stem cell, marker, phage, identification
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INTRODUCTION

Triple-negative breast cancer (TNBC) accounts for
approximately 15–20% of all breast cancers and characterized by
the lack of expression of estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor 2
(HER2) (1). Because of the lack of specific therapeutic targets for
the type of breast cancer, there is currently no available efficient
treatment for TNBC. The majority of TNBC patients are at a
higher risk of tumor recurrence and metastasis (2), and more
efforts are needed to find new therapeutic targets and methods
for this type of cancer.

In human cancer, including breast cancer, there is a small
subset called cancer stem cells (CSCs), which possess stemness
properties and are capable of self-renewal, differentiation,
and tumor initiation and growth (3). Cancer stem cells also
contribute to tumor recurrence, due to their inherent distinct
biological properties, such as resistance to chemotherapy and
radiotherapy (4). The earliest CSCs isolated and characterized
in solid tumors were from breast cancer. These breast cancer
stem cells (BCSCs) were identified by the feature of cell
surface marker CD44highCD24low and aldehyde dehydrogenase
(ALDH) enzymatic activity (5, 6). A few of BCSCs can lead
to xenograft tumor formation in immunodeficient non-obese
diabetic (NOD)/severe combined immunodeficiency (SCID)
mice (7). Traditional chemotherapy and radiotherapy can only
kill ordinary breast cancer cells and are less effective to BCSCs,
leading to recurrence or metastasis in breast cancer. Only
targeted elimination of BCSCs is the key at which breast cancer
may be cured completely.

Phage display (PD) is a technology based on the presentation
of functional peptides on the surface of bacteriophages and was
invented by George Smith in 1985. Ever since it appeared, PD
technique has revolutionized several biological fields because
of its obvious power for the production of many kinds of
proteins and its relatively fast speed for the isolation of biological
compounds (8, 9). Until now, PD technology is used in a wide
range of fields, such as oncology, cell biology, immunology,
pharmacology, and drug discovery and delivery. In breast cancer,
an aFGF-binding peptide called AP8 was shown to interact with
FGFRs, as both breast cancer and vascular endothelial cells were
observed to be arrested in the G0/G1 stage (10). Novel peptides
that had been screened from a peptide library were shown to
bind to CD44 with high affinity (11). PD technology is a mature
type of technology for the screening of tumor-specific peptides
(12); however, the application of BCSC-specific peptides has been
seldom reported.

MATERIALS AND METHODS

Reagents and Cell Lines
The bacteriophage random 12-peptide library kit (Ph.D.TM-
12 Phage Display Peptide Library) was purchased from New
England BioLabs, Inc., Ipswich, MA, USA. Flow cytometry
(FCM) antibody, fluorescein isothiocyanate (FITC) anti-human
CD44 antibody, phycoerythrin (PE) anti-human CD24 antibody,
and Alexa Fluor647 anti-human CD326 antibody were purchased

from BioLegend, Inc., San Diego, CA, USA; EGF, bFGF, and
B27 growth factors were purchased from Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany). The human breast cancer cell line
MDA-MB-231 and the humanmammary gland cell line hs578bst
were preserved in our laboratory.

Enrichment and Identification of Breast
Cancer Stem Cells
Routine cell culture was mixed with Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal bovine serum (FBS), 100
U/ml of penicillin, and 100 U/ml of streptomycin. Stem cells
were enriched in serum-free medium supplemented with EGF,
bFGF, and B27 growth factors. Centrifugation was conducted
to change the medium every 2–3 days. After 1 week of serum-
free culture, the medium was changed to medium with 10%
FBS for one passage to remove any dead cells. The cells were
cultured alternately with serum and serum-free culture medium
to maximize BCSCs. After that, CD44+/CD24−/low cell group
was sorted using a flow cytometer, ALDH+ was detected, and the
microspheres were observed under a microscope.

Phage Random Peptide Screening for
Breast Cancer Stem Cells
The hs578bst cells, breast cancer cells, and enriched BCSCs were
seeded in polylysine-coated petri dishes with serum-free DMEM
for 2 h and blocked with 0.5% bovine serum albumin (BSA) for
1 h. The PD peptide library was added to the dish coated with
the hs578bst cells with 1011 pfu/titer, then they were cultured at
37◦C for 1 h, and the supernatant was transferred to the negative
selection cells. The above two steps were repeated three times to
complete three negative and one positive selection. The cells were
washed with 0.1% Tris-buffered saline with Tween (TBST) three
times for 1min each time after the incubation, with care taken to
change the paper every time to avoid cross contamination. The
phages were removed by washing with 1ml of 0.2MGlycine-HCl
(pH 2.2) buffer. The cell supernatant was collected in a centrifuge
tube after incubation for 10min and neutralized with 150 µl of
Tris-HCl (pH 9.1). The product was amplified and titrated for
the next round of selection. In the following round of selection,
conditions were not changed except that the total amount of each
initial phage was 1 × 1011, the time for positive selection was
30min, and 0.2% (v/v) Tween-20 was used for washing. In the
third round of screening, the positive selection time was 15min,
and 0.3% (v/v) Tween-20 was used for washing.

ELISA Identification for Positive Phages
The enriched BCSCs were seeded in 96-well plates at a number
of 104 per well with serum-free DMEM for 2 h after adherence.
The cells were fixed with 4% paraformaldehyde for 15min and
then washed with phosphate-buffered saline (PBS). The cells were
treated with 0.1% Triton X-100 for 10min and washed with
PBST-0.05% three times. After 1 h of blocking with 2% PBS-BSA,
the cells were incubated with amplified monoclonal phage for
2 h and washed three times with PBST-0.05%. After incubation
with horseradish peroxidase (HRP)-anti-M13 antibody (1:5,000
with 2% PBS-BSA) for 1 h, cells were washed with PBST-0.05%
three times. HCl was added to terminate the TMB chromogenic
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reaction, and the absorbance was read at 450 nm using a
microplate reader. A phage plaque was randomly selected as
a control, and the value of OD phage clone/OD control >2
was regarded as positive. Normal breast cells, and breast cancer
and enriched BCSCs were seeded in a 24-well plate at 105 cells
per well, and the same process was repeated except that TMB
was replaced with a DAB HRP chromogenic kit and HCl was
replaced with distilled water after a 10-min incubation. Cells were
counterstained with Mayer’s hematoxylin solution and observed
under a microscope.

DNA Extraction of Positive Phage and
Sequencing
The single colonies of Escherichia coli ER2738 were inoculated
into 20ml of lysogeny broth (LB) medium and shaken and
cultured to early logarithmic growth phase. The KL-6 stock
solution with a total of 10 µl of positive phage clone was added
to the ER2738 solution, which was liquefied and centrifuged
at 37◦C and 250 rpm for 3.5 h. After centrifugation at 10,000
rpm for 5min, the supernatant was added to 1/6 volume of
20% PEG/NaCl to precipitate at room temperature for 1 h and
centrifuged at 10,000 rpm for 10min. The supernatant was
removed, and the precipitation was resuspended with 1ml of TBS
and stored at 4◦C. During the course of plaque amplification,
500 µl of phage-containing supernatant was transferred to a new
Eppendorf (EP) tube after the first centrifugation. A total of
200 µl of PEG/NaCl was added, and the mixture was inverted
and mixed well. Subsequently, the mixture was allowed to rest
at room temperature for 10min. Afterward, the sample was
centrifuged for 10min, and the supernatant was discarded.
The sample was centrifuged briefly again, and the remaining
supernatant was carefully aspirated. The pellet was completely
resuspended in 100 µl of iodide buffer; 250 µl of ethanol was
added and incubated at room temperature for 10min. Single-
stranded phage DNA was incubated and precipitated at room
temperature for a short time, while most of phage proteins
remained in the solution. Then the sample was centrifuged for
10min, and the supernatant was discarded after incubation. The
precipitate was washed with 70% ethanol and briefly vacuum
dried. The pellet was resuspended in 30 µl of TE, and the
resulting suspension was used as the template solution for
sequencing. Sequencing primer is−96 gIII 5′-HOCCC TCA TAG
TTA GCG TAA CG-3′.

The Specificity Identification of
Polypeptide in vitro
The polypeptides were synthesized according to the sequencing
result and labeled with FITC. The breast cancer cells and BCSCs
were incubated with the polypeptides labeled with FITC. Then,
the distribution of the FITC-labeled polypeptides was observed
in different cells, and the images were captured.

The Specificity Identification of
Polypeptide in vivo
We chose 20 female nude BALB/c mice (6–8 weeks) to
establish an animal model after we acquired the approval of

Ethics Committee of Shandong Cancer Hospital and Institute.
The ad libitum-fed mice were kept in specific pathogen-
free (SPF) environment of 20-Pa pressure difference, 45%
humidity, 22◦C temperature, and a 14/10-h light/dark cycle.
Firstly, we centrifuged MDA-MB-231 stem cells, adjusted the
concentration of BCSCs to 1 × 105/ml, and then implanted
them subcutaneously in the armpit of the right lower limb
or the right breast pad or intravenously into the tail vein of
nude BALB/c mice. Secondly, we measured the tumor size and
randomly divided nude mice into two equal groups, named
group M58 and group M0. Lastly, we injected the polypeptide
into the vein of nude mice and dissected them to observe the
polypeptide distribution in liver tissue with the control tissue (of
the liver). All animal experiments were performed in accordance
with guidelines for proper conduct of animal experiments.

RESULTS

The Culture and Enrichment of Breast
Cancer Stem Cells
The commonMDA-MB-231 breast cancer cells were cultured for
30 days with the method of “serum and serum-free alternation.”
Afterward, the BCSCmicrospheres were suspended in the culture
medium under the microscope. They looked round and bright
and are balloon shaped, and the volume and number of stem
cells increased following the culture time extension, as shown in
Figure 1.

The Identification of Breast Cancer Stem
Cells With Flow Cytometry
We chose CD44+/CD24−/low and ALDH+ as the biomarker of
MDA-MB-231 BCSCs compared with the common MDA-MB-
231 breast cancer cells. As Figure 2 shows, the proportion of
CD44+/CD24−/low for MDA-MB-231 BCSCs was 70.5%, while
the proportion for common breast cancer cells was nearly zero.
Simultaneously, the proportion of ALDH+ for MDA-MB-231
BCSCs was 79.3%, while the proportion for common breast
cancer cells was 6.7%, as shown in Figure 3.

Screening of Phage Specificity for Breast
Cancer Stem Cells
The phages were enriched nearly 200 times after three rounds of
screening, as shown in Table 1, and indicated that the phage may
specifically bind to MDA-MB-231 BCSCs.

DNA Sequence of Positive Phages
Eight positive phages were collected by M13 phage library
isolation kit with ELISA identification. They were named M1–
M8, and the Amino acid sequences are shown in Table 2.
The sequence of TMHYKGTAASES appeared twice, which
was selected to synthesize the polypeptide named M58 for
subsequent experiments, and the negative peptide sequences
were NHKTINYQNDAT and named M0 as control.

The complete sequence results of M58 are as follows:
3′-TCCCGACGTTAGTAAATGAATTTTCTGTATGGGA

TTTTGCTAAACAACTTTCAACAGTTTCGGCCGAACCTC
CACCCGA CTC AGA AGC CGC CGT CCC CTT ATA ATG
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FIGURE 1 | The enrichment of MDA-MB-231 breast cancer stem cells with the method of “serum and serum-free alternation.” (A) The ordinary MDA-MB-231 breast

cancer cells. (B) The MDA-MB-231 cancer stem cell microspheres formed after “serum and serum-free alternation” culture for 30 days, which are balloon shaped and

suspended in the culture solution. Magnification, 10×. (C) The MDA-MB-231 cancer stem cell microspheres. Magnification, 10×.

FIGURE 2 | The identification results of CD44+/CD24−/low with flow cytometry. (A) The proportion of CD44+/CD24−/low for ordinary MDA-MB-231 was nearly zero.

(B) The proportion of CD44+/CD24−/low for MDA-MB-231 breast cancer stem cell was 70.5%. ESA APC, epithelial surface antigen allophycocyanin; FSC, forward

scatter; P1, breast cancer stem cell; P2, CD44+ cells; PE, phycoerythrin; SSC, side scatter.

CAT CGT AGAGTGAGAATAGAAAGGTACCACTAAAGG
AATTGCGAATAAAAATAGTC CCCCAAA-5′

5′-ACG ATG CAT TAT AAG GGG ACG GCG GCT TCT
GAG TCG-3′

T MH Y K G T A A S E S.
The complete sequence results of M0 are as follows:
3′-TCCGACGTTAGTAAATGAATTTTCTGTATGGGATT

TTGCTAAACAACTTTCAACAGTTTCGGCCGAACCTCCA
CCAGTCGCATCATTCTGATAATTAATCGTCTTATGATTA
GAGTGAGAATAGAAAGGTACCACTAAAGGAATTGCGA
ATAACAAATGCCATCCGACTGTTTTGCCCTCCTCAATAC
GTGAAGCTGCAGCCCTCCTCTTATTGTTGAGCTCTATCA

CAGAGGTGTTAGTCGCGTTAACGCTACCATGTATCTCT
TGGTTAGAGCAGATGTAAGAGGAAAAAAAGTTCCGTGC
GTATT-5′

5′ AAT CAT AAG ACG ATT AAT TAT CAG AAT GAT GCG
ACT 3′

N H K T I N Y Q N D A T.

The Specificity Identification of
Polypeptide in vitro
Polypeptide M58 labeled with FITC was able to specifically bind
to the MDA-MD-231 stem cells, while it could not bind to the
common MDA-MD-231 cells, as shown in Figure 4, whereas the
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FIGURE 3 | The identification results of ALDH+ with flow cytometry. (A) The proportion of ALDH+ for ordinary MDA-MB-231 was 6.7%. (B) The proportion of ALDH+

for MDA-MB-231 breast cancer stem cell was 79.3%.

TABLE 1 | Results of three rounds of phage screening in MDA-MB-231 breast

cancer stem cells.

Round Initial phage

volume

(pfu/ml)

Elution phage

volume

(pfu/ml)

Enrichment

rate (%)

First round 2.00 × 1010 4.20 × 102 2.1 × 10−8

Second round 2.00 × 1010 7.40 × 103 3.7 × 10−7

Third round 2.00 × 1010 8.40 × 104 4.2 × 10−6

TABLE 2 | Results of DNA sequences for positive phages.

Name Amino acid sequence

M1 LYAVDLSPKSRY

M2 HLAVRPISTNSR

M3 HLAVRPISTNSR

M4 TNSFHAIAGYQS

M5, M8 TMHYKGTAASES

M6 KLTALVTTWPWT

M7 YSDGVRAPRTVE

control peptide M0 labeled with FITC was not able to bind to the
MDA-MD-231 stem cells in either of the common cells.

The Specificity Identification of
Polypeptide in vivo
Firstly, the palpable tumor nodules appeared 2 weeks after tumor
injection and quickly increased to about 10–20mm in diameter

in the following 4 weeks, as shown in Figure 5. The nude mice
were randomly divided into two groups (named group M58 and
group M0) on average; then they were injected with polypeptide
M58 and M0 labeled with FITC, respectively, into the vein of
nude mice and dissected to observe the polypeptide distribution
in liver tissue after 2 h. Polypeptide M58 labeled with FITC could
be visibly observed in tumor tissue but not observed in control
liver tissue of the nude BALB/c mice (Figures 6A,B).

DISCUSSION

Breast cancer is considered the most frequent cancer diagnosed
among women worldwide (13). According to Globocan, the
estimated incidence of breast cancer for 2018 was 2,088,849
new cases all over the world (14). Breast cancer is a highly
heterogeneous disease (15). The major tumor subtypes, hormone
receptor (HR) positive, HER2-enriched, and triple negative,
are classified based on the immunohistochemical expression
of ERs, PRs, and HER2 overexpression or amplification. The
immunohistochemical results were the most important and basic
bases for the individualized treatments for validating tumor
heterogeneity of breast cancer. Triple-negative breast cancer is
known as a type of breast cancer lacking expression of ER, PR,
and HER2, which are also characterized by aggressive behavior
and being prone to local recurrence and distant organ metastasis,
as well as poorer survival (16).

The aggressiveness of TNBC and its resistance to standard
drug therapies may be related to the presence of BCSCs (17, 18).
In all kinds of human cancers, including breast cancer, there is
a small subset of CSCs, which are characterized by self-renewal,
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FIGURE 4 | Binding status of polypeptide M58 to MDA-MB-231 breast cancer stem cells and ordinary MDA-MB-231 breast cancer cells. (A) The fluorescein

isothiocyanate (FITC)-labeled M58 was incubated with MDA-MB-231 breast cancer stem cells and ordinary MDA-MB-231 breast cancer cells; polypeptide M58

labeled with FITC was observed to specifically bind to MDA-MB-231 breast cancer stem cells, but not to ordinary MDA-MB-231 breast cancer cells. (B) The

FITC-labeled control polypeptide M0 was incubated with MDA-MB-231 breast cancer stem cells and ordinary MDA-MB-231 breast cancer cells; the control

polypeptide M0 labeled with FITC was observed to neither bind to MDA-MB-231 breast cancer stem cells nor to ordinary MDA-MB-231 breast cancer cells.

FIGURE 5 | Tumor formation of nude mice after breast cancer stem cell (BCSC) inoculation. (A,B) The MDA-MB-231 BCSCs were injected subcutaneously in the

armpit of the right lower limb, and the tumor formed and increased gradually. The nude mice of group M58 were used for the specificity identification of polypeptide

M58 and group M0 for control peptide M0. (C) The body weights of the mice in two groups and the difference between them were not statistically significant. (D)

Tumor volume was measured using a caliper and calculated as (width2 × length)/2; the tumor volume of the two groups was not statistically significant.
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FIGURE 6 | Binding status of polypeptide M58 in the nude BALB/c mice. (A) Polypeptide M58 labeled with fluorescein isothiocyanate (FITC) was observed to

specifically bind to tumor tissue, but not to control liver tissue. (B) The FITC-labeled control polypeptide M0 was observed to bind to neither tumor tissue nor control

liver tissue.

differentiation, and tumor initiation and development (3). In
BCSCs, CD44 antigen (CD44+)/signal transducer (CD24−/low)
has been isolated and defined as a recognized phenotype,
which may be related to resistance to chemotherapy and/or
radiotherapy (19). ALDH1 has been used to identify BCSCs as
an alternate cell surface marker (20); meanwhile, the BCSCs that
expressed both CD44+/CD24−/low and ALDH1+ had a stronger
ability to develop tumors in mice. However, only 1% of ALDH1+

BCSCs could simultaneously express the CD44+/CD24−/low

phenotype (21). Therefore, we chose CD44+/CD24−/low and
ALDH1+ as biomarker phenotypes and detected their expression
status by flow cytometry. In our study, the proportions of
CD44+/CD24−/low and ALDH+ for MDA-MB-231 BCSCs were,
respectively, 70.5 and 79.3%, while the proportions for common
breast cancer cells were very low. The obvious difference between
them strongly proved that we have successfully enriched BCSCs
and ensured the accuracy in following the experiments. In our
enrichment process for BCSCs, we used the “serum and serum-
free alternation” culture method, which has been named dual-
subtract biopanning, to enrich BCSCs. This method can reduce

the disadvantage of the serum-free culture method, which could
not enrich enough stem cells, and has minimal damage to
stem cells.

Phage display technology involves the expression of sequences
of interest inserted within a gene encoding a viral capsid protein,
and a modified target peptide is subsequently displayed on the
viral capsid of the phage (22). Phage display technology has
developed tremendously and changed several fields, such as
oncology, cell biology, immunology, pharmacology, and drug
discovery (23). Thus, PD is an important technology adopted to
solve traditional pharmacologic problems through the discovery
of a novel potential target spot or new potential drugs. Several
researchers had used PD to screen breast cancer cells and
obtained some binding peptides, such as aFGF-binding peptide
called AP8 (10), novel peptides that specifically bind with CD44
(11), peptide LS-7 (LQNAPRS)-specific CD133-binding ligand
(24), and potential highly specific HER2-binding peptides (25).
In the early work of our team, Liu et al. (26) obtained the
peptide specific to BCSCs and derived the phage sequence;
however, they did not synthesize the polypeptides according to
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sequence results and did not verify its specificity in vitro and
in vivo. In this study, we discovered eight positive phage clones
from PD screening to MDA-MB-231 BCSCs. We chose one
positive sequence “TMHYKGTAASES,” which appeared twice
from all positive results used for the follow-up experiment.
The polypeptide was synthesized according to positive phage
sequence, named as M58 and labeled with FITC.

During the verification process in vitro, polypeptide M58
labeled with FITC was identified to be specific for MDA-MB-
231 BCSCs but not observed in ordinary MDA-MB-231 breast
cancer cells, as shown in Figures 4A,B. Meanwhile, the control
peptide M0 labeled with FITC was neither specific to MDA-
MB-231 BCSCs nor ordinary MDA-MB-231 breast cancer cells.
Finally, we established a breast cancer model in nude mice, and
thenwe injected polypeptideM58 and control peptideM0 labeled
with FITC into different groups of nude mice. We subsequently
observed the distribution of the polypeptides in different tissues
under amicroscope.We found that polypeptideM58 labeled with
FITC was rich in the tumor tissue but poor in the control liver
tissue; meanwhile, the control peptide M0 labeled with FITC was
observed neither in tumor tissue nor in control liver tissue.

In theory, very few BCSCs can successfully establish mouse
xenograft. During the course of nude mouse xenograft, the
BCSCs with the concentration of 1 × 105/ml were injected, with
the main reason to retain part of BCSCs after mouse xenograft
had been established successfully. In addition, nude mice without
liver metastasis were used for the identification step in vivo.

In conclusion, the MDA-MB-231 BCSCs were successfully
enriched with the culture method of “serum and serum-
free alternation,” and the stemness was verified with

CD44+/CD24−/low and ALDH+ as the biomarker phenotypes by
flow cytometry. Then, positive phage sequences that specifically

bound to MDA-MB-231 BCSCs were identified from a PD
random peptide library. Additionally, one positive phage
sequence was selected, and polypeptide M58 was synthesized
with the control of peptide M0. At last, the specificity of
polypeptide M58 to MDA-MB-231 BCSCs was identified in vitro
and in vivo. Therefore, these results may have broad prospects
in the treatment of TNBC or discovery of new target spots for
intractable TNBC or as a foundation for novel drugs for TNBC.
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Objective: The prognosis of patients with breast cancer liver metastasis (BCLM) was
poor. We aimed at constructing a nomogram to predict overall survival (OS) for BCLM
patients using the SEER (Surveillance Epidemiology and End Results) database, thus
choosing an optimized therapeutic regimen to treat.

Methods:We identified 1173 patients with BCLM from the SEER database and randomly
divided them into training (n=824) and testing (n=349) cohorts. The Cox proportional
hazards model was applied to identify independent prognostic factors for BCLM, based
on which a nomogram was constructed to predict 1-, 2-, and 3-year OS. Its discrimination
and calibration were evaluated by the Concordance index (C-index) and calibration plots,
while the accuracy and benefits were assessed by comparing it to AJCC-TNM staging
system using the decision curve analysis (DCA). Kaplan-Meier survival analyses were
applied to test the clinical utility of the risk stratification system.

Results: Grade, marital status, surgery, radiation therapy, chemotherapy, CS tumor size,
tumor subtypes, bone metastatic, brain metastatic, and lung metastatic were identified to
be independent prognostic factors of OS. In comparison with the AJCC-TNM staging
system, an improved C-index was obtained (training group: 0.701 vs. 0.557, validation
group: 0.634 vs. 0.557). The calibration curves were consistent between nomogram-
predicted survival probability and actual survival probability. Additionally, the DCA curves
yielded larger net benefits than the AJCC-TNM staging system. Finally, the risk
stratification system can significantly distinguish the ones with different survival risk
based on the different molecular subtypes.

Conclusion: We have successfully built an effective nomogram and risk stratification
system to predict OS in BCLM patients, which can assist clinicians in choosing the
appropriate treatment strategies for individual BCLM patients.

Keywords: breast cancer liver metastasis, nomogram, AJCC-TNM stage, overall survival, prognosis
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INTRODUCTION

Breast cancer is the most common cancer in women around the
world and the second leading cause of cancer death after lung
cancer in American women (1). Breast cancer can metastasize to
bone, lung, liver, pleura, skin, soft tissue, etc. (2). Among them,
breast cancer liver metastases (BCLM) are very common in the
clinical treatment of breast cancer. Approximately 50% of all
breast cancer will occur with metastasis and the liver represents
the third most frequent site of metastasis in patients with breast
cancer (3, 4). Additionally, BCLM is considered the most lethal
compared with other sites of metastases (e.g., the lung, bone, or
brain), with 5-year survival rates of only 3.8-12% (median
survival, 4-21 months) (5). Despite systemic chemotherapy
including hormonal therapy, biological therapy, palliative
therapy, and radiation having been performed, the prognoses
of BCLM remains poor with a median survival of only 4.8-15
months (6, 7). Besides, some patients may exhibit resistance to
endocrine therapy, and some may demonstrate a poor response
to chemotherapy, and the latter accounts for much of the high
mortality in patients with BCLM (3, 8). However, a special
forecasting tool for BCLM is lacking. Nomograms are
considered to be reliable and convenient prognostic tools, and
are widely used for prognostication in oncology because of their
quantitative analysis of risk variables (9, 10). Thus, in this study,
we propose to construct nomograms for predicting overall
survival (OS) in patients with BCLM.

In the study, we used the latest data available in the
SEER (Surveil lance Epidemiology and End Results)
population-based database. We have three objectives. First, we
described the demographics and clinicopathologic characteristics
of the population. Second, significant variables related
to BCLM were picked out to establish the prognostic model.
Third, we constructed nomograms for visualizing the
model and predicting the survival of BCLM. With the
help of this aiding tool, more optimized therapeutic
regimen might be chosen clinically, thus helping patients
obtain a better prognosis.
MATERIALS AND METHODS

Study Design and Patients Selection
The patients included in this study were retrieved from the
SEER 18 database by using SEER*Stat program version 8.3.5,
which is a public national registry database containing data on
cancer occurrences in 18 areas of United States and representing
approximately 34.6% of the population. The trial population
encompassed adult female breast cancer patients with liver
metastases diagnosed from 2010 to 2015 because information
about the molecular subtypes and sites of distant metastasis
was collected in 2010. The inclusion criteria included patients
who had a known history of breast cancer, active follow-up,
and breast cancer as the only diagnosed or 1st of 2 or
more primary cancers. We excluded patients with unknown
subtype, male BC, and those who did not have complete
Frontiers in Oncology | www.frontiersin.org 2141
information (grade unknown, laterality unknown, AJCC
stage unknown, TNM stage unknown, surgery unknown,
tumor size unknown, married status unknown, and metastatic
sites unknown). A flow chart of the selection is shown in
Figure 1. Eventually, we identified 1,173 eligible patients for
this study. No formal consent was required for this type of
retrospective study.

Statistical Analysis
All these patients were randomly divided into 7:3 training and
validation groups. Univariate COX Proportional Hazard
Regression analysis was developed to identify independent
prognostic factors to construct prognostic factors. Based on the
results of the univariate analysis (P value<0.1), multivariate COX
Proportional Hazard Regression analysis was performed to build
nomograms with significant variables (P value<0.05) in the
training group. We employed 1-,2-, and 3-years OS
for analysis in the nomogram. Concordance index (C-index)
and the calibration curves were used to evaluate the
discriminative and accuracy ability of the nomogram. Both
discrimination and calibration were evaluated by bootstrapping
1000 times. Otherwise, decision curve analysis (DCA) was
employed to evaluate the benefits and advantages of our
new predicting model over other existing tools (for example,
8th edition AJCC TNM staging system) (11). Furthermore,
a risk stratification model was developed on the aggregate
score of every patient in the nomogram, which was distributed
into two prognostic groups (low and high) according to its
median value.

All of these statistical methods were performed using R
software version 3.6.3 (http://www.r-project.org) and Empower
(R) (www.empowerstats.com, XY Solutions, inc.Boston MA).
Statistical significance was set at P<0.05 in a two-tailed test.
RESULTS

Patient Characteristics
A total of 1,173 female patients with BCLM were evaluated from
2010 to 2015 (1,173 patients for a primary cohort:824 patients for
a training cohort and 349 for a validation cohort). The median
follow-up time of the entire cohort was 18 months, and 1-, 2-, 3-
year survival rates were 0.66, 0.41, 0.23, respectively. In the
training cohort, more than half of the patients were over 56 years
old (51.3%), white (72.9%), diagnosed between 2013 and 2015
(51.3%) and unmarried (50.4%). Moreover, Luminal A, which
was the most common subtype of BCLM, was poorly
differentiated (representing Grade III and IV) in 61.6 and
59.6% in the training and testing cohorts, respectively.
Furthermore, the proportion of chemotherapy-received
patients was much larger than the surgery and radiation
therapy, 71.8%, 31.4%, and 28.4% in the training cohort,
respectively. Additionally, in patients with BCLM, the
incidence of bone metastatic was the highest (56.9%), and the
lung metastatic was the second (34.6). The detailed
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demographics and clinicopathologic characteristics of the 3
cohorts were presented in Table 1.

Univariate and Multivariate COX Hazard
Regression Analysis
The hazard ratios (HR) for OS according to all variables in the
univariate and multivariate COX proportional hazard model are
shown in Table 2. The univariate COX-Regression analysis
demonstrated that age at diagnosis, race, marital status, grade,
Frontiers in Oncology | www.frontiersin.org 3142
N stage, surgery, radiation therapy, chemotherapy, CS tumor
size, CS tumor size/Ext Eval, tumor subtypes, bone metastatic,
brain metastatic, and lung metastatic were associated with OS.
All of these factors were entered the multivariate COX-
Regression analysis, in which marital status, grade, surgery,
radiation therapy, chemotherapy, CS tumor size, tumor
subtypes, bone metastatic, brain metastatic, and lung
metastatic were found to be final prognostic factors. These
variables were further used to construct the nomogram.
FIGURE 1 | The flowchart of patients identified in the study.
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Calibration and Validation of the Nomogram
The nomogram was constructed to predict 1-year, 2-year, and 3-
year overall survival of patients with these ten significantly
independent factors (Figure 2). The score of each category was
given on the point scale axis (Table 2). The nomogram showed
that chemotherapy contributed the most to prognosis, followed by
tumor subtype and brain metastasis. A total score could be easily
obtained by adding each single score of the selected variables, and
then projecting the total score to the bottom scale can estimate the
probabilities of 1-, 2-, and 3-year OS for each individual patient to
some extent. The C-index of nomogram (training group=0.701,
validation group=0.634) was higher than that of seventh version
AJCC-TNM staging system (0.557), which demonstrated that the
model had an acceptable predictive accuracy. The calibration plots
of the nomogram showed excellent agreement in the training
cohort and satisfactory agreement in the validation cohort
between the actual observations and the predicted outcomes
(Figure 3). Besides, decision curve analysis (DCA) was
performed to compare the clinical application and benefits of
the nomogram with that of the AJCC-TNM staging system. This
analysis was performed to evaluate 3-year OS of BCLM patients.
As shown in Figure 4, DCA analyses significantly demonstrated
the growth of net benefits of the new model over 7th version
AJCC-TNM staging system with wide and practical ranges of
threshold probabilities.

Risk Stratification System
Because these results showed excellent prediction efficiency in
survival of the nomogram, we calculated total points based on
the predicted score calculated by the nomogram. According to
the cutoff value (median points), all the patients were separated
into low risk (total points <171.95) and high risk (total
points ≥171.95) groups. In the entire cohort, 2-year OS rate of
patients with low risk, and high risk were 0.55 and 0.28. The 581
low-risk patients had significantly better OS than the 592 high-
risk patients (P<0.0001) by Kaplan-Meier analyses (Figure 5A).
Furthermore, as molecular subtype was an important
prognostics factor for OS, we stratified the patients on the
basis of their ER, PR, and HER 2 statuses to figure out
the effects of the risk stratification system. From the study
cohort, the patients in Luminal A, Luminal B, HER2 enriched,
and Triple-negative breast cancer were 501, 271, 200, and 201
cases, respectively. Regardless of the patients’ subtype, high-risk
groups had much worse outcomes than low-risk groups (P<0.05)
(Figures 5B–E). Ultimately, all these results proved the robust
prognostic value of the risk stratification system among
molecular subtype.
DISCUSSION

As is well known, BCLM is a heterogeneous disease characterized
by diverse histopathologic and molecular features, which are
associated with distinct clinical outcomes (12). There are
remarkable advances in system treatment, the prognosis of
patients with BCLM is dismal (13). For example, traditional
TABLE 1 | Demographics and clinicopathologic characteristics of the cohort
with BCLM.

Variables Total
cohort

Training
cohort

Validation
cohort

No. (%) No. (%) No. (%)

Year of diagnosis
2010-2012 590 (50.3) 401 (48.7) 189 (54.2)
2013-2015 583 (49.7) 423 (51.3) 160 (45.8)
Age
18—56 years 570 (48.6) 401 (48.7) 169 (48.4)
≥56 years 603 (51.4) 423 (51.3) 180 (51.6)
Race
White 840 (71.6) 601 (72.9) 239 (68.5)
Black 203 (17.3) 127 (15.4) 76 (21.8)
Other 130 (11.1) 96 (11.7) 34 (9.7)
Marital status
Married 566 (48.3) 409 (49.6) 157 (45.0)
Unmarried 607 (51.7) 415 (50.4) 192 (55.0)
Grade
Well differentiated 457 (39.0) 316 (38.4) 141 (40.4)
Poorly differentiated 716 (61.0) 508 (61.6) 208 (59.6)
Laterality
Left 630 (53.7) 453 (55.0) 177 (50.7)
Right 543 (46.3) 371 (45.0) 172 (49.3)
T stage
T1 118 (10.1) 94 (11.4) 24 (6.9)
T2 408 (34.8) 275 (33.4) 133 (38.1)
T3 235 (20.0) 164 (19.9) 71 (20.3)
T4 412 (35.1) 291 (35.3) 121 (34.7)
N stage
N0 213 (18.2) 155 (18.8) 58 (16.6)
N1 626 (53.4) 435 (52.8) 191 (54.7)
N2 157 (13.4) 105 (12.7) 52 (14.9)
N3 177 (15.1) 129 (15.7) 48 (13.8)
Surgery
No 807 (68.8) 565 (68.6) 242 (69.3)
Yes 366 (31.2) 259 (31.4) 107 (30.7)
Radiation therapy
No 833 (71.0) 590 (71.6) 243 (69.6)
Yes 340 (29.0) 234 (28.4) 106 (30.4)
Chemotherapy
No 324 (27.6) 232 (28.2) 92 (26.4)
Yes 849 (72.4) 592 (71.8) 257 (73.6)
CS tumor size
<50mm 610 (52.0) 426 (51.7) 184 (52.7)
≥50mm 563 (48.0) 398 (48.3) 165 (47.3)
CS Tumor Size/Ext Eval
0 370 (31.5) 268 (32.5) 102 (29.2)
1—6 803 (68.5) 556 (67.5) 247 (70.8)
Tumor subtypes
Luminal A 501 (42.7) 338 (41.0) 163 (46.7)
Luminal B 271 (23.1) 199 (24.2) 72 (20.6)
HER2 enriched 200 (17.1) 142 (17.2) 58 (16.6)
Triple-negative breast
cancer

201 (17.1) 145 (17.6) 56 (16.1)

Bone metastatic
No 505 (43.1) 362 (43.9) 142 (41.0)
Yes 668 (56.9) 462 (56.1) 206 (59.0)
Brain metastatic
No 1089 (92.8) 766 (93.0) 323 (92.5)
Yes 84 (7.2) 58 (7.0) 26 (7.5)
Lung metastatic
No 767 (65.4) 535 (64.9) 232 (66.5)
Yes 406 (34.6) 289 (35.1) 117 (33.5)
HER2, Human epidermal growth factor receptor 2. For marital status, unmarried consists
of single, divorced, separated, and widowed. For race, ‘other’ includes American Indian,
AK Native, Asian, and Pacific Islander. Laterality is defined as the laterality of tumor primary
sites. For grade, well differentiated including Grade Ⅰ and Ⅱ, poorly differentiated
including Grade Ⅲ and Ⅳ.
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TABLE 2 | Univariate and multivariate COX regression analysis based on all variables for OS.

Variables Univariate Analysis Multivariate Analysis Points

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

Year of diagnosis
2010-2012 Reference — — —

2013-2015 0.94 (0.78,1.12) 0.4750 — — —

Age
18—56 years Reference Reference —

≥56 years 1.49 (1.26, 1.77) <0.0001 1.20 (1.00, 1.45) 0.0545 —

Race
White Reference Reference —

Black 1.31 (1.05, 1.64) 0.0161 1.14 (0.90, 1.44) 0.2903 —

Other 0.98 (0.74, 1.30) 0.8865 1.16 (0.87, 1.56) 0.3142 —

Marital status
Married Reference Reference 0
Unmarried 1.42 (1.20, 1.69) <0.0001 1.25 (1.05, 1.49) 0.0144 23
Grade
Well differentiated Reference Reference 0
Poorly differentiated 1.21 (1.02, 1.45) 0.0322 1.34 (1.09, 1.65) 0.0047 19
Laterality
Left Reference — — —

Right 0.95 (0.80, 1.13) 0.5526 — — —

T stage
T1 Reference Reference —

T2 0.99 (0.74, 1.32) 0.9190 1.02 (0.76, 1.38) 0.8758 —

T3 1.02 (0.75, 1.40) 0.8779 0.78 (0.51, 1.18) 0.2417 —

T4 1.29 (0.97, 1.71) 0.0760 0.92 (0.64, 1.32) 0.6570 —

N stage
N0 Reference Reference —

N1 0.70 (0.56, 0.87) 0.0013 0.80 (0.63, 1.01) 0.0610 —

N2 0.70 (0.52, 0.95) 0.0206 0.81 (0.59, 1.13) 0.2171 —

N3 0.80 (0.61, 1.06) 0.1215 0.78 (0.57, 1.05) 0.1055 —

Surgery
No Reference Reference 35
Yes 0.60 (0.49, 0.72) <0.0001 0.62 (0.49, 0.78) <0.0001 0
Radiation therapy
No Reference Reference 31
Yes 0.83 (0.69, 1.00) 0.0558 0.74 (0.60, 0.91) 0.0050 0
Chemotherapy
No Reference Reference 100
Yes 0.46 (0.38, 0.55) <0.0001 0.48 (0.39, 0.59) <0.0001 0
CS tumor size
<50mm Reference Reference 0
≥50mm 1.32 (1.11, 1.56) 0.0015 1.37 (1.05, 1.80) 0.0220 15
CS Tumor Size/Ext Eval
0 Reference Reference —

1—6 0.79 (0.66, 0.95) 0.0112 1.09 (0.89, 1.33) 0.4118 —

Tumor subtypes
Luminal A Reference Reference 0
Luminal B 0.65 (0.51, 0.81) 0.0002 0.75 (0.59, 0.96) 0.0246 32
HER2 enriched 0.69 (0.53, 0.89) 0.0046 0.91 (0.68, 1.21) 0.5223 63
Triple-negative breast cancer 2.27 (1.82, 2.83) <0.0001 2.89 (2.24, 3.74) <0.0001 95
Bone metastatic
No Reference Reference 0
Yes 1.45 (1.22, 1.72) <0.0001 1.47 (1.22, 1.78) <0.0001 34
Brain metastatic
No Reference Reference 0
Yes 2.19 (1.62, 2.95) <0.0001 1.58 (1.14, 2.19) 0.0064 48
Lung metastatic
No Reference Reference 0
Yes 1.75 (1.47, 2.08) <0.0001 1.38 (1.15, 1.65) 0.0006 38
Frontiers in Oncology | www.frontiersin.org
 5144
 June 2021 | Volume 11 | Article
HER2, Human epidermal growth factor receptor 2. For marital status, unmarried consists of single, divorced, separated, and widowed. For race, ‘other’ includes American Indian, AK
Native, Asian and Pacific Islander. Laterality is defined as the laterality of tumor primary sites. For grade, well differentiated including GradeⅠ andⅡ, poorly differentiated including Grade
Ⅲ and Ⅳ.
600768

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


Xiong et al. BCLM: Breast Cancer Liver Metastasis
palliation locoregional treatment [transarterial embolization
(TAE), and transarterial chemoembolization (TACE)] often
combined with personalized drug therapy to treat BCLM (4,
14). Therefore, establishing a model to predict the risk for BCLM
is necessary, which can aid the development of therapeutic
strategies for these patients. Although the 7th AJCC-TNM
staging system is acceptable for predicting the prognosis in
BCLM patients, it neglects some important variables such as
marital status, age, and race, etc. (14, 15). Thus, in this study, we
constructed a more comprehensive model for better prediction
of prognosis in BCLM patients. In order to better understand the
use of this nomogram, we can take a patient with BCLM as an
example. A married woman with 62mm liver metastases from
breast cancer, grade IV, luminal B, received radiation and
chemotherapy without surgery, and no metastases beyond the
liver. The patient has approximately 82%, 67% and 55% survival
Frontiers in Oncology | www.frontiersin.org 6145
probability the first, second and third year, respectively. This
well-development clinical nomogram is a good decision-tool,
which can be used to predict the outcome of an individual,
bringing benefits to both clinicians and patients.

Prognostic Factors of Patients With BCLM
By COX regression analyses, we identified marital status, grade,
surgery, radiation therapy, chemotherapy, CS tumor size, tumor
subtypes, bone metastatic, brain metastatic, and lung metastatic
as independent predictors of overall survival. A previous study by
Lin et al. has shown that sex, age at diagnosis, grade, N stage, ER
status, PR status, and HER2 status can be risk factors for BCLM
(8). Yang et al. have reported that HER2 status, tumor size, and
lymph node metastasis were independent prognostic factors for
survival in BCLM (16). It is obvious that tumor subtype is a
significant risk factor for OS of patients with BCLM because we
FIGURE 2 | Nomograms for predicting 1-, 2-, 3-year overall survival (OS) for female patients with breast cancer liver metastasis (BCLM). HER2, Human epidermal
growth factor receptor 2; TNBC, triple-negative breast cancer.
A B

D E F

C

FIGURE 3 | Calibration plots in the training (A–C) and validation (D–F) cohorts for 1-year, 2-year, and 3-year overall survival (OS).
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can choose molecular targeted therapy or endocrine therapy for
the corresponding molecular subtype, which can greatly improve
the prognosis (17). Our study found that married patients have
better prognosis than the unmarried ones, which is not shown in
other studies. The reason for this may be that single patients are
faced with more distress, depression, and anxiety than married
counterparts. Moreover, the adherence with prescribed
treatment is associated with marital status. Married patients
Frontiers in Oncology | www.frontiersin.org 7146
are more likely to follow treatment than unmarried ones,
which may have a better control of BCLM (18). It was shown
that tumor differentiation was an independent factor for
predicting overall survival in similar reports, which was
consistent with our results (19). However, contrary to other
studies, age is not an important prognostic factor in our study.
The small amount of data is one possible reason. Other factors
mentioned above, radiation therapy, chemotherapy, and
FIGURE 4 | Decision curve analyses (DCA) of the nomogram and 7th edition AJCC-TNM staging system for 3-year overall survival. The x-axis represents the
threshold probabilities, and the y-axis measures the net benefits. The horizontal line parallel to the axis shows that overall death occurred in no patients, while the
solid grey line demonstrates that all patients will have overall death at a specific threshold probability. The black and red dashed line represents the nomogram and
7th edition AJCC-TNM staging system, respectively.
A B

D E

C

FIGURE 5 | Kaplan-Meier curve to test the stratification system between the entire cohort (A) and each subtype (B–E).
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metastases other than liver metastases were also identified as
significant predictors of prognosis. These results were consistent
with many previous reports (16, 18–20).

Predictive Efficacy of the Nomograms
We constructed nomograms based on the Cox proportional
hazards model for visualizing survival. The nomograms were
validated internally and their performance was evaluated by
calibration and discrimination. In the present study, the
calibration curves performed optimal agreement in predicting
OS, which guaranteed the reliability of the established
nomograms. Also, the C-index was much higher compared
with the 7th AJCC-TNM staging system (0.701 vs 0.557),
suggesting the high discrimination ability of the nomogram.
According to the previous studies regarding the BCLM, the C-
index was between 0.6 and 0.8, indicating that our nomograms
showed a moderate predictive effect on prognosis (5, 8, 19). In
addition, DCA also showed that our nomograms have potentially
higher predictive value regarding prognosis. The nomograms
showed that chemotherapy contributed the most to prognosis,
the patients without chemotherapy had a much worse prognosis
than those who had chemotherapy treatment. Also, the patients
in TNBC suffered from the worst prognosis among all the
molecular subtypes, which is consistent with other studies (17,
20, 21).

Our outcomes also indicated the magnitude of poor prognosis
as the tumor grade changed from well to poorly differentiated.
Moreover, the idea of constructing a risk stratification system to
verify the robust prognosis of nomograms is novel. All in all, our
nomograms can make an accurate estimate for prognosis of
patients with BCLM. And this was a rare study that constructed a
visual prediction model aiming at improving the survival rate of
patients with BCLM and it provided such useful information.

Limitations
Nevertheless, this study has several limitations. First, because of
the lack of information on the treatment of liver metastasis, some
common treatment options, such as transarterial embolization
(TAE), transarterial chemoembolization (TACE), and selective
internal radiotherapy (SIRT) were not included in this study (22,
23). Second, SEER database did not record variables such as
occupation, education, and family history, which may potentially
affect the results derived from the Cox proportional hazard
model (24). Third, our study was definitely a retrospective
Frontiers in Oncology | www.frontiersin.org 8147
analysis, so the hypotheses raised remained to be proven in
future investigation with larger data volume. At last, the drug
information is also one of the important factors that we need to
consider, as some studies presented that low doses of paclitaxel
enhanced liver metastasis of breast cancer cells in the mouse
model (25).
CONCLUSION

The current study comprehensively analyzed the prognosis of
patients with BCLM on the basis of the SEER population level
database, and constructed a nomogram for accessing the
individualized survival estimates for patients with BCLM. The
outcome showed that marital status, grade, surgery, radiation
therapy, chemotherapy, CS tumor size, tumor subtypes, bone
metastatic, brain metastatic, and lung metastatic are considered
to be the ten independent risk factors. We have confirmed the
excellent and clinical application of the nomograms by
comparing them to the 7th AJCC-TNM staging system.
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Background: There is a demand for additional alternative methods that can allow the
differentiation of the breast tumor into molecular subtypes precisely and conveniently.

Purpose: The present study aimed to determine suitable optimal classifiers and
investigate the general applicability of computer-aided diagnosis (CAD) to associate
between the breast cancer molecular subtype and the extracted MR imaging features.

Methods:We analyzed a total of 264 patients (mean age: 47.9 ± 9.7 years; range: 19–81
years) with 264 masses (mean size: 28.6 ± 15.86 mm; range: 5–91 mm) using a Unet
model and Gradient Tree Boosting for segmentation and classification.

Results: The tumors were segmented clearly by the Unet model automatically. All the
extracted features which including the shape features,the texture features of the tumors
and the clinical features were input into the classifiers for classification, and the results
showed that the GTB classifier is superior to other classifiers, which achieved F1-Score
0.72, AUC 0.81 and score 0.71. Analyzed the different features combinations, we founded
that the texture features associated with the clinical features are the optimal features to
different the breast cancer subtypes.

Conclusion: CAD is feasible to differentiate the breast cancer subtypes, automatical
segmentation were feasible by Unet model and the extracted texture features from breast
MR imaging with the clinical features can be used to help differentiating the molecular
subtype. Moreover, in the clinical features, BPE and age characteristics have the best
potential for subtype.

Keywords: breast cancer, molecular subtypes, magnetic resonance imaging, computer-aided diagnosis,
gradient tree boosting
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INTRODUCTION

Breast cancer is the most common cancer in females, and it is a
heterogeneous disease with different subtypes, varying clinical
presentations, and treatment responses (1, 2). In breast cancer, gene
expression profiling has revealed four main intrinsic molecular
subtypes that show apparent differences in the gene expression
patterns: luminal A, luminal B, triple-negative, and human
epidermal growth factor receptor 2(HER2)-enriched. The intrinsic
molecular subtypes have different treatment responses, prognosis,
phenotypic presentations, recurrence-free, and disease-specific
survival, leading to molecular subtype-based recommendations for
systemic therapy (3–5). The molecular subtypes follow either gene
expression profiling or immunohistochemical (IHC) surrogates from
invasive tissue sampling. There are some limitations to the methods.
First, needle biopsy is often used for the preoperative diagnosis. It may
capture only a snapshot of the tumor tissue that may be subject to the
selection bias andmay not be entirely representative of the epigenetic,
genetic, phenotypic alterations of the entire tumor. Second, the tumor
tissue may have changed over time due to the treatment, i.e., it may
change from a stem-like, a differentiated drug-sensitive phenotype, a
therapy-resistant to epithelial-mesenchymal transition. Besides, there
is a strong argument for the alternative of tumor features during the
treatment, i.e., receptor status and molecular subtypes may have
changed during the tumor treatment. Therefore, there is a demand
for additional alternative methods that can allow the differentiation of
the breast tumor into molecular subtypes precisely and conveniently.

Magnetic resonance imaging (MRI) is increasingly being used for
breast cancer because it has higher sensitivity than ultrasonography
and mammography (6–8). Many imaging tools based on computer-
aided diagnosis (CAD) technologies have been developed with
computer applications development to enhance diagnostic accuracy.
CAD also has the potential to improve observer reproducibility in
dynamic contrast material-enhanced MR imaging in differentiating
benign from malignant lesions (9–11). If breast molecular subtypes
could be identified from the MR image, it would be a valuable
additional diagnostic tool. It would provide complementary
information to the diagnosis of immunohistochemical surrogates
while bypassing the need for costly and difficult molecular subtyping.
Some pilot studies (12–14) showed the relationship between breast
cancer molecular subtyping andMR imaging features correlated with
different breast cancer molecular subtypes, but the generalization of
these results is limited due to the utilization of different MRI
protocol scanners.

The purpose of the present study was to determine suitable
optimal classifiers and investigate the general applicability of
CAD to associate between the breast cancer molecular subtype
and the extracted MR imaging features.
MATERIALS AND METHODS

Ethics and Consent
The study was a retrospective study, and the institutional ethics
committee approved the protocol of our university for human
research. Informed consent was obtained from all the patients.
Frontiers in Oncology | www.frontiersin.org 2150
Breast MR Imaging Data Sets
Breast MR imaging studies were selected from the Picture
Archiving and Communication Systems (PACS), which links
clinical information with radiological and pathological reports to
MR images. From April 2015 to December 2018, a total of 269
patients were included in our study. Five patients were excluded
from the study group because the pathological results were
lacking or imprecise. The final study group therefore consisted
of 264 patients (mean age: 47.9 ± 9.7 years; range: 19–81 years)
with 264 breast cancers (mean size: 28.6 ± 15.86 mm; range: 5–91
mm) who underwent core-needle biopsy or surgery were
included in our study.

MRI Acquisition Protocol
MR images were obtained using a 3.0T MR scanner (Philips
Achieva 3.0T). The patients adopted a prone position and put
their breasts into the dedicated phased-array breast coil. Imaging
parameters for DCE-MRI were are as follows:

Axial T1-weighted imaging (repetition time (TR) = 495 ms;
echo time (TE) = 10 ms; slice thickness/gap = 3 mm/0 mm;
matrix = 512; number of signal averaged (NSA) = 1; field of view
(FOV) = 340 mm × 340 mm); axial T2-weighted imaging (TR =
4213 ms, TE = 120 ms, slice thickness/gap = 3 mm/0 mm,
matrix = 512, NSA = 1, FOV = 340 mm × 340 mm); T2-weighted
fat-saturated imaging using a spectral selection attenuated
inversion recovery (SPAIR) (TR = 4216 ms, TE = 60 ms,
inversion delay (IR) = 120 ms, slice thickness/gap = 3 mm/
0 mm, matrix = 352, NSA = 1, FOV = 340 mm × 340 mm); and
T1-weighted high-resolution isotropic volume examination
(THRIVE) (TR = 4.4 ms, TE = 2.2 ms, flip angle = 12°; matrix =
352; FOV = 340 mm × 340 mm; number of sections = 110;
acquisition time: 256 s). MR imaging data sets were acquired
once before gadolinium (Gd)-diethylenetriamine penta-acetic
acid (DTPA) (Bayer Scheming Pharma AG, Berlin, Germany)
injection and at 90-s intervals upon injection of 0.1 mmol/kg Gd-
DTPA (followed by an intravenous saline flush of 20 ml), for a
total imaging duration of 5 to 8 min.

Tumor Segmentation
We chose the first sequence of DCE-MRI for segmentation and
features extraction. The contrast of the image was enhanced by
normalizing the histogram of the original image.

Unet model was applied to the segmentation part of the breast
tumors because it is a network structure widely used in the field
of medical image segmentation. Unet is a fully convolutional
neural network, which can combine low-level information with
high-level information at the same time. The low-level
information retains the spatial features, while the high-level
information extracts the in-depth abstract features. The model
consists of two parts, namely the encoder and the decoder. The
encoder is composed of a convolution layer and a down-
sampling layer to extract in-depth abstract features. The
decoder part consists of a convolutional layer and
deconvolution layer, which upsamples in-depth features to the
original image’s size. The network structure of Unet is as follows,
the down-sample layer is the red arrow in the figure, which is
June 2021 | Volume 11 | Article 693339
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realized by max-pooling and the up-sample layer is the green
arrow in the figure, which is realized by deconvolution. Skip
connection is represented by a gray arrow, which combines low-
level features and high-level semantic features to realize up-
sampling step by step. Finally, the feature map is converted into
the probability graph through softmax operation.

Tumor Feature Extraction and Selection
Features were extracted from the generated images which only
contained tumor regions, including shape features, texture
features and clinical features.

A series of quadratic statistical features could be calculated
based on the normalized Gray-Gradient Co-occurrence Matrix
(GGCM). Based on the normalized gray gradient co-occurrence
matrix (GGCM), a series of quadratic statistical features can be
calculated. In this experiment, the GLCM was used to extract the
48 grayscale features (entropy, homogeneity, correlation, and
energy with the step of 1, 2, and 3, respectively, and the direction
of 0, 45, 90, and 135, respectively). Clinical features were
extracted including whether the patient was menopausal, TIC
curve type, BPE classification type, patient age and tumor length.
The 13 shape features were composed of roundness, aspect ratio,
average normalized radial length, normalized radial length
standard deviation, average normalized entropy of radial
length, area ratio, boundary roughness, length-width ratio,
lobular number, degree of needling, direction angle,
normalized circumference, and normalized contour.

We extracted the features of the images, including the shape
features, the tumors’ texture features (Figure 3), and the clinical
features. All 51 images of luminal A were divided into five
dissecting subsets, and the luminal B, TN and Her2 data set
were also divided into five subsets. Each time, take one of the
luminal A, luminal B, Her2, and TN subsets as the test sets and
the other four subsets of luminal A, luminal B, TN, and Her2
training sets. We were then training the model or hypothesis
function according to the training sets. Put this model on the test
set and get the classification rate. Finally, we calculated the
average classification rate five times as the model’s real
classification rate or hypothesis function.

Tumor Classification
Different tumor subtypes (Luminal A, Luminal B, HER2-
enriched, TN) were tested using the extracted features. The
extracted features were input into the Gradient Tree Boosting
(GTB) classifier for experiments, and the results compared with
Random Forest (RF), Support Vector Machine (SVM), Logistic
Regression (LR), and Decision Tree (DT) classifiers.

The algorithm’s core of gradient boosting is that each tree
learns from all previous trees’ residuals. The negative gradient
value of the loss function in the current model was used.

rmi = −
∂ L(yi, f (xi))

∂ f (xi)

� �

f (x)=fm−1(x)

As an approximation of the residual in the lifting tree
algorithm, a classification tree is fitted. Gradient lift is one of
the Boost algorithms, or an improvement on the original Boost
Frontiers in Oncology | www.frontiersin.org 3151
algorithm, which assigns equal weight to each sample at the
beginning of the algorithm, meaning that everyone is equally
important at the beginning. In every training model, we will
make an estimate of the data points, so at the end of each step, we
need to deal with the weight value. Moreover, the means of
processing is by increasing the wrong classification points’
weight and simultaneously reducing the correct classification
point. That is to say, if some points are always wrong, then they
will be “serious concern” and are assigned a very high weight.
After N iterations (20 in this paper), there will be an N simple
base classifier (basic learner). Finally, we put them together, and
they can be weighted (error rate, the greater the base classifier,
the smaller the weight value, the smaller the error rate of the base
classifier weight value is larger), or vote for a final model.

This Gradient Boost is quite different from a traditional Boost
in that it is calculated to reduce the last residual and reduce this
residual, and a new model can be built in the direction of the
Gradient reduction. In Gradient Boost, each new model was built
to reduce the residual from the previous model in the gradient
direction, and significantly different from the traditional Boost
algorithm that weights the correct and incorrect samples.

Evaluation Index
Three evaluation indexes, Accuracy (ACC), F1-score, and
SCORE, were used in the experiment.

Precision refers to the percentage of pixels whose predicted
result is an upbeat class, and the actual result is a positive class.
The higher the precision value is, the higher the model
segmentation results to the calibration results. The formula is
as Eq.5. The higher the value of precision is, the better the
performance of the model is.

Precision =
TP

TP + FP
(1)

F1-score combines the result of precision and TPR, and the
formula is as Eq.6. The higher the value of F1-score is, the better
the performance of model is.

F1 − score = 2 ∗
precision ∗TPR
precision + TPR

(2)

The closer the score is to 1, the better the performance of the
classifier is.

Pathological Diagnoses
All breast lesions were confirmed histologically via surgery or
biopsy. Lesions were divided into subgroups, as described in
Table 1. A pathologist made all diagnoses with many years of
experience in pathological breast examination.

Statistical Analysis
This study is interested in the association of imaging features and
clinicopathological features with different molecular subtypes.
The features were extracted from GGCM, and the classifier’s
performance was compared in terms of F1-score, ACC, and
score. The predictive performance combined with imaging
features extracting from optimal classifier and clinical features
June 2021 | Volume 11 | Article 693339
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was also evaluated with F1-score, ACC, and GTB classifier
scores. For the classification of the four molecular subtypes, a
classification matrix and the ROC curve using a one-vs-all
approach were generated. The area under the curve (AUC),
accuracy, sensitivity, and specificity were calculated. All data
were analyzed using version 19.0 SPSS software (IBM Corp.,
Armonk, NY, USA).
RESULTS

The patient demographic and cancer features are shown in
Table 1. There were 51 luminal A (19.3%), 124 luminal B
(47%), 43 triple-negative (16.3%), and 46 HER2-enriched
(17.4%) in the 264 breast cancers (mean size: 28.6 ± 15.86 mm;
range: 5–91 mm).

The segmentation process and results obtained by
preprocessing were compared with those obtained without
Frontiers in Oncology | www.frontiersin.org 4152
preprocessing and are shown in Figure 1. The tumors were
segmented clearly by the Unet model automatically. The
representative gradient features, including energy, gradient,
correlation, and entropy, are shown in Figure 2A. The contrast
results for clinic features among the four types are shown in
Figure 2B. We extracted the images’ features, including the
shape features, the tumors’ texture features (Figure 3), and
the clinical features. All the extracted features were input into
the GTB classifier for experiments, and the results compared
with the RF, SVM, LR, and DT classifiers, and the results are
shown in Table 2. The results show that the GTB classifier is
superior to other classifiers, which achieved F1-Score 0.72, ACC
0.81, and score 0.71.

Then, we input the extracted features into the GTB classifier
according to different combinations and finally found that the
features associated with the clinical features are the optimal
features to different breast cancer subtypes, and the results are
shown in Table 3. Molecular subtypes can be predicted with the
FIGURE 1 | A case for the segmentation process. The Unet model was used for the segmentation of the breast tumors. The down-sample layer is the blue module
in the figure, which is realized by max-pooling. The up-sample layer is the red module in the figure, which is realized by deconvolution. Moreover, skip connection is
represented by a gray line, which combines low-level features and high-level semantic features to realize up-sampling step by step. Finally, the feature map is
converted into the probability graph through softmax operation.
TABLE 1 | Baseline Characteristics.

Characteristic All patients (n = 264) Luminal A (n = 51) Luminal B (n = 124) HER-2 (n = 46) TN (n = 43)

Age (y)* 47.9±9.70 (19-81) 48.0±9.23 (24-81) 47.2±9.98 (19-71) 49.7±8.26 (37-69) 48.9±10.69 (23-70)
Tumor diameter (mm)* 28.6±15.86 (5-84) 22.6±13.16 (5-68) 27.9±15.47 (4-84) 34.4±17.98 (11-91) 32.2±14.68 (5-62)
Menopausal status
Premenopausal 151 32 77 20 22
Postmenopausal 113 19 47 26 21
TIC
1 12 2 9 0 1
2 104 16 50 15 23
3 148 33 65 31 19

BPE
1 97 18 53 13 13
2 104 27 43 20 14
3 54 5 24 11 14
4 9 1 4 2 2
June 2021 | Volume
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GTB classifier. From the results of the classification (Figure 4),
the TN subtype reached the highest AUC of 0.933, while the
AUC of Luminal B reached 0.908, the AUC of Her-2 reached
0.899, the AUC of Luminal A 0.886. The sensitivity of Luminal
A, Luminal B, Her-2, TN are 80.4%, 88.7%, 84.8%, 90.7%, while
the specificity are 93.5%, 90.9%, 95.8%, 93.1% respectively.
DISCUSSION

The current model approach of replacing molecular subtyping
with computer extracted imaging features is continually being
developed and validated, a technique that can provide the best
prognostic benefit to patients without adding additional cost or
delaying treatment planning. Many studies (15–17) have led to
very considerable advances in detecting breast cancer molecular
subtypes. Nevertheless, the prediction accuracy of most studies,
as well as the reproducibility of the model, still needs
further investigation.

Although this is a preliminary study, we showed that
computer-assisted extraction of image features could be used
to help identify the breast cancer molecular subtypes. In this
work, we used Unet model and GTB for segmentation and
classification. One of our methodology’s key benefits was
automatically segmented and extracted features of the tumors.
The Unet model is a fully convolutional neural network, which
can combine the low-level information with the high-level
information at the same time. It has shown promising results
in many different applications. However, there have been few
studies in breast tumor segmentation (18, 19). After
segmentation, the tumors’ morphological features, such as the
shape and the margins, were shown more clearly. Our
experiment employed GGCM and GLCM methods to extract
51 grayscale features and 15 gradient features, and we collected
the clinical features, which contained whether patients were
menopausal, TIC curve types, BPE grade types, patient age,
and tumor length. The grayscale features, gradient features,
and shape features of the tumor were extracted and input into
Frontiers in Oncology | www.frontiersin.org 5153
the GTB classifier to classify breast cancer’s four molecular
subtypes. We observed that the F1-Score, ACC, and GTB
classifier score was superior to other classifiers from the
classification results. From Table 3, we found that the
combination of texture features with clinical features had
the best performance for predicting genotyping with an ACC
value of 0.87, whereas the combination of texture features with
shape predicted the worst genotyping effect with an ACC value of
only 0.63. The results indicate that clinical features are crucial for
the genotyping of tumors. It is not essential for subtyping of the
tumor to add the shape features. Our result is so different from
the other studies. Leithner (20) extracted radiomic features to
assess breast cancer receptor status and molecular subtype’s
diagnostic value. Radiomics analysis of manually segmented
tumors was from the initial DCE-MRI and apparent diffusion
coefficient (ADC) maps. They used a multi-layer perceptron
feed-forward artificial neural network (MLP-ANN) for
separation, and the ACC was 0.86 for the separation of TN
from the other subtypes. However, their study used only the
imaging parameters, not adding the clinical features. Maciej A
(21) extracted 23 imaging features from breast tumors from MR
imagings. The features contained morphologic, textural, and
dynamic features but not any clinical features. They found that
the luminal B subtype of breast cancer is associated with MR
imaging features related to the tumor’s enhancement dynamics.

From classification results of texture features combined with
shape features and results of texture features, shape features, and
clinical features, we can see that ACC was increased by 18% with
the help of clinical features. In order to determine the
significance of clinical features for subtyping, we conducted
experiments with different clinical features. Furthermore, we
can conclude that BPE and age features have the best effects
for genotyping. By adding the BPE features, ACC was increased
by 16%, and by adding the age features, ACC increased by 7%.

CAD may be a valuable complementary method to
differentiate the breast cancer molecular subtypes. Our work
showed that the tumors can be segmented automatically by the
Unet model and the combination of the texture features
A B

FIGURE 2 | Results of features contrast of the different subtypes: (A) the representative gradient features including energy, gradient, correlation, and entropy; (B) the
contrast results for clinic features which contain menopausal, TIC curve type, BPE classification value, patient age, and tumor length among the four types.
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especially BPE and age features had the best performance for
predicting genotyping. We found that TN subtype reached the
highest AUC of 0.933 with GTB. Such finding may indicate that
TN breast cancer was more heterogeneous compared with other
Frontiers in Oncology | www.frontiersin.org 6154
subtypes. One of the possible explanations for the findings may
be that the TN subtypes demonstrated more necrosis, so the
texture may be more features in the images. That results were
consistent with some studies (22, 23).
FIGURE 3 | A 62-year-old woman with Luminal A breast cancer (A, a), a 55-year-old woman with Luminal B breast cancer (B, b), a 59-year-old woman with triple-
negative breast cancer (C, c), a 43-year-old woman with human epidermal growth factor receptor 2 (HER2) breast cancer (D, d). The first DCE sequence (ABCD)
and the texture map with colors (abcd) were shown.
June 2021 | Volume 11 | Article 693339
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Our preliminary study had some limitations. First, our images
were obtained from a single site. The sample size of 264 tumors
and the different subtypes were numerically unbalanced; almost
half of the cases were Luminal B. However, although the sample
Frontiers in Oncology | www.frontiersin.org 7155
size was not significant and balanced, we discovered the
association between the subtypes of breast cancers and the MR
imagings. Moreover, additional studies with a more excellent
sample of breast cancers are required to establish the clinical
value of CAD in the subtypes’ differential diagnosis. Second, no
formal training for the processed images was used in our study.
Although the processed images’ features were familiar to the
radiologists, a training set to allow radiologists to become
familiar with the CAD method might enhance their confidence
to use it.
CONCLUSIONS

Our clinical investigation of 264 breast lesions showed that
automatical segmentation were feasible by Unet model and the
extracted texture features from breast MR imaging with
the clinical features can be used to help differentiating the
molecular subtype. Moreover, in the clinical features, BPE
and age features have the best potential for subtype.
The ability of CAD to identify breast cancer molecular subtype
has enormous potential clinical benefits, so further large
prospective studies are required to fully determine the
potential role of CAD.
FIGURE 4 | Performance of the CAD in classifying different molecular subtypes with the four subtypes.
TABLE 2 | The classification results of the five classifiers.

Method\Result F1-Score ACC score

GTB 0.72 0.81 0.71
RF 0.51 0.67 0.51
SVM 0.54 0.69 0.64
LR 0.43 0.64 0.44
DT 0.45 0.65 0.45
TABLE 3 | The results of ablation studies.

Feature\Result F1-Score ACC score

Texture+clinical features 0.82 0.87 0.81
Clinical features 0.69 0.75 0.68
Shape+ clinical features 0.67 0.78 0.67
Texture+shape 0.43 0.63 0.44
Shape+texture+ clinical features 0.72 0.81 0.71
Texture+shape+BPE 0.69 0.79 0.68
Texture+shape+BPE+long axis 0.59 0.73 0.59
Texture+shape+BPE+long axis+age 0.70 0.80 0.69
Texture+shape+BPE+long axis+age+TIC 0.69 0.78 0.68
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Triple negative breast cancer (TNBC) is classically treated with combination
chemotherapies. Although, initially responsive to chemotherapies, TNBC patients
frequently develop drug-resistant, metastatic disease. Chemotherapy resistance can
develop through many mechanisms, including induction of a transient growth-arrested
state, known as the therapy-induced senescence (TIS). In this paper, we will focus on
chemoresistance in TNBC due to TIS. One of the key characteristics of senescent cells is a
complex secretory phenotype, known as the senescence-associated secretory proteome
(SASP), which by prompting immune-mediated clearance of senescent cells maintains
tissue homeostasis and suppresses tumorigenesis. However, in cancer, particularly with
TIS, senescent cells themselves as well as SASP promote cellular reprograming into a
stem-like state responsible for the emergence of drug-resistant, aggressive clones. In
addition to chemotherapies, outcomes of recently approved immune and DNA damage-
response (DDR)-directed therapies are also affected by TIS, implying that this a common
strategy used by cancer cells for evading treatment. Although there has been an explosion
of scientific research for manipulating TIS for prevention of drug resistance, much of it is
still at the pre-clinical stage. From an evolutionary perspective, cancer is driven by natural
selection, wherein the fittest tumor cells survive and proliferate while the tumor
microenvironment influences tumor cell fitness. As TIS seems to be preferred for
increasing the fitness of drug-challenged cancer cells, we will propose a few tactics to
control it by using the principles of evolutionary biology. We hope that with appropriate
therapeutic intervention, this detrimental cellular fate could be diverted in favor of
TNBC patients.

Keywords: triple negative breast cancer, chemotherapy, senescence, therapy-induced senescence, senescence-
associated stemness, evolution, adaptive therapy
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INTRODUCTION

Senescence, a cellular fate originally discovered in the context of
growth arrest of cultured cells, is now being recognized as an
essential mediator of many physiological and pathological
processes (1, 2). Such contradictory outcomes of senescence
are explained on the basis of its dynamic and context-
dependent pleotropic effects (3). The cellular plasticity and
stemness reprogramming functions of senescence (in co-
operation with the microenvironment) are believed to be
critical for the emergence of the drug-resistant clones in many
cancer types, including breast cancer (BC) (4–7).

TNBC, being one of the more heterogeneous and aggressive
subtypes of BC, is frequently treated with conventional
chemotherapies (8–16). Although better chemosensitivity
compared to the other BC subtypes is a key characteristic of
primary TNBCs, patients with residual disease frequently
experience tumor relapse (17, 18). Among many factors
responsible for TNBC chemoresistance, contributions of cancer
stem cells (CSC) and therapy-induced senescence (TIS) are well-
accepted (10, 17, 19). According to current evidences these two
phenomena are causally associated (4, 5, 20).

Immune checkpoint inhibitor (ICI) and DNA damage-
response (DDR)-directed regimens are two fairly recent FDA-
approved treatment options available for TNBC (21, 22),
benefitting only a very small number of patients (21, 23).
Interestingly, similar to chemotherapies, efficacies of both
strategies are impacted by TIS (23–26). TIS may well be a
universal fate assumed by cancer cells when challenged with
different types of drugs. Hence, blocking TIS might be a
promising approach for better clinical management of several
cancer types, especially that of TNBC (23, 27–37).

In the eyes of evolutionary biologists, cancer is an “open
complex adaptive system” with non-linear dynamics, prone to
suffer unexpected consequences of any kind of perturbations
(38). Cytotoxic chemotherapies, meant to cause the highest
Abbreviations: BC, breast cancer; TNBC, triple negative breast cancer; TIS,
therapy-induced senescence; SASP, senescence-associated secretory proteome;
SA-bgal, senescence-associated b−galactosidase; ROS, reactive oxygen species;
OIS, oncogene-induced senescence; ER, estrogen receptor; PR, progesterone
receptor; HER2, human epidermal growth factor receptor; ABC, ATP-binding
cassette; CSC, cancer stem cell; SAS, senescence-associated stemness; ICI, immune
checkpoint inhibitor; DDR, DNA damage-response; PGG, public good game;
TME, tumor microenvironment; IL-1a, interleukin-1alpha; IL-1b, interleukin-
1beta; IL-6, interleukin-6; IL-8, interleukin-8; CCL2, chemokine ligand 2; CXCL1,
chemokine ligand 1; CXCL12, C-X-C motif chemokine ligand 12; TGF-b,
transforming growth factor beta; MCP-1, monocyte chemoattractant protein-1;
GM-CSF, granulocyte-macrophage colony-stimulating factor; VEGF, vascular
endothelial growth factor; PD-1, programmed cell death protein-1; PD-L1,
programmed death-ligand-1; PARP, poly (ADP-ribose) polymerase; FANCA,
Fanconi anemia complementation group A; FANCC, Fanconi anemia
complementation group C; FANCD2, Fanconi anemia complementation group
D2; ATR, ataxia telangiectasia and Rad3-related protein; ATM, ataxia
telangiectasia mutated; BRCA1/2, breast cancer 1/2; CHK1, Checkpoint kinase
1; CHK2, Checkpoint kinase 2; DSS1, deleted in split hand/split foot 1; MRN
complex, Mre11, Rad50 and Nbs1 complex; NBS1, Nijmegen breakage syndrome
1; PALB2, partner and localizer of BRCA; RAD51, RAD51 recombinase; RAD54,
DNA recombination and repair protein RAD54-like; RPA1, replication protein
A1; ORR, overall objective response rate; pCR, pathological complete response.
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amount of cancer cell death, is an “evolutionary unsound”
approach. By eliminating the entire sensitive population,
chemotherapies release the selective pressure on the unwanted
resistant clones, a common evolutionary phenomenon termed
as the “competitive release” (38–40). To slow the proliferation of
the resistant population, it is necessary to alter its fitness or
that of the competing populations (38). In the last part of this
review, we claim that TIS is an evolutionary fitter strategy
for cancer cells following chemotherapy and will attempt to
establish how adaptive therapeutic strategies would help
alter the fitness of the senescent cells leading to better
therapeutic outcome.
SENESCENCE AND ITS HALLMARKS

Cellular senescence, induced by excessive stress, is a form of cell
cycle arrest [irreversible or reversible depending on the context
(41, 42); and the references therein]. Senescence is important
for numerous physiological and pathological processes such
as embryo development, wound healing, tissue repair,
atherosclerosis, type 2 diabetes, aging, age-related pathologies,
and reduction in regenerative potential following injury (3, 5,
43). It can be acute (programmed, transient) or chronic (non-
programmed, sustained) in nature, with the former affecting
specific cell population and the latter being non-specific (43, 44)
(Figure 1). Acute senescence is important for development,
wound healing, and tissue repair, chronic senescence, on the
other hand, often functions in limiting the proliferation of
abnormal cells (43). Senescent cells are highly dynamic and
heterogeneous, characterized by not one, but several interesting
hallmarks as discussed below (45).

(A) Senescence cells can appear large, flattened, and
irregularly shaped, which is attributed to an increased mTOR
signaling (46–49) or ATF6a-mediated unfolded-protein response
(50–55). In some instances, the plasma membrane protein
caveolin-1 is implicated in the morphology and adherence
property of senescent cells through the p38 MAP kinase
pathway (56, 57).

(B) One of the most appreciated characteristic of senescence
is an enhanced activity of the lysosomal senescence-associated
beta-galactosidase (SA-bgal) enzyme, due to either increased
expression of the gene GLB1 or increased lysosomal biogenesis
(58). SA-bgal cleaves the b-D-galactose residues in b-D-
galactosides, such as 5-bromo-4-chloro-3-indoyl-b-d-
galactopyranoside (X-gal). In normal cells, SA-bgal is active at
pH 4, but in senescent cells, its catalytic activity is detectable at
suboptimal pH 6 (5, 43, 59, 60). However, because of the robust
signal detected with certain non-senescent, healthy cells in
developing embryo, strong SA-bgal-positivity may not
necessarily be the best indication of senescence (58).

(C) Accumulation of old and dysfunctional mitochondria due
to a reduction in mitophagy is another feature of senescent cells.
This is associated with enhanced ROS production through
release of mitochondrial enzymes, such as endonuclease G
(60–62).
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(D) Senescent cells possess decondensed heterochromatin
and cytoplasmic chromatin fragments (CCFs), due to a
reduction in nuclear structural protein Lamin B1. They
attempt to compensate these by forming the senescence-
associated heterochromatin foci (SAHF) (63–66).

(E) Upregulation of cell cycle inhibitors p16INK4a,
p15INK4b, p21CIP contribute to the senescence-associated
growth-arrested phenotype. Furthermore, a chronic DNA
damage-response (DDR) pathway activation is detectable in
most senescent cells (44). Additionally, senescent cells are
apoptosis-resistant due to the upregulation of the BCL-2 family
of pro-survival factors (67).

(F) The multifunctional senescence-associated secretory
phenotype/SASP is an unequivocal marker of senescence (68).
SASP comprises of growth factors, matrix modifying enzymes,
cytokines, chemokines, etc. (68–70). The secretory phenotype
also includes extracellular vesicles (sEVs) similar to exosomes
that participate in cell-to-cell communication through various
types of cargos (proteins, lipids, and nucleic acids). Recent
reports imply that sEVs are important for tumorigenesis and
age-related pathologies (59, 71).

(G) Senescent cells attract, activate, and anchor to immune
cells through several cytokines and chemokines (example, IL-6,
IL-8, IL-1b, TGF-b, GM-CSF, MCP-1), which ultimately lead to
their clearance [(72) and the references therein]. This is called
senescent surveillance. Cells of both innate and adoptive immune
systems (macrophage, B and T cells, NK cells, mast cells,
neutrophils, etc.) are involved in this process [(72) and the
references therein]. Molecular features of cell dysfunction and
death (DAMPs) produced by senescent cells also facilitate their
immune cell-mediated clearance (73). During aging and age-
Frontiers in Oncology | www.frontiersin.org 3160
related diseases, senescent cells accumulate in several tissues/
organs. Although, this coincides with age-associated impaired or
overwhelmed immune system, it is not entirely clear whether
dysfunctional immune cells lead to accumulation of senescent
cells or senescent cells accumulation leads to immune system
failure (72, 74–79). The complex feedback interaction between
SASP components and immune cells endows an overall pro-
inflammatory and pro-senescent environment in aged animals
[(72) and the references therein]. Improving immune-clearance
of senescent cells could alleviate many adverse symptoms of old
age and other diseases.

(H) Senescence, in some instances, involves autophagy,
although the relationship between autophagy and senescence is
far from straightforward. Autophagy is a catabolic process
important for maintaining cellular homeostasis under
conditions of nutrient deprivation. Similar to senescence,
autophagy is stimulated by radiation, chemotherapy, telomere
shortening, and oncogene activation, shares some common
features, and serves similar cytoprotective roles (80, 81).
Increased autophagic vacuole formation coincides with
heightened SA-b-gal activity in aging fibroblasts (82).
Autophagy marker expression overlaps with those of
senescence in endothelial and dental pulp cells (83, 84) and in
bile duct cells of patients with biliary cirrhosis (85, 86). Increased
autophagic activity is responsible for the death of senescent
keratinocytes (87, 88). A study examining the direct
relationship between autophagy and oncogene-induced
senescence (OIS) by Young et al. showed that autophagy
speeds up senescence, although once set in, the latter could not
be reversed by blocking the former (89). This was also verified in
post-chemotherapy senescent cancer cells (90). At a molecular
FIGURE 1 | Schematic representation of types of senescence.
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level, both phenomena are controlled by overlapping signaling
pathways involving ROS generation, DDR activation, p53 and
p21 tumor suppressor induction (89, 90). It is possible that
autophagy is induced to help cells produce energy in anticipation
of the senescence-associated growth arrest (80). Some reports
suggest an inverse relationship between autophagy and
senescence, such that the inhibition of the former facilitates the
latter, particularly in the context of oncogene and chemotherapy-
induced senescence (91–93). This could be explained if
senescence serves as a backup for cells failed to initiate
autophagy to survive external and internal stressors (80).
Nevertheless, to firmly decide whether or not autophagy is
essential for senescence induction, more experiments are
required, such as those i) conducted in cells with defective
apoptosis, ii) involve spatial and temporal regulation of
autophagy and senescence, and iii) consist of careful
monitoring of the two simultaneously (80).

(I) Classically, the p53/p21 and p16/RB tumor suppressor
pathways are responsible for the induction and maintenance of
senescence (94). According to recent literature however,
senescence is a form of stress response influenced by many
effector pathways (41). Different phenotypic changes
autonomous or non-autonomous to the senescent cells, are
triggered by specific combinations of these effector programs.
For example, the DDR and SASP trigger autonomous changes in
senescent cells via effector signaling pathways p38 and PI3K/
AKT/mTOR and chromatin level alterations such as formation of
SAHF and PML bodies. The non-autonomous/paracrine changes
to the senescent microenvironment are mediated through SASP
by affecting immune response, fibrosis, wound healing,
angiogenesis, cellular plasticity, etc. Activation of chronic DDR
signaling pathway is important for SASP production and
depletion of several DDR-associated proteins negatively affects
expression of several key SASP components such as IL-6, IL-8,
and GRO family members. Transcription factors NF-kb and
CCAAT enhancer-binding protein b (C/EBPb) are involved in
global regulation of SASP constituents (41, 94, 95).

Interestingly, the long list of detrimental effects of senescence
as it pertains to aging and age-related diseases poses a
fundamental question: why would such a maladaptive process
evolve in human, especially when many organisms do not
experience aging/senescence (96)? This paradox is a topic of
intense discussion and outside the scope of this review.
According to the most straightforward theory, senescence
induction is selected for in early life to prevent accumulation
of damaged cells and support healing following injuries. As the
force of natural selection decreases with age, the efficiency of
senescence cell clearance reduces and its adverse effects become
evident. This is comparable to the antagonistic pleiotropy theory
of aging which posits that natural selection drives evolution by
selecting genes that provide early life benefit to maximize
reproductive fitness, but once the reproductive period ends, the
organism enters a window of weakened selection leading to
hyper-inflammation, immune evasion, tumor promotion, and
other age-related disorders (97, 98).
Frontiers in Oncology | www.frontiersin.org 4161
SENESCENCE IN MALIGNANT
TRANSFORMATION AND
CANCER THERAPY
Malignant transformation is characterized by uncontrolled
cellular proliferation through gain of oncogenes or loss of
tumor suppressors (99). However, it does not always lead to
overt cancer, as is the case with dormant benign tumors, such as
melanocytic nevi exhibiting proliferative arrest (100). One of the
contributing factors to this phenomenon is oncogene-induced
senescence/OIS, first reported with the Ras oncogene-
transformed human primary lung fibroblast IMR90 and
mammary epithelial cells (101, 102). OIS, stimulated by
activated oncoproteins or inactive tumor suppressor proteins
such as BRAF, RAS, AKT, E2F1, cyclin E, PTEN, or NF1, occurs
prematurely in absence of telomere shortening (103), however,
depends on the extent of oncogene overexpression (104).
Persistent DNA damage, tumor suppressors p53, pRB, and
several microRNAs are key regulators of OIS (103). In addition
to growth arrest, OIS is characterized by SA-b-gal activation,
SASP production, and stimulation of autophagy (103).

It is believed that OIS is a fail-safe tumor-suppressive
mechanism (105). However, it can also be tumor-promoting
(106), particularly through the involvement of different SASP
components (68, 103). For example, TGF-b and MCP1
propagate growth-arrested phenotype in the neighboring non-
senescent cells (107), while MCP1 and CXCL1 promote immune
clearance of senescent cells by attracting NK cells and tumor-
suppressive M1 macrophages (108, 109). Again, VEGF, IL-6, IL-
8, and CXCL1 support tumorigenesis through their positive
effects on angiogenesis, invasion, and CSCs (110–113). By
recruiting M2 macrophages and immature myeloid cells,
MCP1 is able to create an immunosuppressive environment in
the vicinity of the senescent cells, helping them to escape
immune-clearance (114, 115).

As the long-term presence of senescent cells from OIS can
promote tumorigenesis, their direct removal or prevention of
SASP production is perceived as a tumor-protective strategy.
Two major classes of therapeutic agents targeting senescent cells
are available: senocidals (further categorized as senolytics and
senotopics) and senomorphics. These include varieties of natural
products, endogenous compounds, investigational and approved
drugs [(116) and references therein]. Senocidals eliminate
senescent cells by promoting apoptotic (senolytics) or non-
apoptotic (senotopics) cell death, while senomorphics suppress
SASP production. However, given the dynamic and complex
nature of senescence and SASP, extensive testing is needed for
any of the compounds to be useful in clinical settings.
Additionally, because SASP stimulates tumor-suppressive
immune-clearance of senescent cells, a senescence inducing/
pro-senescent therapy is also being investigated in various
cancer types including BC (117). Diverse types of agents such
as targeted and chemotherapeutic drugs, phytochemicals, and
epigenetic modulators are being examined for this specific
purpose (117).
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One side effect of suppressing SASP production is that it may
cause senescent cells no longer recognizable by the immune
system, persist over a long-period of time, eventually interfering
with healthy tissue function (118). Targeting specific SASP
components with neutralizing antibodies, for example, could
help avoid this problem. Likewise, senescent cells, induced by
pro-senescence therapies, unless rapidly cleared by the immune
system, could essentially accumulate, altering the tumor and
immune microenvironment through persistent SASP
production. This in the long-run might result in tumor relapse
and metastasis (119). Another likely side effect of pro-senescence
therapy when administered via systemic route is due to the
generation and accumulation of senescent cells in different
tissues and organs, which in turn might accelerate the onset
and progression of chronic aging-associated disorders such as
cardiovascular, neurodegenerative, fibrotic diseases, to name a
few (120, 121). Some of these detrimental effects of pro-senescent
therapies can be overcome by careful selection of the therapeutic
agents, choosing appropriate delivery routes, continuous
monitoring of the therapy response, and using adjuvant
immunotherapy preventing tissue build-up of senescent cells
(118, 119, 122).
TNBC AND CHEMORESISTANCE

TNBC, lacking expression of the estrogen, progesterone
receptors (ER, PR) and amplification and/or overexpression of
the Human Epidermal Growth Factor Receptor 2 (HER2), is
characterized by high mitotic index, advanced grade and stage,
and increased immune cell infiltration. TNBC patients often
experience poor prognosis, frequent distant metastases, recurrent
disease, and reduced overall survival (9, 10, 13). TNBCs are
further categorized into several molecular subtypes (basal-like:
BL1 and BL20, immunomodulatory: IM, mesenchymal: M,
mesenchymal stem-like: MSL, luminal androgen receptor:
LAR), with each sensitive to specific classes of drugs (8).

Because of extensive heterogeneity and lack of HER2, ER, PR
expression, chemotherapy is the most preferred choice of
treatment for TNBC patients (10, 123). In neoadjuvant setting,
chemotherapies used are primarily anthracyclines and taxanes,
while in adjuvant setting, much diverse combinations consisting
of anthracyclines, taxanes, cyclophosphamide, methotrexate, 5-
Fluorouracil, gemcitabine, and vinorelbine are prescribed (10–
12). Despite better initial complete pathological response (pCR)
than other BC subtypes, especially in the neoadjuvant setting,
emergence of resistance is a common phenomenon responsible
for poor clinical outcome in TNBC (11, 12).

There are detailed reviews discussing different modes of
chemoresistance in TNBC available (10, 17, 19). Briefly, these
are altered expression of ATP-binding cassette (ABC)
transporters and microRNAs, heightened drug metabolism,
evasion of apoptosis, enrichment of cancer stem cells and
related signaling pathways (especially those associated with
embryo development), induction of DNA damage and
inflammation, activation of lipid kinase and tyrosine kinase
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signaling pathways, hypoxia, tumor-suppressive immune
environment, and inherent intra and inter-tumoral
heterogeneity (10, 17, 19). Although, each of these are
potential therapeutic target, because of their complicated
interactions and collaborations, they need to be thoroughly
studied before bringing into the clinic. Recent trials have
confirmed an urgent need for combination treatment and
biomarker-based patient selection strategies to enhance the
cancer cell specificity and selectivity and lower systemic
toxicity. In this regard, two types of therapeutic interventions,
metronomic chemotherapy and polychemotherapy, are
particularly noteworthy. The former involves frequent
administration of chemotherapeutic drugs below the
maximum-tolerated dose (MTD), while the latter utilizes
combinations of several drugs. However, none of these has
been approved yet (124–127).

In addition to individual molecules or signaling pathways,
specific cellular fate that TNBC cells readily adapt to avoid
chemotherapy-induced cell death, also contributes to drug
resistance and eventual disease recurrence. Notable among
these is therapy-induced senescence (TIS) (10). In addition to
direct response to chemotherapies, TIS may also be prompted by
microenvironmental stressors including hypoxia, nutrient
deprivation, and oxidative damage, which in turn alter patterns
of chemotherapy response (128–131). There are numerous
reports of occurrence of TIS in BC cell lines, including those of
TNBC origin by standard genotoxic agents including
doxorubicin (132, 133), etoposides (134), irinotecan (132),
methotrexate (132), paclitaxel (132, 135), cisplatin (136, 137),
and even with metronomic schedule (138). In clinical setting,
Poele et al. was one of the first to report presence of senescent
cells in archival samples of breast tumors from patients receiving
neoadjuvant chemotherapy (cyclophosphamide, Adriamycin,
and 5-fluorouracil). Compared to the 10% samples from
patients who received no treatment prior to surgery, 41%
chemotherapy-treated tumors showed SA-b-gal-positivity. The
authors also found an association between SA-b-gal staining
with low p53 and high p16 staining. Normal tissue sections or
normal cells surrounding the tumor sections were completely
negative for SA-b-gal and did not have altered expression of the
above-mentioned two tumor suppressor proteins. They
concluded that senescence induction is a natural response to
chemotherapy treatment in BC and it may play important role in
determining treatment outcome (139). Another study that
discussed the importance of TIS in disease prognosis and
therapy response was by Laine et al., who demonstrated that
overexpression of CIP2A (cancerous inhibitor of PP2A), a
negative regulator of senescence leads to adverse patient
outcome and resistance to senescence-inducing chemotherapy
(140). Using genetically engineered model of mouse mammary
tumor (MMTV-Wnt1) Jackson et al. established a detrimental
association between senescence and chemotherapy response,
specifically in the wild-type (WT) p53 background (a key
regulator of senescence), possibly through SASP (141). Their
data corroborated previous reports indicating a negative
association between functional p53 and response to high dose
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chemotherapy in patients with advanced BC (142, 143). It also
provided an explanation to the fact that majority of basal-like BC
(included into the TNBC subtype) (144) with mutated p53
exhibits complete response to chemotherapy, while the luminal
subtype retaining WT p53 is somewhat chemoresistant (18, 145).
Instead of examining the effect of adjuvant chemotherapy on
tumor cells, Sanoff et al. focused on non-malignant cells in BC
patients. They discovered a 75% increase in p16 mRNA levels in
peripheral T cells, which was accompanied by a stable increase in
the levels of two SASP components VEGF and MCP-1 in
patients’ plasma. While the majority of patients displayed
signs of accelerated molecular aging that sustained until several
years after therapy, the response was highly variable. They
also discovered that the post-chemotherapy molecular aging
is equivalent to 10–15 years of chronological aging. The
authors concluded that such detrimental side effects of
chemotherapy is responsible for the long-term systemic
toxicity in cancer patients whose magnitude depends on the
molecular rather than the chronological age of the individual
(146, 147). This was corroborated by another study that
implicated SASP components (IL-1a, IL-6, IL-8, CCL2, and
CXCL12) in the short and long-term comorbidities of
chemotherapies, for example fatigue, cardiac dysfunction,
reduced bone volume and density, loss of physical functions
and appetite (148).

A handful of studies reported a two-step strategy
therapeutically exploiting TIS in TNBC pre-clinical models. The
first step involved induction of TIS with chemotherapy or other
treatment modalities, while the second step consisted of follow-up
treatment with senolytics. For example, Galiana et al. explored the
effect of palbociclib-induced TIS, followed by senolysis with
nano-encapsulated navitoclax in immunocompetent mouse
models of advanced TNBC and discovered tumor growth
inhibition and reduced metastasis (29). In another study, TNBC
cell lines were successfully inhibited by sequential treatments with
senescence-inducing BET domain inhibitor and senolytic
navitoclax (149). A discovery-stage biopharmaceutical company
Senolytic Therapeutics (STX) is currently developing a diagnostic
test SenolT for detecting and monitoring post-therapy (radiation/
chemotherapy) senescent cells in liquid biopsy samples from
TNBC patients (https://cordis.europa.eu/project/id/826909).
The test is meant to find the association between TIS and
TNBC recurrence.
SENESCENCE-INDUCED STEMNESS
AND ITS THERAPEUTIC IMPLICATION IN
CANCERS INCLUDING TNBC

Survival of a rare population of tumor cells possessing CSC-like
characteristics following chemotherapy is a key contributor of
resistance (150–153). In a seminal paper published by Bhola
et al., gene expression analysis of matched pair of 17 pre- and
post-chemotherapy primary BC biopsies (including TNBC
specimens) revealed an enrichment of signatures of CSC and
TGF-b, the cytokine famous for its association with breast stem
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cells and CSCs in treated samples. They went on to demonstrate
a causal association between post-chemotherapy CSC
en r i c hmen t w i t h TGF-b s i gn a l i n g , wh i ch upon
pharmacological intervention prevented in vivo tumor relapse
in pre-clinical modes of TNBC (154). While this study did not
demonstrate any connection between TIS and CSC enrichment,
the senescence-promoting autocrine/paracrine role of TGF-b
signaling in aging/aging-related pathologies, particularly in the
context of stem cells is already known (155).

Acquisition of stem-like properties following TIS induction is
implicated in drug-resistance (4, 5, 20). For example, Milanovic
et al. observed by using GMM models of B-cell lymphoma a
substantial upregulation of stem cell signature, activated Wnt
signaling pathway and stemness-associated marker expression in
chemotherapy-induced senescent population (31). Induction of
senescence-associated stemness (SAS) was extended beyond TIS
as they detected it in the models of replicative as well as stress-
induced senescence. Finally, in blood cancer cell lines and patient
samples such SAS induction was found to be correlated with
relapse of aggressive tumors (31). In an attempt to find out what
triggers SAS, these authors and others discovered the
involvement of cell-intrinsic mechanisms such as activation of
Wnt signaling (31, 156) and epigenetic mechanism (157).
However, SASP, particularly its pro-inflammatory cytokine
constituents known to cause cellular reprogramming, plasticity,
and tissue regeneration (113, 158, 159), also contributes to SAS
induction (160), not only in cell-autonomous fashion, but non-
autonomously by interacting with the non-senescent cells in the
microenvironment (4, 5, 160). Specifically for TNBC, very few
reports establishing a positive link between SAS and
chemoresistance are available. The most noteworthy of these is
the work reported by Achuthan et al., in which by using TNBC
pre-clinical model the authors demonstrated a causal
relationship between TIS and generation of chemoresistant
stem-like population (20). Another study with TNBC biopsy
samples added an interesting factor, polyploidy to the SAS and
chemoresistance connection. The authors found that all tumors
that failed to respond to neoadjuvant chemotherapy possessed a
significant proportion of senescent cells (161).

In the previous section, we have already discussed the two-
step strategy (senogenics, followed by senolytics treatment)
for prevention/elimination of chemoresistance and relapse
of aggressive, metastatic tumors. Some scientists exploring
this approach also presented convincing evidences for the
importance of SAS inhibition in this context (31–36).
Nevertheless, conveying this observation to the clinic requires
careful optimization of the dose and treatment regimen.
EFFECT OF TIS ON THE EFFICACIES OF
IMMUNE- AND DDR-DIRECTED
THERAPIES IN TNBC

In recent years, immunotherapy has emerged as one of the most
sought-out treatment strategies, capable of producing durable
anti-tumor responses. Success of immunotherapy in general,
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depends on the inherent immunogenicity of the tumor.
Although, traditionally perceived as an immunologically “cold”
type, BC, especially the TNBC subtype, is now being considered
curable by immunotherapies (21). In this regard, the immune
checkpoint inhibitors (ICI) targeting the negative regulators of T
cell activation (cytotoxic T lymphocyte-associated protein-4/
CTLA-4, programmed cell death protein-1/PD-1, and
programmed death-ligand 1/PD-L1), have gained the most
attention. In 2019, both US FDA and European Medicines
Agency (EMA) granted accelerated approval for use of the
anti-PD-L1 antibody atezolizumab with nab-paclitaxel as the
first-line treatment for PD-L-1+, unresectable, locally advanced
or metastatic TNBC (21). A substantial number of trials
exploring efficacies of PD-1 or PD-L1 antibodies against BC
either as monotherapies or in combination with the radiation,
chemo, targeted, or other forms of immunotherapies are in
progress. Although promising, only a small percentage of
TNBC patients experience a durable objective response to ICI
regimen. Also, a strong tumor-associated PD-L1 signal does not
always faithfully predict the overall survival, prognosis, and
response to anti-PD-L-1 therapy in TNBC (21). Recent
research has also indicated a detrimental role of aging and
inflammation-associated effector T cell senescence in
immunotherapy efficacy. A potential role of senescent T cell-
derived SASP in modulation of the tumor microenvironment
(TME), although not entirely clear, is suspected [(162) and the
references therein].

In early stage, locally advanced or metastatic TNBC patients,
chemotherapies when combined with the ICI blockage, produced
encouraging anti-tumor response. This was different from the
immunosuppressive effects of some chemotherapies (163). The
specific effect of pre-ICI chemotherapy on metastatic TNBC was
explored in the TONIC trial that included a two-week pre-
conditioning with cyclophosphamide, cisplatin, and
doxorubicin prior to anti-PD-1 therapy (164). The short
duration of chemotherapy was assumed to be sufficient for
enhancing the anti-tumor efficacy of PD-1 blockade by
promoting immunogenic death of tumor cel ls and
implementing pro-immunogenic changes in the tumor
microenvironment (TME), but inadequate to negatively affect
immune cells, especially the T cells. The overall objective
response rate (ORR) was 20% more than the previous trials,
with the highest ORR (35%) achieved with the doxorubicin
induction arm. The TONIC trial clearly highlighted the
favorable effect of a chemotherapy induction step prior to ICI
therapy in TNBC (164).

An important question is how does TIS fit into the
aforementioned benefit of chemotherapy precondition step to
the PD-1/PD-L1-based immunotherapies in TNBC?
Chemotherapy triggers TIS and subsequent SASP production.
The immune modulatory components of SASP promote
immune cell infiltration to the tumor, which upon further
activation of the immune system clears both senescent and
non-senescent cancer cells (26, 120, 165). This is also
supported by the fact that pro-senescent therapies, although
capable of prompting tumor growth arrest, are ineffective in
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causing tumor regression or elimination on their own and
require a two-step strategy along with a functional immune
system (118, 166). Mechanistic details of the sensitizing effects
of SASP on ICI-directed therapies although known for cancers of
the ovary (24), pancreas (25), and melanoma (26), are yet to be
identified for TNBC.

Poly (ADP-ribose) polymerase (PARP) is a DNA damage
repair protein which when inhibited in cancers having defective
homologous recombination (HR), such as those caused by the
Breast Cancer gene BRCA1/2 deficiency, results in synthetic
lethality. This is because PARP inhibitor (PARPi) treatment
results in accumulation of unrepaired DNA single-strand
breaks (SSBs), which during replication and in the absence of
functional BRCA1/2 are converted to lethal double-strand breaks
(DSBs) (167). Deficiencies in additional HR repair proteins
including MRN complex, PALB2, RAD51, RAD54, DSS1,
RPA1, NBS1, ATR, ATM, CHK1, CHK2, FANCD2, FANCA,
and FANCC are also synthetically lethal with PAPRi (168).
Currently, PARPi are recommended for the treatment of
TNBC (olaparib and talazoparib) and epithelial ovarian cancers
(olaparib, niraparib, and rucaparib) harboring BRCA1/2
mutations (22), but their long-term efficacies are variable and
independent of the HR status (23, 169, 170). Although,
restoration of HR and replication fork stalling are the most
common mechanisms of PARPi resistance, HR-independent
escape strategies are not rare (171). Recent work by Fleury
et al. demonstrated that the DDR elicited by PARPi renders a
TIS-like state along with production of inflammatory cytokines in
both breast and ovarian cancer cells leading to tumor relapse.
This was overcome by treatment with senolytic drugs, such as
those that inhibit anti-apoptotic BCL-2 and BCL-XL proteins.
This work confirmed TIS as a critical contributor of PARPi
response and supported the importance of a two-step treatment
approach with PARPi and senotherapeutics in breast and ovarian
cancer cells (23).

So far, we have presented necessary evidences to convince the
readers that TIS plays important roles in the chemo, immune,
and DDR-directed therapeutic responses in TNBC. Nevertheless,
no clear guideline exists for exploiting TIS for the benefits of
patients, which could be attributed to the following factors.
1) TIS is highly dependent on the nature and extent of stress,
so no two therapeutic agents will impose exactly the same type
of senescence response in tumor cells. 2) There is no single
property of senescent cells that can be consistently used for easy
detection of TIS in clinical specimens. 3) SASP production is a
highly dynamic and context-dependent phenomena. 4) Cell
autonomous and non-autonomous effects of SASP on the
tumor cells and their microenvironment (TME) depend on the
composition of SASP at any given time. 5) Tumor heterogeneity,
history of inflammation, aging among others influence the
overall response of the tumor and TME to TIS. 6) Senescence
in non-tumor cells triggered by systemic therapies could
potentially contribute not only to the drug toxicity, but also to
the reduction in therapeutic benefit. We believe that some of
these complexities can be overcome by generating a broad-
spectrum multi-omics-based predictive TIS-signature from
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TNBC cells (irrespective of the type and dose of the therapeutic
agent or its exposure time) and utilizing it for making therapeutic
decisions. Because, SASP is responsible for most of the detrimental
effects of TIS, we speculate that senomorphics (agents that
interfere with SASP), rather than senolytics in combination with
appropriate immunotherapeutic drugs will be superior in
generating beneficial therapeutic response in TNBC.
TACKLING TIS IN TNBC FROM THE
EVOLUTION STANDPOINT

Although, immunotherapy and DDR-directed therapies are
gaining acceptance for TNBC treatment, due to the low number
of patients benefitting from both therapeutic strategies along with
the scarcity of predictive biomarkers for patient selection,
combination chemotherapies continue to be the standard care for
TNBC patients. Compared to other BC subtypes, newly diagnosed
TNBCs are more sensitive to conventional chemotherapies.
However, those patients who fail to achieve complete pathologic
response/pCR are at high risk of relapse and progressively poorer
responses toward second-, third-, and fourth-line treatment (7, 11,
12, 17). According to the principles of evolutionary biology, this is
caused by the “competitive release” of already present, yet rare
resistant clones (38). In this respect, the overall poor prognosis and
survival of TNBC patients can be attributed to evolution.
Alternative therapeutic strategies employing the principles of
dynamic tumor evolution (known as the adaptive therapy), could
certainly be crucial for suppression of drug-resistant tumor cell
populations and long-term TNBC control.

Owing to their inherent heterogeneity and abilities to
interact with the microenvironment in a spatio-temporal and
non-linear fashion, cancers can be viewed as an open complex
adaptive systems, to which perturbations (such as anti-cancer
drug treatment) are expected to result in unanticipated
consequences (38). However, even such unpredictable systems
can effectively be controlled if appropriate therapeutic strategies
are designed on the basis of their dynamic nature (38). One such
strategy should focus on exploiting the phenotypic cost of
resistance. A popular example is the fitness differences of the
multidrug-resistant ABC transporter-expressing tumor cell
population in presence and absence of drug. The strategy that
exploited the lower fitness of resistant cells without the drug
involved alternative treatment cycles of chemotherapy and fake
drug (“ersatzdroges”), forcing the resistant cells to spend
significant amount of energy in pumping the drug out rather
than growing and invading (172). A similar approach can be
proposed for inhibiting TNBC cells that have emerged as
chemoresistant through TIS. Senescence, both in oncogene and
chemotherapy-induced settings, is associated with activation of
the unfolded protein response (UPR) pathway (173, 174). This
could somewhat be attributed to the excessive ER stress due to
increased demand of synthesis, maturation, and secretion of the
SASP-associated proteins (174). Others associate this with
increased oxidative stress or activation of autophagy in
senescent cells (174). Nevertheless, the heightened dependency
on the UPR pathway could in theory render the senescent TNBC
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cells vulnerable to pharmacological dysregulation of ER stress
(173, 174). Reliance of the senescent cells on certain metabolic
pathways (175), could similarly be pharmacologically pursued as
an adaptive therapeutic strategy.

Secondly, to prevent chemoresistance in TNBC through TIS,
the famous “first strike-second strike” strategy put forward by
Gatenby et al. (176) can also be adapted. The premise of this
approach is that strategic application of drugs or drug
combinations that are otherwise not curative in appropriate
sequences would mimic dynamics of background extinction of
A

B

FIGURE 2 | Schematic representation of conventional and adaptive
treatment strategies and their outcomes in triple negative breast cancers.
(A) Relapse of drug-resistant tumors due to conventional chemotherapy-induced
senescence in TNBC patients. (B) Adaptive therapeutic strategies to combat
chemotherapy-induced senescence in TNBC.
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many large, diverse, and geographically scattered species
(comparable to heterogeneous and disseminated cancer cells).
The first strike is meant to reduce the population size and
diversity of the tumor, with the following strikes causing eco-
evolutionary distresses pushing the vulnerable small populations
of surviving cells to extinction threshold (176). In case of TNBC,
the first strike could be constituted of low-dose chemotherapy,
immediately followed by immune predation of senescent cells,
then followed by cancer stem cell-targeting therapy. While, none
of these are capable of destroying the tumor on their own, when
applied in right order, would force the small, comparatively
homogeneous tumor cell populations to be exterminated. With a
similar strategy proven to cure pediatric ALL, we are hopeful that
it would be beneficial for long-term TNBC control.

Our final recommendation is to disrupt the dynamics of
“public good games” (PGGs) in TNBC played by the senescent
and non-senescent tumor and microenvironmental cells. Public
goods, in general are the secretory products (growth factors,
angiogenic factors, metabolic intermediates, etc.) of certain cell
populations that are beneficial for the tumor as whole. In a
heterogeneous tumor ecosystem, public goods producers exist in
dynamic equilibrium with the non-producers (cheaters and free-
riders) (177, 178). While, modeling the PGGs is not an easy task
(179), the interdependency between the producers and free-
riders is an exploitable feature for tumor control. In their
seminal work, Archetti et al., by using experimental model of
neuroendocrine pancreatic cancer, studied the dynamics of
cooperation and defection between the insulin-like growth
factor (IGF)-II producers and free-riders (180). In a mixed
population, the producers exist in a stable equilibrium with the
free-riders, which can otherwise be altered by modulating the
amount of growth factor. The authors proposed that
modification of the dynamics of growth factor production
could be a way of stable tumor control. Such observation is
highly relevant for TIS-adapted TNBC cells, as SASP production
by the senescent cells is crucial for the establishment and
maintenance of stem-like, immune-suppressive, drug-resistant
phenotypes (68). Senomorphics, by restricting the SASP
production, in principle would be useful for reversion of
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chemoresistance. Similar approach has been recognized as an
effective therapeutic strategy against aging and age-related
disorders and is under intense investigation (181).
CONCLUSION

TNBC needs better therapeutic intervention. Even with the
recent availability of the immune- and DDR-directed therapies,
chemotherapy remains in the frontline of treatment choices for
TNBC patients. One of the main reasons of the poor clinical
outcome in TNBC patients is emergence of chemotherapy
resistance. Herein, we have discussed a cellular fate, called
senescence and its involvement in oncogenesis and
chemoresistance, particularly in the context of induction of
stemness. Finally, we have reasoned how evolution can be the
major driving force of emergence of resistance and accordingly
proposed three adaptive strategies to confront TIS-mediated
chemoresistance in TNBC (Figure 2). Although, the theoretical
support on TIS as an evolutionary fitter strategy is yet to be
established, based on its recognition as a critical modulator of
treatment outcome in cancer, we predict that soon it will receive
its due attention from evolutionary biologists.
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Medical Center, Rotterdam, Netherlands, 2 Department of Medical Oncology, Franciscus Gasthuis & Vlietland,
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Background: Cisplatin (cDDP) has regained interest for metastatic breast cancer (MBC)
patients, given the platinum sensitivity in subtypes and better manageable toxicity. Here,
the primary aim was to determine whether molecular characteristics of circulating tumor
cells (CTCs) could identify patients responding to cDDP and to describe the outcomes to
cDDP monotherapy in a large group of MBC patients pretreated with anthracycline- and
taxane-based treatments.

Methods: Based on cell line data, a CTC-cDDP-sensitivity profile was generated.
Applying an A’Herns single-stage phase II design, further investigation was considered
worthwhile if 5/10 patients with a favorable profile responded to cDDP. Patients received
70mg/m2 cDDP every three weeks, CTCs were enumerated and the CTC-cDDP-
sensitivity profile was determined. In total, 65 heavily pretreated MBC patients (77%
received ≥2 lines of previous chemotherapy for MBC) were eligible for the per-protocol
analysis. Primary endpoint was response rate, secondary endpoints included best
observed response, progression-free survival (PFS) and overall survival (OS).

Results: The best observed response during cDDP therapy was a partial response in 7%
and stable disease in 56% of the patients. None of the patients with a favorable CTC-
cDDP-sensitivity profile had a response. The median baseline CTC count was 8 (range 0-
3254). Patients with <5 CTCs had a better PFS and OS than patients with ≥5 CTCs
(median PFS 4.5 months (95%CI 2.38-6.62) vs. 2.1 months [(95%CI 1.34-2.80)(p=0.009)]
and median OS 13.1 months (95%CI 9.89-16.33) vs. 5.6 months [(95%CI 3.60-7.64)
(p=0.003)]. No other factors than CTC count were associated with outcome to cDDP
therapy, including triple-negative breast cancer versus ER-positive tumors.

Conclusions: The CTC-cDDP-sensitivity profile was unable to select patients responding
to cDDP monotherapy. In an unselected group of heavily pretreated MBC patients, cDDP
June 2021 | Volume 11 | Article 6975721172
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yields outcomes comparable to other chemotherapeutic regimens for heavily pretreated
MBC patients. CTC count was the only factor associated with outcome in these patients.

Clinical Trial Registration: (https://www.trialregister.nl/trial/3885, identifier NTR4046)
Keywords: metastatic breast cancer, circulating tumor cells (CTCs), mRNA profile, cisplatin, cDDP, resistance
BACKGROUND

For patients with metastatic breast cancer (MBC), several
systemic therapies are available, aiming to prolong survival
with an acceptable quality of life. Despite the fact that only for
eribulin evidence exists for superiority over other regimens from
randomized trials (1, 2), multiple agents are used in
anthracycline- and taxane-pretreated patients.

Agents that are increasingly used are platinum derivatives. One
of these derivatives is cisplatin [cis-diamminedichloroplatinum (II),
cDDP], an alkylating agent clinically available since the 1970s that is
still being used in a wide range of tumor types. Most studies
evaluating the effect of cDDP monotherapy in MBC are from the
1980s. Small phase-II studies reported response rates (RR) of 47-
54% in previously untreated patients (3, 4) and of 15-21% in heavily
pretreated patients (5, 6). Although the outcomes for cDDP in the
first line are comparable with other chemotherapeutic agents
applied in MBC, its side-effects prevented implementation into
the clinical practice. However, the use of cDDP regained interest
since its main toxicities, in particular nausea/vomiting and
nephrotoxicity, can be handled much better nowadays. Also, there
is improved insight into the tumor biology, which suggests subtypes
of patients exist with tumors displaying a high sensitivity to
platinum-based therapies (7–9).

Therefore, a method to select patients who will benefit from
cDDP therapy is highly needed. Molecular characteristics of
tumor cells can be associated with outcome to certain agents.
Most molecular characterization is performed on primary tumor
material. However, since the characteristics of the primary breast
tumor and metastatic lesions can change over time and under
treatment pressure (10), metastatic tumor cells should be
explored for characteristics predicting outcome. However,
obtaining tissue from metastatic lesions is an invasive and
often painful procedure and sometimes impossible because of
inaccessible lesions. Circulating tumor cells (CTCs), which can
be repeatedly isolated from peripheral blood, represent an
attractive alternative. Besides CTC enumeration, which is a
proven prognostic marker in MBC (11–13), characterization of
these CTCs is also possible (14–17). The characteristics of CTCs
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resemble the characteristics of the metastatic lesions better than
that of the primary tumor (18). Therefore, characterization of
these CTCs can be a promising tool to select patients who are
sensitive to cDDP therapy.

The primary aims of this study were to determine whether a
CTC gene expression profile based on cell lines enabled the
identification of patients responding to cDDP and to describe the
outcomes to cDDP monotherapy in a large group of MBC
patients pretreated with anthracycline- and taxane-
based treatments.
METHODS

Cell Line Data
Breast cancer cell line cells (regularly tested for Mycoplasma) were
cultured in their respective growth media until near confluence
before being plated in a 96-wells plate or added to 7.5mL blood of
a healthy donor. The identity of all 17 cell lines used in this study
were routinely validated by short tandem repeat (STR) analyses
(PowerPlex 16 system, Promega, Madison, WI, USA). For
determining the IC50 cisplatin sensitivity, cells were plated at a
density of 1,000 to 10,000 cells per well in complete growth
medium in the absence or presence of increasing concentrations
of cisplatin (3x10-11 to 1x10-5 M). Cisplatin was dissolved in
phosphatate-buffered saline and four days later cells were analyzed
with the Sulforhodamine B (SRB) assay to quantify the percentage
of cells remaining. IC50-values were calculated based on these
data. Cell lines were classified based on their IC50 as cDDP
sensitive (+2 standard deviation (SD) from the median) or
resistant (-2 SD). Based on this classification, there were five
cDDP resistant cell lines (T47D, SUM185, MM-453, CAMA-1
and BT-474) and eight sensitive cell lines (MM-468, SUM149,
SUM52, SUM229, BT20, HCC-1937, UACC893 and SKBR-3, see
Supplementary Figure 1). To evaluate the mRNA expression
profiles, 50 cells of each cell line were spiked into 7.5mL EDTA
blood of a healthy donor and enriched by CellSearch as described
below. For both the cisplatin IC50 determination and the
generation of the cisplatin sensitivity profiles, cell lines were
analyzed in at least two independent experiments.

CTC-cDDP-Sensitivity Profile on Cell Lines
To identify a CTC mRNA profile associated with outcome to
cDDP, the gene expression data of our previously described
panel of 93 genes (17) (as described below) were analyzed in the
eight sensitive versus five resistant cell lines with the Diagonal
Linear Discrimination Analysis (DLDA) Class Prediction tool
(v4.4.1) of Biometric Research Branch ArrayTools (BRB-
ArrayTools, http://linus.nci.nih.gov/BRB-ArrayTools.html)
June 2021 | Volume 11 | Article 697572
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using p<0.05. The DLDA-predictor model in combination with a
leave-one-out cross-validation method to compute the miss-
classification rate was applied to identify a set of genes
significantly differently expressed between the sensitive and
resistant breast cancer cell lines to generate the CTC-
sensitivity profile.

Patient Data
The CTC-cDDP study (Dutch Trial Register NTR4046) was a
prospective international multicenter trial in the Netherlands
and Belgium. In this study, 72 MBC patients who had at least
been pre-treated with anthracycline- and taxane-based
chemotherapy and were deemed fit enough for cDDP therapy
by their treating physicians were included. For the complete in-
and exclusion criteria see Supplementary Table 1. A flowchart of
the included patients is shown in Figure 1. The dose of cDDP
therapy was 70 mg/m2 every three weeks and treatment
continued until progression of disease, unacceptable toxicity or
if patients wished to stop, with a maximum of six cycles.
Treatment delay up to two weeks and dose reductions were
permitted. Blood was drawn for CTC enumeration and
characterization before start of cDDP therapy. Toxicity was
recorded according to the National Cancer Institute Common
Toxicity Criteria (CTCAE) version 4.0. Computed Tomography
(CT)-scans were performed at baseline and after the second,
Frontiers in Oncology | www.frontiersin.org 3174
fourth and sixth cycle and were assessed according to the
Response Evaluation Criteria in Solid Tumors (RECIST)
version 1.1 (19). Treatment responses according to RECIST
were assessed by the radiologist of the hospital and verified by
one of the authors (I.K./N.B). The study was approved by the
Medical Research Ethics Committee of the Erasmus MC and
local Institutional Review Boards (METC 13-007). All patients
provided written informed consent.

CTC Enumeration and mRNA Isolation
Two tubes of blood were collected from all patients before start of
cDDP treatment: 7.5mL of CellSave blood for CTC enumeration
and 7.5mL EDTA blood for CTC characterization. Both tubes
were processed with the CellSearch system (CellSearch
enumeration kit and CellSearch profile kit; Menarini-Silicon
Biosystems, Huntington Valley, PA, USA). CellSave blood was
processed within 96 hours and EDTA blood within 24 hours. For
CTC characterization, a detailed description has been published
previously (17, 20). In short, mRNA was isolated with the
AllPrep DNA/RNA Micro Kit (Qiagen, Germantown, MD,
USA). Thereafter, cDNA was generated and pre-amplified for
the targets of interest, and real time amplified by quantitative
Reverse Transcription Polymerase Chain Reaction (RT-qPCR)
using Taqman Gene Expression Assays (Applied Biosystems,
Carlsbad, CA, USA).
FIGURE 1 | Flow chart. Flow chart of all patients included in the study. RR, response rate; PFS, progression-free survival; BOR, best observed response; OS,
overall response; PD, progressive disease; cDDP, cisplatin.
June 2021 | Volume 11 | Article 697572
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Sample Processing and Normalization
To establish the quality of the mRNA samples of the 17 cell lines
spiked into blood as well as the 70 patient mRNA samples, three
reference genes (GUSB, HMBS and HPRT1) were added to the
previously described 93-gene breast cancer profile (17). If the
average reference signal of a sample was DCq >26.5, it was
considered to be of insufficient cDNA quantity and/or quality
and therefore excluded (n=2). Furthermore, to ensure that the
expression of the genes was CTC-specific, the 12-gene epithelial
profile that was established before (17), was applied to these
samples. This epithelial profile has been selected from CTC
samples of 910 breast cancer samples and 20 samples from
healthy blood donors (HBD) to guide the selection of samples
with adequate, CTC-driven RNA signal. A cut-off of -131 DCq

(sum of the 12 genes) was applied to select samples with at least
one CTC. Samples with an epithelial cut-off below -131 were
therefore excluded (n=1).

Of the 93 genes, 55 genes are known to have a higher
expression in the CTC samples than in the contaminating
leukocyte background that is present after isolation of CTCs
with the CellSearch system (17). In the cDDP-treated patients
with sufficient cDNA quantity and quality, the 93 genes were
measured, and the CTC-sensitivity profile determined, as was
generated based on the cell line data.

Statistical Analysis
The sample size for this study was based on the response to
cisplatin in CTC-cDDP sensitive patients. Since RRs of 15-21%
have been reported in unselected, heavily pretreated patients, a
RR of 20% in the CTC-cDDP sensitive patients was deemed too
low to justify further exploration (p0) in a phase III trial. A RR of
approximately 60% in MBC patients with ≥5 CTCs and a
favorable cDDP-sensitivity profile was considered high enough
to justify further testing (p1). Applying an A’Herns single-stage
phase II design to the cohort of patients with ≥5 CTCs, sufficient
reference signal (DCq <26.5), an epithelial profile >-131, and a
favorable cDDP-sensitivity profile, with p0 = 20%; p1 = 60%, a =
0.05 and b = 0.20, implied that ≥5 out of 10 evaluable patients
should achieve a response to warrant further testing. Therefore,
inclusion continued until 10 evaluable patients with ≥5 CTCs
and a favorable cDDP-sensitivity profile were included.

The primary endpoint of this study was the RR per RECIST of
patients with a favorable CTC-cDDP profile after four cycles of
cDDP. All patients who had received at least one cycle of cDDP
treatment were considered for the primary objective. Patients
with progressive disease (PD) at the evaluation following two
cycles of cDDP were considered having PD at the primary
endpoint. Patients who went off study due to toxicity before the
assessment following four cycles were considered ineligible for the
primary endpoint and patients who went off study prior to this
assessment for reasons other than toxicity were considered as
having PD. The only exception were patients who switched
therapy without objectified PD on cDDP therapy. These were
excluded for the primary endpoint if the new therapy was started
before the fourth cycle and censored at the moment of start of the
new therapy for the secondary endpoints.
Frontiers in Oncology | www.frontiersin.org 4175
Secondary endpoints included progression-free survival (PFS)
and overall survival (OS). PFS was defined as the time between
start of treatment and progression of disease. OS was defined as
time between the start of treatment till death of any cause. We
also objectified the best observed response on cDDP therapy for
all patients as secondary endpoint, which is the best response
during therapy recorded from the start of the study treatment
until disease progression or stop of treatment (according to
RECIST). This was determined as complete response (CR),
partial response (PR; confirmed or unconfirmed if this was the
last response measurement), stable disease (SD) longer than six
weeks or progressive disease (PD). All analyses were carried out
in the per-protocol population.

Survival analysis were studied with the log-rank test and
visualized with Kaplan Meier plots. Furthermore, univariate and
multivariate Cox proportional hazards analyses were performed.
For multivariate analyses, only the significant variables (P<0.05)
from univariate analyses were added to the model. All
computations were performed using R (version 3.4.1) and all
reported p-values are two-sided.
RESULTS

Preclinical Cell Line Model
To evaluate the gene expression profiles of cell line cells with a
known cisplatin sensitivity, 50 cells per cell line were spiked into
EDTA blood of a healthy blood donor prior to CellSearch
enrichment, RNA isolation and RT-qPCR analysis. The
DLDA test resulted in the following formula to identify
resistant cells based on the expression levels of 9 genes:
-1.3201*KRT7-0.4157*KRT17+0.5381*ERBB3-0.488*PTRF
+0.4452*TFF1+0.4281*TFF3-0.4613*EGFR+0.37*TNRC9-
1.0933*IGFBP3. Using optimal binning, a threshold of 7.9 was
calculated to identify cisplatin resistant cells. Results were
validated in an independent spike-in experiment encompassing
the same cell line cells. The sensitivities and specificities for the
discovery and val idation experiments are given in
Supplementary Table 2 and the distribution of the cell line
cells after applying our 7.9 cut-off in Supplementary Figure 2.
To ensure that the created CTC-sensitivity profile could also be
detected in patient samples, we retrospectively looked into our
CTC mRNA profiling data from previously published studies
(17, 21, 22). Based on these data (n=432), the profile was detected
in around 35% of the patients with ≥5 CTCs present.

Patient and Cycle Characteristics
In total, 72 patients signed informed consent for this study. Two
patients did not start cDDP therapy due to rapid deteriorating
clinical condition; five patients did not previously receive
anthracycline and/or taxanes therapy. Consequently, per-
protocol analysis was performed on 65 patients. Of these, 72%
had ER (estrogen receptor)-positive breast cancer, the others had
triple-negative breast cancer (TNBC). Most patients (77%) had
already received ≥2 lines of chemotherapy for metastatic disease.
Full patient characteristics are presented in Table 1. The median
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number of cDDP cycles these patients received was three (range
1-6). In total, 14 patients (22%) completed all six cycles of cDDP.
There were nine patients who stopped treatment due to toxicity
(six with objectified toxicity) and six patients who wanted to stop
treatment in general.
Response to cDDP in Patients With
Favorable cDDP-Sensitivity Profile
The primary aim of this study was to determine if the CTC-
sensitivity profile we determined in cell lines could predict the
RR after four cycles of cDDP therapy. Seven patients could not be
evaluated for the primary objective: in four patients the
sensitivity profile could not be determined [lack of mRNA
quality (n=3) or EDTA blood had not arrived <24 hours
(n=1)], and three patients received a new therapy before they
had progression on cDDP therapy. Of the 58 eligible patients, ten
patients had ≥5 CTCs and a favorable CTC-sensitivity profile.
None of these patients had a response after four cycles of cDDP
therapy. Median PFS in these patients was 2.0 months (95%CI
Frontiers in Oncology | www.frontiersin.org 5176
0.47-3.47) and median OS 3.1 months (95%CI 0.66-5.52). The
best observed response was SD in 50% (5/10) of the patients.

Median PFS in all 58 patients was 2.5 months (95%CI 1.84-
3.16) and median OS 6.9 months (95%CI 3.80-9.94). The CTC-
sensitivity profile in relation to PFS and OS is shown in
Supplementary Figure 3.

Outcomes in the Full Cohort
Six patients were non-evaluable for the best observed response,
as they had to stop cDDP treatment due to toxicity, leaving 59
patients. The best observed response was a PR in 7%, while 56%
had SD and 32% experienced PD (5% not evaluable). Median
PFS and OS for all cDDP-treated 65 patients was 2.5 months
(95%CI 2 .21-2 .79) and 6.9 months (95%CI 4 .08-
9.78), respectively.

The median number of CTCs at baseline was 8 (range 0-3254)
in all 65 patients. The patients were divided into two groups: <5
CTCs (n=25) and ≥5 CTCs (n=40). Comparing these two groups
showed that patients with <5 CTCs had a significantly longer PFS
and OS than patients with ≥5 CTCs (HR 2.10, 95%CI 1.21-3.65,
TABLE 1 | Patient characteristics (n=65).

N % N %

Age BRCA mutation
≤40 6 9.2 Positive 8 12.3
41-55 24 36.9 Negative 16 24.6
>55 35 53.9 Unknown 41 63.1
WHO performance status Previous (neo)adjuvant chemotherapy
0 16 24.6 Yes 45 69.2
1 46 70.8 None 20 30.8
2 3 4.6

Previous adjuvant endocrine therapy
Menopausal status Yes 30 46.2
Premenopausal 10 15.4 None 35 53.8
Perimenopausal 9 13.9
Postmenopausal 45 69.2 Number of previous palliative chemotherapy agents
Unknown 1 1.5 0 5 7.7

1 10 15.4
BR grade 2 18 27.7
1 0 0.0 3 17 26.2
2 16 24.6 4 10 15.4
3 27 41.5 5 3 4.6
Unknown 22 33.9 6 2 3.1
ER status Number of previous palliative endocrine agents
Positive 47 72.3 0 27 41.5
Negative 18 27.7 1 11 16.9

2 14 21.5
PR status 3 5 7.7
Positive 33 50.8 4 5 7.7
Negative 32 49.2 5 2 3.1

6 1 1.5
HER2 status
Positive 2 3.1 PARP-inhibitor received previously
Negative 62 95.4 Yes 5 7.7
Unknown 1 1.5 None 60 92.3
Subtype
ER+/HER2- 44 67.7
ER+/HER2+ 2 3.1
Triple negative 18 27.7
Unknown 1 1.5
June 2021 | Volume 11
Patient characteristics for all 65 patients. ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor 2.
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p=0 .009 and HR 2.38 , 95%CI 1 .36-4 .18 , p=0 .003
respectively; Figure 2).

Evaluation of Other Prognostic Factors
Established prognostic factors (CTC count (<5 CTCs/≥5 CTCs),
subtype, BRCA-status, BR (Bloom-Richardson) grade, previous
lines of palliative chemotherapy, previous lines of palliative
endocrine therapy, presence of visceral metastasis, WHO status
and age) were compared in relation to PFS and OS. Only a CTC
count of ≥5 was associated with a shorter PFS in univariate
analysis (HR 2.10, 95%CI 1.21-3.65, p=0.009, see Table 2A).
Therefore, no multivariate regression analysis could be
performed. For OS, in univariate analysis CTC count and the
previous lines of palliative chemotherapies were associated with
outcome. When adding these variables to the multivariate
analysis, both were independent prognostic factors for OS
(CTC count ≥5 (HR 2.22, 95%CI 1.26-3.90, p=0.006) and
higher number of palliative chemotherapies [HR 1.96, 95%CI
1.12-3.44, p=0.019)] (see Table 2B).

As shown in the univariate analysis, there was no difference in
PFS (p=0.373) nor OS (p=0.928) between the patients with
Frontiers in Oncology | www.frontiersin.org 6177
TNBC and ER+ primary breast cancer in relation to cDDP
therapy. Median PFS in the ER+ patients (n=47) was 2.5
months (95%CI 1.83-3.17) and median OS 7.3 months (95%CI
3.68-10.90). TNBC patients (n=18) had a median PFS of 2.9
months (95%CI 1.66-4.18) and OS of 6.1 months (95%CI 5.12-
7.04) (Supplementary Figure 4). The BRCA status was known in
24 patients. Between BRCA-positive (n=8) and BRCA-negative
(n=16) patients, no difference was found in PFS (p=0.119) and
OS (p=0.200). Median PFS in the 8 patients with a known BRCA-
mutation was 4.5 months (95%CI 0.00-10.47) and median OS
was 9.6 months (95%CI 0.00-20.98). For the 16 patients without
BRCA-mutation, median PFS was 2.6 months (95%CI 2.46-2.74)
and median OS 6.6 months (95%CI 5.26-7.94).

Toxicity of cDDP Therapy
All serious adverse events (SAEs) and all adverse events (AEs) of
grade ≥3 were reported in all patients who received ≥1 cycle of
cDDP (n=65). In total, 119 SAEs were reported; in 27 patients,
no SAEs were reported. The following SAEs were reported five
times or more: nausea, dyspnea, acute kidney failure, anemia,
and hypercalcemia. A line listing of all SAEs is shown in
A

B

FIGURE 2 | PFS and OS in relation to the CTC count (n=65). Kaplan Meier curves of (A) progression-free survival (PFS) and (B) overall survival (OS) in relation to
CTC count at baseline. CTC counts are divided into two categories of < 5 CTCs and ≥ 5 CTCs.
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Supplementary Table 3. Of the 119 reported SAEs, only 12
of the SAEs (10%) were grade 3 or higher and related to
cDDP treatment.
DISCUSSION

The data presented here shows that the CTC-cDDP-sensitivity
profile was unable to select patients who will respond to cDDP
treatment. The primary aim with a RR of approximately 60% in
MBC patients with ≥5 CTCs and a favorable cDDP-sensitivity
profile, was set relatively high given the relatively expensive and
complex handlings to enumerate and characterize CTCs. However,
noneof the patientswith a favorable profile had a response to cDDP
therapy.TheCTC-cDDP-sensitivity profilewas generated basedon
17 breast cancer cell lines which were thought to represent the
clinical breast cancer subtypes. However, it could be that these cell
lines were not representative enough. Also, since breast cancer is a
heterogeneous disease, it can be difficult to generate a profile that
predicts response for all breast cancer subtypes. Furthermore, only
55 genes in the measured CTC mRNA profile were CTC-specific.
This selection of genes might have been too limited for accurate
prediction of cDDP sensitivity, or relevant genes related to cDDP
sensitivity might have been excluded from the mRNA profile
because their expression in CTCs does not significantly exceed
their expression in leukocytes. Measuring gene expression in single
Frontiers in Oncology | www.frontiersin.org 7178
or a collection of pure CTCs (23) could give a more comprehensive
and reliable sensitivity profile. Future research should also focus on
diagnostic leukapheresis (DLA), since with this technique large
amounts of CTCs can be obtained, and on generating organoids
from CTCs to test drug sensitivity (24). Large amounts of patient
derived and pure materials, in combination with techniques as
single CTC genomics and transcriptomics, are promising tools to
generate predictive sensitivity profiles.

Despite the failure to meet the primary endpoint, to the best
of our knowledge, this is the largest group of MBC patients
treated with cDDP monotherapy thus far. A few studies have
investigated cDDP monotherapy for breast cancer in the
neoadjuvant or metastatic setting, but these were all smaller
(3–7, 25–29). In these studies, a variety of RRs have been
reported. In patients who received prior treatment for
metastatic disease (patients were treated with cDDP in the
second to fifth line of therapy), average RRs were 9% (range 0-
21%) (5, 6, 27–29), which is comparable with the 7% PR as best
observed response in our study.

In our study, 33 (56%) patients had SD as best observed
response. The median PFS of all patients was 2.5 months and
the median OS 6.9 months, which is as expected in this heavily
pretreated group of patients. Cortes and colleagues conducted a
study in a patient group that is close to our cohort of patients for
comparing outcome to cDDP to other treatments given in this
setting (2). They investigated eribulin treatment (n=503) versus
TABLE 2 | Univariate and multivariate Cox Regression analysis.

(A)
Univariate analysis Multivariate analysis

Variable HR 95% CI p-value HR 95%CI p-value

CTC count 2.098 1.21-3.65 0.009 2.098 1.21-3.65 0.009
Subtype 0.765 0.42-1.38 0.373
BRCA 0.464 0.18-1.22 0.119
BR grade 0.677 0.35-1.32 0.251
Palliative chemo 0.949 0.57-1.60 0.844
Palliative endo 0.820 0.49-1.39 0.458
Visceral metastases 0.846 0.36-1.99 0.700
WHO 0.998 0.56-1.78 0.995
Age 1.022 0.99-1.05 0.145

(B)
Univariate analysis Multivariate analysis

Variable HR 95% CI p-value HR 95%CI p-value

CTC count 2.381 1.36-4.18 0.003 2.219 1.26-3.90 0.006
Subtype 0.974 0.54-1.74 0.928
BRCA 0.512 0.18-1.43 0.200
BR grade 0.568 0.29-1.11 0.100
Palliative chemo 2.139 1.22-3.75 0.008 1.958 1.12-3.44 0.019
Palliative endo 0.800 0.47-1.36 0.411
Visceral metastases 1.522 0.65-3.59 0.338
WHO 0.955 0.51-1.79 0.885
Age 1.026 1.00-1.06 0.060
June 2
021 | Volume 11 | Article
Univariate and multivariate Cox regression analysis (n=65). (A) shows all variables in relation to PFS and (B) in relation to OS. CTC count was analyzed as dichotomized variable (<5 CTCs/
≥5 CTCs) and age as continuous variable. For subtype patients were divided in ER+ versus TNBC and for BR (Bloom-Richardson) grade all patients were grade 2 or 3. Palliative
chemotherapy was divided in 0-2 and 3-6 lines of chemotherapy for advanced breast cancer. Palliative endocrine therapies were divided in 0-1 and 2-6 lines of endocrine therapies for
advanced breast cancer. WHO stands for WHO performance status and was divided in WHO 0 or WHO 1-2. HR, hazard ratio.
The significant values are shown in bold.
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treatment of choice of the treating physician (TPC) in heavily
pretreated patients with locally recurrent or metastatic breast
cancer. This TPC (n=247) consisted of 25% vinorelbine, 19%
gemcitabine, 18% capecitabine, 15% taxanes, 10% anthracyclines
and 10% other chemotherapies. In the eribulin group RRs of 12%
were found and in the TPC group of 5%. Stable disease was found
in 44% of the eribulin group and in 45% of the TPC group. Median
PFS for eribulin was 3.7 months and the median PFS in the TPC
group was 2.2 months (2). Furthermore, Bardia and colleagues
compared sacituzumab govitecan (n=235) (an antibody–drug
conjugate composed of an antibody targeting the human
trophoblast cell-surface antigen 2) with single-agent
chemotherapy of TPC (n=233 received eribulin, vinorelbine,
capecitabine or gemcitabine) in relapsed or refractory metastatic
breast cancer patients (progression on >2 previous standard
chemotherapy regimens, including a taxane) (30). However, this
study was performed in patients with a triple-negative breast
cancer only. Median PFS was 5.6 months for sacituzumab
govitecan and 1.7 months in the TPC group and median OS
12.1 months and 6.7 months, respectively. In total, 35% of the
patients that received sacituzumab govitecan had an objective
response and 5% in the chemotherapy group. So, comparing this
to our data, similar RRs were found for cDDP treatment in heavily
pretreated patients compared to the other chemotherapy
regimens given.

In the search for markers which predict response to cDDP
therapy, impact of the tumor subtypes on outcome was assessed in
exploratory analysis. As commonly done, these subtypes were
determined on primary tumor tissue. It should be kept in mind
that during the course of disease and under treatment pressure the
molecular characteristics determining these subtypes can change.
To the best of our knowledge, we are the first to measure CTCs in
heavily pretreated MBC patients who received cDDP therapy. In
accordance with data from MBC patients who were not heavily
pretreated (13), CTCs were an independent prognostic marker for
both PFS and OS in our set of MBC patients receiving cDDP.While
literature shows that patients with TNBC and/or a BRCA1
mutation may have a better response to platinum treatment with
RRs up to 80% (25, 26, 31), our data did not show an improved PFS
or OS in TNBC patients nor in BRCA-positive patients. However,
for the majority (41 out of 65 (63%)) of the patients the BRCA
status was unknown, resulting in a very low power to detect an
effect. For future research, it would be interesting to investigate in a
set of BRCA mutation carriers whether a gene expression profile in
CTCs can discriminate patients with a good from those with a poor
outcome. And also, it would be interesting to look at homologous
recombination deficiency (HRD) since HRD can identify TNBC
tumors that are more likely to respond to platinum-containing
therapies (32).

As mentioned before, toxicity might be one of the reasons that
cDDP is not widely considered as a treatment option in MBC.
Treatment with cDDP in this study seemed to be tolerable with
9% (6/65) of the patients discontinuing cDDP treatment due to
objectified toxicity and 10% of the patients experiencing grade
3-4 toxicity related to the cDDP treatment.
Frontiers in Oncology | www.frontiersin.org 8179
CONCLUSIONS

In conclusion, the CTC-cDDP-sensitivity profile derived from
breast cancer cell lines was unable to select patients responding
to cDDP therapy. In an unselected group of heavily pretreated
MBC patients, cDDP monotherapy yields outcomes comparable
to the outcomes achieved with other regimens which are used in
this setting. Furthermore, the prognostic value of CTC
enumeration was also found in cDDP-treated MBC patients.
Further studies are needed to identify biomarkers which
can be used in the clinic to specifically select patients for
platinum-compounds.
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Background: Biomarker discrepancy between primary and recurrent/metastatic breast
cancer is well known, however its impact on prognosis and treatment after relapse is still
unclear. Current study aims to evaluate biomarkers discrepancy between primary and
recurrent/metastatic lesions as well as to investigate its association with following
treatment pattern and disease outcome.

Patients and methods: We retrospectively included consecutive breast cancer patients
undergoing surgery in our center from Jan. 2009 to Dec. 2016 and reported disease
recurrence. Patients with re-biopsy and paired biomarkers statuses on primary and
recurrent/metastatic lesions were further analyzed. Kappa test was used to analyze the
concordance rate of estrogen receptor (ER), progesterone receptor (PR) and human
epidermal growth factor receptor-2 (HER2) status. Post-recurrence survival (PRS) was
compared between subgroups by Kaplan-Meier curve. Cox regression model was
applied to identify impact factors for PRS.

Results: A total of 156 patients were finally included, of whom 70 and 86 had loco-
regional and distant recurrence, respectively. Concordance rates of ER, PR and HER2
were 83.3%, 66.7%, and 97.1%, respectively, which was similarly distributed among
different recurrent sites (all P > 0.05). Primary ER-positivity (vs ER-negativity, P = 0.014)
and loco-regional recurrence (vs distant metastasis, P = 0.001) were independently
associated with superior PRS, while patients with visceral metastasis (P < 0.001) had the
worst disease outcome. Hormone receptor/HER2 status discrepancy was observed in 28
patients. Fifteen of them changed systemic treatment based on biomarker statuses of
recurrent lesion, however, their PRS was not improved compared to those 13 patients
who continued the same treatment according to primary biomarkers statuses (P = 0.298).

Conclusion: Biomarker discrepancy was observed between primary and recurrent/
metastatic breast cancer lesions and had certain influence on treatment strategies after
relapse. However, its impact on disease outcome wasn’t established in the current study,
which deserves further evaluation.
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INTRODUCTION

Breast cancer is the second most common cancer all over the
world and the most common malignancy in women. An
estimated 2.09 million women are newly diagnosed annually
(1). As a heterogeneous disease, breast cancer can be classified
into different molecular subtypes according to estrogen receptor
(ER), progesterone receptor (PR), and human epidermal growth
factor receptor-2 (HER2) status, which resulted in individualized
treatment (2). However, 20-30% early breast cancer patients will
relapse despite optimate comprehensive treatment (3, 4), which
is considered a major cause of breast cancer related death (5).

Systemic treatment of recurrent/metastatic breast cancer is
traditionally based on primary tumor biomarker statuses, with a
five-year overall survival (OS) rate at 27% (6). However,
numerous studies have demonstrated that substantial
discrepancy of ER, PR, and HER2 status exists between
primary and recurrent/metastatic tumors, which may influence
disease outcome. Schrijver et al. reported the discordance rates of
ER, PR, and HER2 were 19.3%, 30.9%, and 10.3%, respectively, in
a meta-analysis of 39 studies (7). Dieci et al. and Shiino et al. had
both demonstrated that loss of receptors, which is defined as
positive in primary tumor and negative in recurrent lesion, leads
to a worse survival (8–10). On the contrary, however, Amir et al.
found that hormone receptor (HoR) and HER2 status
discrepancy is not associated with patients’ disease outcome in
a prospective analysis (11). The discrepancy rates of biomarkers
were variable and its impact on survival was still lack of strong
evidence. In regard to its influence on treatment, some other
studies indicated that in 14-18% cases, subsequent systemic
strategy may be changed according to biomarker statuses of
recurrent/metastatic tumor (8, 11, 12). However, few of these
studies put emphasis on the association between biomarker
discrepancy and clinical outcome after recurrence. In fact, in
the meta-analysis of Schrijver et al., there were 14-62% and 67%
patients changed their treatment corresponding to HoR and
HER2 discrepancy between primary and recurrent/metastatic
tumors (7). So, further analysis is needed to evaluate biomarker
discrepancy between primary and recurrent/metastatic breast
cancer as well as to investigate its association with subsequent
treatment pattern and disease outcome.

According to the aforementioned evidence, nowadays, it is
recommended by several clinical guidelines that first recurrence
disease should be re-biopsied to confirm pathology diagnosis and
re-assess ER, PR and HER2 status on recurrent/metastatic tumor
if possible (13–16). Meanwhile, there is no consensus whether re-
biopsy of recurrent/metastatic lesions should guide subsequent
treatment decisions and it is still unclear if biomarker
discrepancy has any influence on further disease outcome.

In current study, we aim to evaluate the concordance rates of
ER, PR and HER2 statuses between primary and recurrent/
metastatic breast cancer lesions, to investigate its association
with following systemic treatment and post-recurrence survival
(PRS) in recurrent/metastatic breast cancer patients.
Frontiers in Oncology | www.frontiersin.org 2182
PATIENTS AND METHODS

Study Population
Continuous patients undergoing surgery in the Comprehensive
Breast Health Center, Ruijin Hospital, Shanghai Jiao Tong
University School of Medicine, Shanghai, China from Jan. 2009
to Dec. 2016 were retrospectively included. Inclusion criteria were
as follows: 1) histologically diagnosed breast cancer patients, 2)
occurrence of loco-regional recurrence (LRR) or distant metastasis
during follow-up, 3) histo-pathological analysis of recurrent/
metastatic lesions by biopsy or resection 4) complete follow-up.
De novo Stage IV patients were excluded. All clinical information
was obtained from Shanghai Jiao Tong University Breast Cancer
Database (SJTU-BCDB). This approach was approved by the
independent Ethical Committees of Ruijin Hospital, Shanghai
Jiao Tong University School of Medicine, and was in accordance
with the Helsinki Declaration. Patient consent to review their
medical records was waived by the Ethical Committee of Ruijin
Hospital in case of retrospective study. Meantime, patients
included were anonymous, and all medical data of patients were
kept confidential.

Tumor Histo-Pathologic Evaluation
Histo-pathologic evaluation of both primary and recurrent/
metastatic tumor was accomplished by at least two
independent pathologists in the Department of Pathology,
Ruijin Hospital, Shanghai Jiao Tong University School of
Medicine, Shanghai, China. For patients receiving neo-
adjuvant therapy (NAT), post-NAT surgical sample was used
for histo-pathologic and immunohistochemical (IHC)
assessment. The biomarker statuses taken into analysis are
based on the criteria and the initial interpretation at the time
of disease diagnosis. Positivity criteria adopted for IHC
assessment of ER, PR, and Ki67 were described in our previous
report (17). The 2013 ASCO/CAP HER2 testing guideline was
adopted to classify HER2 status. Patients with HER2 IHC 2+,
fluorescence in situ hybridization (FISH) equivocal (HER2/
CEP17 ratio < 2.0 with average HER2 gene copy number 4.0-
5.9 signals/cell) or no available FISH result were classified as
“HER2 uncertain”.

Treatment in Adjuvant and
Recurrent Setting
All enrolled patients underwent standard surgical procedure for
their primary tumor in our center with or without neo-adjuvant
therapy. Adjuvant treatment strategy was decided through a
multidisciplinary team (MDT) meeting with the attendance of
surgical oncologists, medical oncologists, radiation oncologists,
and breast cancer specialized nurses. Upon suspicious disease
recurrence, patients would be recommended to receive
radiology-guided biopsy or resection. Another multi-
disciplinary team meeting would be held to decide the
subsequent systemic treatment after disease relapse, based on
both primary and recurrent/metastatic disease features.
July 2021 | Volume 11 | Article 638619
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Follow-up
Patient follow-up was carried out by specialized nurses. OS was
defined as the period between the date of operation and death of
any cause or the last follow-up. Disease-free interval (DFI) was
computed till the first proven event including LRR and distant
metastasis in any sites. PRS was calculated from the date of first
recurrence till death of any cause or the last follow-up. The latest
follow-up was conducted in May 2019.
Statistical Analysis
Chi-squared test or Fisher’s exact test were used to descript
baseline characteristics of categorical variables among the whole
cohort. Concordance rates of ER, PR, and HER2 between
primary and recurrent/metastatic lesions were tested by using
Kappa test. A Kappa value ≥ 0.6 was considered as a strong
concordance, while ≤ 0.4 as a weak concordance (18). Chi-square
test and multivariate logistic regression were used to describe
baseline characteristics of the study population and to identify
impact factors for receptor conversion. PRS were compared
between subgroups by Kaplan-Meier curve. Cox regression
model was applied to identify impact factors for PRS. All
statistical tests were accomplished by IBM SPSS statistics
software version 22.0 (SPSS, Inc., Chicago, IL). Figures were
produced with GraphPad Prism version 7.0 (GraphPad Software,
CA, USA). Two-side P value < 0.05 was considered
statistically significant.
RESULTS

Patient Demographics
Overall, 5856 continuous patients were diagnosed and
underwent breast cancer surgery from January 2009 to
December 2016 in our center. A total of 482 patients reported
recurrent/metastatic event(s) during follow-up, and 218 of them
underwent re-biopsy. Patients receiving fine-needle aspiration
biopsy were excluded due to unavailable IHC results. Finally, 156
patients with paired IHC results of ER, PR and HER2 on both
primary and recurrent/metastatic lesions were included in
analysis (Supplementary Figure S1). Baseline patient
characteristics were presented in Table 1. Mean age at
diagnosis was 52.2 years (range 24.0 – 82.0; Table 1). The
majority of enrolled patients were diagnosed as invasive ductal
carcinoma (IDC), 20 ductal carcinoma in situ, 5 invasive lobular
carcinoma and other 4 were diagnosed as special type breast
cancer including sarcoma, apocrine carcinoma and mucinous
adenocarcinoma. Neoadjuvant treatment (NAT) was conducted
in thirty patients, 27 of them received neoadjuvant
chemotherapy (CT, Supplementary Table S1), and none of
them reached pathological complete response. Forty-two
patients underwent breast-conserving surgery (BCS) and
axillary lymph node dissection (ALND) was conducted in 105
patients. Lymph node involvement was found in 75 patients.
Almost half patients had grade 3 tumors. Seventy patients had
LRR, of whom 28 ipsilateral breast tumor recurrence, 25 chest
Frontiers in Oncology | www.frontiersin.org 3183
wall recurrence and 18 regional node recurrence. Besides, 47 and
39 patients had metastases in viscera and bone or soft
tissues, respectively.
TABLE 1 | Baseline clinico-pathological characteristics of breast cancer patients.

Characteristics N %

Median age, years (range) 52.0 (24-82)
Age, years
<50 67 42.9
≥50 89 57.1

Menstrual status
Pre/peri-menopausal 72 46.2
Post-menopausal 84 53.8

Neoadjuvant treatment
Yes 30 19.2
No 126 80.8

Breast surgery
Mastectomy 114 73.1
BCS 42 26.9

Axillary surgery
None 6 3.8
SLNB 45 28.8
ALND 105 67.3

Histological type
IDC 127 81.4
Non-IDC 29 18.6

Histological grade
I-II 72 46.2
III 77 49.4
NA 7 4.5

pT
is 20 12.8
1-2 126 80.8
3-4 10 6.4

pN
0, x* 81 51.9
1-3 75 48.1

ER status
Positive 94 60.3
Negative 62 39.7

PR status
Positive 58 37.2
Negative 98 62.8

HER2 status
Positive 42 26.9
Negative 98 62.8
Uncertain** 16 10.3

Ki67 status
<14% 50 32.1
≥14% 106 67.9

DFI
<2 years 59 37.8
≥2 years 97 62.2

Recurrent Site
LRR 70 44.9
Viscera 52 33.3
Bone or soft tissue 34 21.8
July 2
021 | Volume 11 | Article 63
*pN was not available in 6 patients who did not have axillary surgery.
**16 patients were defined as HER2 2+ in IHC test but did not undergo FISH testing.
BCS, breast-conserving surgery; SLNB, sentinel lymph node biopsy; ALND, axillary lymph
node dissection; IDC, invasive ductal carcinoma; NA, not available; pT, pathological tumor
size stage; pN, pathological lymph node stage; is, in situs; ER, estrogen receptor; PR,
progesterone receptor; HER2, human epidermal growth factor receptor-2; DFI, disease
free interval; LRR, loco-regional recurrence.
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Concordance of ER, PR, and HER2 Status
All 156 patients had detailed ER and PR statuses in both primary and
recurrent/metastatic lesions. However, HER2 and Ki67 discrepancy
could not be analyzed in 52 and 11 patients. In detail, 6 and 31
patients were “HER2 uncertain” in primary or recurrent tumor. And
in another 5 and 11 patients, HER2 or Ki67 status was not assessable
due to restricted quality of re-biopsy sample.

Positivity rates of ER and PR in the primary lesion were 60.3%
and 37.2% (Table 1). Thirty-five patients had primary HER2-
positive disease, while 16 patients were HER2 uncertain in
primary lesions. In the recurrent/metastatic lesions, ER and PR
positivity was seen in 60.3% and 34.6% patients, and 36.5% patients
were HER2-positive. Concordance rates of ER, PR, andHER2 status
were 83.3% (k = 0652, P < 0.001; Table 2), 66.7% (k = 0.276, P =
0.001), and 97.1% (k = 0.937, P < 0.001), respectively. Proportion of
patients with Ki67 ≥ 14% was 69.7% and 75.2% in primary and
Frontiers in Oncology | www.frontiersin.org 4184
recurrent/metastatic lesions, respectively, with a concordance rate of
68.3% (k = 0.152, P = 0.169). Concordance rates of ER in LRR, bone
or soft tissues, and visceral metastatic lesions were 78.6%, 88.2%,
and 86.5%, respectively. PR conversion was observed in 38.2%
patients with bone or soft tissues metastasis, while fewer PR
conversion was reported in LRR (31.4%) or visceral metastatic
(32.7%) patients. No visceral metastasis patients experienced HER2
conversion and the concordance rate of HER2 was 95.7% in LRR
patients. There was no significant difference in concordance rates of
ER (P = 0.347), PR (P = 0.782), and HER2 (P = 0.401) among
different recurrent sites (Figure 1).

Factors Associated With
Biomarker Discrepancy
Univariate analysis found that age (P = 0.036; Supplementary
Table S2), menstrual status (P = 0.031), primary axillary surgery
TABLE 2 | Concordance rate of biomarkers between primary and recurrent/metastatic breast cancer lesions.

Primary lesion N Recurrent lesion Concordance rate Kappa P value

Positive* Negative*

ER status 156 83.3% 0.652 <0.001
Positive 81 13
Negative 13 49

PR status 156 66.7% 0.276 0.001
Positive 30 28
Negative 24 74

HER2 status 104** 97.1% 0.937 <0.001
Positive 35 0
Negative 3 66

Ki67 status 145** 68.3% 0.152 0.169
≥14% 87 14
<14% 32 12
July 2021
 | Volume 11 | Article
*Positive group meant ≥14% in Ki67 status, and negative group meant <14% in Ki67 status.
ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor-2.
**HER2 and Ki67 discrepancy were unanalyzable in 52 and 11 patients due to “HER2 certain” or restricted quality of re-biopsy sample.
The bold values mean the difference is statistically significant.
FIGURE 1 | Concordance rate of molecular biomarker status in different recurrent sites. LRR, loco-regional recurrence.
638619
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(P = 0.027), and pathological lymph node status (P = 0.018) were
associated with ER conversion between primary and recurrent/
metastatic lesions. Histological grade was associated with PR
conversion (P = 0.030) and no clinico-pathological factor was
related with HER2 conversion (all P > 0.05).

With regards to adjuvant therapy application, we found that
significantly more patients receiving adjuvant endocrine therapy
(ET, P = 0.012, Supplementary Table S3) experienced PR
conversion at disease relapse. ER and HER2 conversion were
not influenced by adjuvant therapy (all P > 0.05).

Further multivariate analysis showed that only node-negative
tumor was statistically more likely to experience ER conversion
after recurrence (9.3% vs 23.5%, odds ratio [OR] = 0.36, 95%
confidence interval [CI] = 0.14 - 0.93, P = 0.035; Supplementary
Table S4). What’s more, adjuvant ET application was proven an
independent factor of PR conversion, patients receiving adjuvant
ET were more likely to have PR discrepancy after relapse (OR =
2.45, 95%CI = 1.17 - 5.12, P = 0.017, Supplementary Table S5).

Biomarker Discrepancy and Factors
Associated With Survival in Recurrent/
Metastatic Breast Cancer Patients
At a median follow-up time of 52.8 months (range 12.5 - 110.6)
and a median post-recurrence follow-up time of 20.4 months
(range 2.40 - 78.13 months), the median DFI was 31.4 months
(range 2.43 - 106.87). Thirty-six patients died after disease
relapse. Five-year OS and PRS rates were 77.6% and 52.3%.

Univariate analysis demonstrated that breast surgery
(P = 0.005; Supplementary Table S6), axillary node
involvement (P = 0.013), tumor size (P = 0.019), and primary
ER status (P = 0.007) were associated with PRS. Other impact
factors of PRS including recurrent site (P = 0.014), ER (P = 0.005;
Frontiers in Oncology | www.frontiersin.org 5185
Figure 2) and PR (P = 0.002) conversion between primary and
recurrent/metastatic lesions, as well as DFI (P = 0.042). No
significant different influence on survival was observed between
ER-gain (from ER-negative to positive) and ER-loss (from ER-
positive to negative) patients (Supplementary Figure S2).
Further multivariate analysis demonstrated that primary ER
status (P = 0.014; Table 3) and recurrent site (P = 0.001) were
independently associated with PRS. Patients with visceral
metastasis (hazard ratio [HR] = 6.69, 95%CI = 2.50 - 17.87, P
< 0.001) or bone or soft tissues metastasis (HR = 4.52, 95%CI =
1.57 - 13.04, P = 0.005) had a worse PRS compared to LRR
patients. Worse PRS was also observed in primary ER-negative
tumors compared to ER-positive ones (HR = 2.30, 95%CI = 1.18
- 4.48, P = 0.014).

Subsequent Treatment Decision and
Survival of Patients With Biomarker
Discrepancy
A total of 28 patients had receptor conversion between primary and
recurrent/metastatic lesions (Figure 3A), and their detailed systemic
treatment information in both adjuvant and post-recurrence setting
was listed in the Table 4. HoR conversion was observed in 25
patients, including 12 patients from HoR-positive to negative, and
A

B

FIGURE 2 | Post-recurrence survival in breast cancer patients according to
(A) ER conversion and (B) PR conversion. ER, estrogen receptor; PR,
progesterone receptor.
TABLE 3 | Multivariate analysis of factors associated with post-recurrence
survival in breast cancer patients.

Clinico-pathologic Characteristics HR 95%CI P value

Breast surgery 0.289
Mastectomy 1.00
BCS 0.39 0.07 - 2.23

Axillary surgery 0.625
ALND 1.00
SLNB 0.51 0.19 - 2.01 0.333
None 0.00 0 - +∞ 0.978

pT 0.195
3-4 1.00
1-2 0.38 0.12 - 1.17 0.091
is 0.26 0.04 - 1.58 0.142

ER status 0.014
Positive 1.00
Negative 2.30 1.18 - 4.48

Recurrent site 0.001
LRR 1.00
Viscera 6.69 2.50 - 17.87 <0.001
Bone or soft tissues 4.52 1.57 - 13.04 0.005

ER conversion 0.375
Remain negative 1.00
Discordant 1.00 0.11 - 9.47 1.000
Remain positive 0.41 0.03 - 5.27 0.496

PR conversion 0.934
Remain negative 1.00
Discordant 0.82 0.29 - 2.36 0.714
Remain positive 0.00 0 - +∞ 0.956

DFI 0.792
<2years 1.00
≥2years 1.12 0.49 - 2.57
Ju
ly 2021 | V
olume 11 | Article
OR, odds ratio; CI, confidence interval; BCS, breast-conserving surgery; ALND, axillary
lymph node dissection; SLNB, sentinel lymph node biopsy; is, in situs; ER, estrogen
receptor; LRR, loco-regional recurrence; pT, pathological tumor size stage; is, in situs; PR,
progesterone receptor; DFI, disease-free interval.
The bold values mean the difference is statistically significant.
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other 13 patients vice versa. Three patients had HER2 conversion,
all from HER2-negative to positive. Thirteen patients (52.0%)
changed their subsequent ET according to new HoR status of
recurrent lesions and two patients added HER2-targeted
treatment after relapse. Among 12 HoR-loss (from HoR-positive
to negative) patients, 8 of them (66.7%) changed following
endocrine treatment, while only 5 in 13 HoR-gain (from HoR-
negative to positive) patients (38.5%) did so (Supplementary
Table S7). The 2-year PRS rates of treatment-changed and
Frontiers in Oncology | www.frontiersin.org 6186
treatment-unchanged patients were 48.1% and 90.0%. Moreover,
the Kaplan-Meier curve exhibited no significant difference in PRS
between two groups of patients (P = 0.298; Figure 3B).
DISCUSSION

In the current study, we included 156 patients and found that
concordance rates of ER, PR, and, HER2 status were 83.3%,
A B

FIGURE 3 | Subsequent treatment and clinical outcome of recurrent’/metastatic breast cancer patients with molecular biomarker discrepancy. (A) Subsequent
treatment changes according to molecular biomarker conversion. (B) Post-recurrence survival by subsequent treatment change. HoR, hormone receptor; HER2,
human epidermal growth factor receptor-2.
TABLE 4 | Detailed systemic treatment information before and after recurrence of patient with biomarker discrepancy.

ID HoR conversion HER2 conversion Recurrent event Treatment before recurrence Treatment after recurrence

42 +/- -/- Liver Letrozole Fulvestrant
420 +/- +/+ RNR Letrozole No ET
454 +/- +/+ IBTR Tamoxifen No ET
513 -/+ NA RNR No ET No ET
781 -/+ NA IBTR No ET No ET
959 +/- -/- RNR Tamoxifen+Goserelin No ET
989 -/+ -/- RNR No ET No ET
1146 +/+ -/+ Lymph node No anti-HER2 No anti-HER2
1166 -/+ NA CWR No ET No ET
1226 -/+ +/+ IBTR No ET No ET
1915 -/+ NA RNR No ET No ET
2597 -/+ -/- IBTR No ET Tamoxifen+Goserelin
3292 -/+ -/- CWR No ET Letrozole
3652 -/+ NA IBTR No ET Toremifene
3660 +/- -/- Lung Toremifene Fulvestrant
4209 -/+ NA CWR No ET No ET
4219 +/- NA IBTR Tamoxifen No ET
4327 +/- NA Bone or soft tissue Tamoxifen Fulvestrant
4362 +/- -/- Bone or soft tissue Letrozole No ET
4428 -/+ NA Bone or soft tissue No ET No ET
4603 +/+ -/+ RNR No anti-HER2 Trastuzmab
4764 +/- NA Liver Letrozole No ET
5276 +/- +/+ IBTR Tamoxifen Toremifene
6169 +/- -/- Lung Toremifene No ET
6418 -/+ NA Liver No ET Letrozole
7500 +/+ -/+ CWR No anti-HER2 Trastuzmab+Pertuzumab
7547 +/- +/+ Lung Letrozole No ET
7978 -/+ -/- Liver No ET Tamoxifen
July 2021
HoR, hormone receptor; HER2, human epidermal growth factor receptor-2; +/-, from positive to negative; -/-, remain negative; +/+, remain positive; RNR, regional node recurrence; ET,
endocrine therapy; IBTR, ipsilateral breast tumor recurrence; -/+, from negative to positive; NA, not available; CWR, chest wall recurrence.
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66.7%, and 97.1% between primary and recurrent/metastatic
tumors, respectively. After disease relapse, primary ER-negative
tumor and distant metastasis were independently associated with
worse PRS. Twenty-eight patients (17.9%) had biomarker
discrepancy between primary and recurrent/metastatic tumor,
and 15 patients changed subsequent treatment according to new
receptor status, whose PRS was not superior to those maintaining
treatment strategy according to biomarker statuses of
primary lesion.

An earlier study of our center declared considerable rates of
ER and PR discordance between primary and recurrent/
metastatic breast cancer as 14.6% and 16.7%, and only 8.3%
patients showed HER2 discrepancy in status in a small cohort of
48 patients (19). As shown in a meta-analysis summarizing 47
articles from 1983 to 2011, the pooled discordance rates were
20%, 33%, and 8% for ER, PR, and HER2 status between primary
and metastatic lesions (20). Yeung et al. showed similar findings
based on data from 47 studies that median conversion rates of
ER, PR, and HER2 at 14%, 21%, and 10%, respectively (21).
Moreover, among these receptor statuses, the lowest
concordance rate was observed in PR (8, 11, 22, 23) and HER2
status is the most stable one between primary and recurrent/
metastatic lesions (24). For patients with HER2 discrepancy,
more patients were “HER2 gain” (from HER2-negative to
positive) rather than “HER2-loss” (from HER2-positive to
negative), according to another meta-analysis (25). McAnena
et al. demonstrated in a retrospective study of 132 recurrent
breast cancer patients that biomarker discrepancy was observed
more in visceral metastasis than bone or soft tissues metastasis
(22.0% vs 15.2%) (26). However, a more recent research declared
that conversion rates of ER, PR, and HER2 were not statistically
significantly different among patients with different recurrent
sites and times of recurrence (27). In our current study, we
included 156 patients with a longer follow-up time to get more
convictive result. Single receptor discordant rates were 16.7%,
33.3%, and 2.9% for ER, PR, and HER2, respectively, which was
similar to previous studies. All the patients with HER2
discrepancy were from HER2-negative to HER2-positive.
Besides, we did not identify significant difference in recurrence
site-specific receptor discordant rate, which was also in
consistent with a previous study (28).

The mechanism of biomarker discrepancy between primary
and recurrent/metastatic breast cancer is still uncertain. Several
hypotheses have been proposed, including selective effect of
previous treatments (29, 30), intra-tumoral heterogeneity (31),
switch in tumor biology (32, 33), and clonal genome evolution
(20, 34, 35). Besides, the lack of reproducibility of IHC assays due
to pre-analytical and analytical errors is also recognized as a
potential explanation for biomarker discrepancy (36, 37). The
biomarker discrepancy between primary and recurrent/
metastatic tumors owing to newly acquired biological
characteristics probably gives tumor cells ability to transmit via
the circulation or lymphatic systems and metastasize to new sites
(38–40). Biomarker discrepancy may contribute to this increased
capacity to invade since both endocrine and growth factor
signaling pathways are associated with tumor invasion and
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metastasis (41). Another well-known potential explanation of
biomarker discrepancy is selection pressure of treatment (7).
There is still short of solid evidence to support this theory. Some
studies reported an effect of CT exposure on HoR conversion and
of previous anti-HER2 therapy on HER2 conversion (42, 43),
while other studies did not find such correlation (12). Here, we
found no association between CT and anti-HER2 therapy with
ER or HER2 conversion. But we demonstrated a positive
correlation between adjuvant ET and PR conversion, which
was in favor of this theory. Although we did not observe any
association between different ET drugs and PR conversion,
further molecular biological studies on these cases will
continue to explore the concrete mechanism of the occurrence
of biomarker discrepancy.

In terms of the influence of receptor conversion on clinical
outcome, Canadian DESTINY study was the biggest prospective
study, which enrolled 121 patients with a median follow-up of
12.0 months and they found no significant association between
biomarker discrepancy and survival (11). Nevertheless, other two
retrospective analyses showed the opposite conclusion. After
analyzing data from 789 patients with a median follow-up of
16.8 months, Liedtke et al. identified that cases with biomarker
discrepancy between primary and recurrent/metastatic lesions
had a significantly worse prognosis (44). Similar conclusion was
declared by Dieci et al. in a 119-patient study that patients with
biomarker discrepancy had worse PRS and OS (8). The different
results among these studies may attribute to different definition
of receptor positivity and conversion. Besides, in these studies,
different end points were adopted to evaluate clinical outcome. In
our study, we did not find significant relationship between
biomarker discrepancy and disease outcome. Meanwhile, we
demonstrated that primary ER-negative tumor (P = 0.014) or
distant metastasis site (viscera, P < 0.001; bone or soft tissues, P =
0.005) were independently associated with worse PRS in
multivariate model.

Several studies had evaluated whether biomarker discrepancy
would potentially influence subsequent systemic treatment.
However, the discordance rates of ER (7-32%), PR (24-54%),
and HER2 (1-34%) (24, 45–51) were variable in previous studies
according to retrospective data, small populations, heterogeneity
of enrolled patients and variabilities of recurrent sites. A pooled
analysis (52) of two prospective studies, British BRITS study (12)
and the DESTINY study (11), demonstrated that discordant rates
of ER, PR, and HER2 status were 12.6%, 31.2%, and 5.5%,
respectively. Around one in nine (N=32) patients changed
their subsequent systemic treatment based on new receptor
status. Unfortunately, impact of biomarker discrepancy on
disease outcome was not analyzed in the report. In our study,
a similar rate (9.6%) of patients changed following systemic
treatment after recurrence. Nevertheless, we did not find any
evidence that changing subsequent systemic treatment
depending on new receptor statuses had influence on disease
outcome after relapse.

To note, our current study included 156 recurrent/metastatic
breast cancer patients from 5856 continuous single-center
patients, to evaluate biomarker discrepancy between primary
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and recurrent/metastatic breast cancer lesions and its influence
on following treatment and prognosis. However, there are still
several limitations. First of all, the retrospective nature of the
current study might lead to selection bias and less
representativeness of our work. The difficulty of re-biopsy
varies among different locations of relapse tumor, which may
lead to potential bias. In our daily practice, breast cancer relapse
was diagnosed on account of radiological examination or histo-
pathological result. Therefore, only patients with “observable” or
“evaluable” lesion(s) could be involved, which might cause the
bias in time and location of relapse diagnosis. Besides, HER2
status was not available in 52 patients, mainly as a result of no
further FISH test following IHC 2+ due to social-economical
concerns and restriction of restricted re-biopsy sample quality.
These 52 patients were excluded from the analysis of HER2
conversion, which may possibly cause bias. What’s more,
although we recommended a re-biopsy of the recurrent lesion
for each applicable recurrent/metastatic patient in our actual
practice, the real-world proportion of analyzable recurrent/
metastatic patients was relatively low due to patient refusal or
technological hurdles, which was similar to previous report (47,
53). Last but not least, number of enrolled patients was limited
and follow-up period after relapse was relatively short to detect
the impact factors for PRS or following systemic treatment,
warranting more patients and longer follow-up to draw a more
solid conclusion.

In conclusion, biomarker discrepancy was observed between
primary and recurrent/metastatic breast cancer lesions and had
certain influence on systemic treatment strategies after disease
relapse. But its impact on disease outcome was not found.
Primary ER-negative and distant metastasis were independently
associated with worse PRS in recurrent/metastatic breast cancer
patients. Our results provided new insights with regards to the
biomarker discrepancy in breast cancer recurrence or metastasis
and systemic treatment decision. Further clinical evaluation with a
larger cohort and longer follow-up and further translational
research are warranted to establish its impact on disease outcomes.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be
directed to the corresponding authors.
Frontiers in Oncology | www.frontiersin.org 8188
ETHICS STATEMENT

This study was reviewed and approved by the independent
Ethical Committees of Ruijin Hospital, Shanghai Jiaotong
University School of Medicine. All procedures involving
human participants were consistent with the ethical standards
of the institutional and/or national research committee and with
the 1964 Helsinki declaration and its later amendments or
comparable ethical standards. Informed consent was obtained
from all individual participants included in the study.
AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it
for publication.
FUNDING

The authors received financial supported from the National Natural
Science Foundation of China (Grant Number: 81772797), Shanghai
Municipal Education Commission—Gaofeng Clinical Medicine
Grant Support (20172007), and Ruijin Hospital, Shanghai Jiao
Tong University School of Medicine—”Guangci Excellent Youth
Training Program” (GCQN-2017-A18). All these financial sponsors
had no role in the study design, information collection, data analysis
or interpretation.
ACKNOWLEDGMENTS

The authors would like to thank the assistance of Ms. Yidong Du
in inputting SJTU-BCDB and Dr. Yitian Xiao from University of
California, Davis in language polishing.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fonc.2021.638619/
full#supplementary-material
REFERENCES
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global

Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68
(6):394–424. doi: 10.3322/caac.21492

2. McGuire A, Lowery AJ, Kell MR, Kerin MJ, Sweeney KJ. Locoregional
Recurrence Following Breast Cancer Surgery in the Trastuzumab Era: A
Systematic Review by Subtype. Ann Surg Oncol (2017) 24(11):3124–32. doi:
10.1245/s10434-017-6021-1

3. EBCRCG. Effects of Chemotherapy and Hormonal Therapy for Early Breast
Cancer on Recurrence and 15-Year Survival: An Overview of the Randomised
Trials. Lancet (2005) 365(9472):1687–717. doi: 10.1016/S0140-6736(05)66544-0
4. Perez EA, Romond EH, Suman VJ, Jeong JH, Davidson NE, Geyer CE, et al.
Four-Year Follow-Up of Trastuzumab Plus Adjuvant Chemotherapy for
Operable Human Epidermal Growth Factor Receptor 2-Positive Breast
Cancer: Joint Analysis of Data From NCCTG N9831 and NSABP B-31.
J Clin Oncol (2011) 29(25):3366–73. doi: 10.1200/JCO.2011.35.0868

5. Tevaarwerk AJ, Gray RJ, Schneider BP, Smith ML, Wagner LI, Fetting JH,
et al. Survival in Patients With Metastatic Recurrent Breast Cancer After
Adjuvant Chemotherapy: Little Evidence of Improvement Over the Past 30
Years. Cancer (2013) 119(6):1140–8. doi: 10.1002/cncr.27819

6. Sundquist M, Brudin L, Tejler G. Improved Survival in Metastatic Breast
Cancer 1985-2016. Breast (2017) 31:46–50. doi: 10.1016/j.breast.2016.10.005

7. Schrijver W, Suijkerbuijk KPM, van Gils CH, van der Wall E, Moelans CB,
van Diest PJ. Receptor Conversion in Distant Breast Cancer Metastases:
July 2021 | Volume 11 | Article 638619

https://www.frontiersin.org/articles/10.3389/fonc.2021.638619/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.638619/full#supplementary-material
https://doi.org/10.3322/caac.21492
https://doi.org/10.1245/s10434-017-6021-1
https://doi.org/10.1016/S0140-6736(05)66544-0
https://doi.org/10.1200/JCO.2011.35.0868
https://doi.org/10.1002/cncr.27819
https://doi.org/10.1016/j.breast.2016.10.005
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Lu et al. Recurrent Breast Cancer Biomarker Discrepancy
A Systematic Review and Meta-Analysis. J Natl Cancer Inst (2018) 110
(6):568–80. doi: 10.1093/jnci/djx273

8. Dieci MV, Barbieri E, Piacentini F, Ficarra G, Bettelli S, Dominici M, et al.
Discordance in Receptor Status Between Primary and Recurrent Breast
Cancer Has a Prognostic Impact: A Single-Institution Analysis. Ann Oncol
(2013) 24(1):101–8. doi: 10.1093/annonc/mds248

9. Dieci MV, Piacentini F, Dominici M, Omarini C, Goubar A, Ficarra G, et al.
Quantitative Expression of Estrogen Receptor on Relapse Biopsy for
ER-Positive Breast Cancer: Prognostic Impact. Anticancer Res (2014)
34(7):3657–62.

10. Shiino S, Kinoshita T, Yoshida M, Jimbo K, Asaga S, Takayama S, et al.
Prognostic Impact of Discordance in Hormone Receptor Status Between
Primary and Recurrent Sites in Patients With Recurrent Breast Cancer. Clin
Breast Cancer (2016) 16(4):e133–40. doi: 10.1016/j.clbc.2016.05.014

11. Amir E, Miller N, Geddie W, Freedman O, Kassam F, Simmons C, et al.
Prospective Study Evaluating the Impact of Tissue Confirmation of Metastatic
Disease in Patients With Breast Cancer. J Clin Oncol (2012) 30(6):587–92. doi:
10.1200/JCO.2010.33.5232

12. Thompson AM, Jordan LB, Quinlan P, Anderson E, Skene A, Dewar JA, et al.
Prospective Comparison of Switches in Biomarker Status Between Primary
and Recurrent Breast Cancer: The Breast Recurrence in Tissues Study
(BRITS). Breast Cancer Res (2010) 12(6):R92. doi: 10.1186/bcr2771

13. Gradishar W. NCCN Clinical Practice Guidelines in Oncology: Breast Cancer.
Version 3.2019 (2019). Available at: NCCN.org (Accessed September 9).

14. Cardoso F, Paluch-Shimon S, Senkus E, Curigliano G, Aapro MS, Andre F,
et al. 5th ESO-ESMO International Consensus Guidelines for Advanced
Breast Cancer (ABC 5). Ann Oncol (2020) 31(12):1623–49. doi: 10.1016/
j.annonc.2020.09.010

15. Rugo HS, Rumble RB, Macrae E, Barton DL, Connolly HK, Dickler MN, et al.
Endocrine Therapy for Hormone Receptor-Positive Metastatic Breast Cancer:
American Society of Clinical Oncology Guideline. J Clin Oncol (2016) 34
(25):3069–103. doi: 10.1200/JCO.2016.67.1487

16. Duffy MJ, Harbeck N, Nap M, Molina R, Nicolini A, Senkus E, et al. Clinical
Use of Biomarkers in Breast Cancer: Updated Guidelines From the European
Group on Tumor Markers (EGTM). Eur J Cancer (2017) 75:284–98. doi:
10.1016/j.ejca.2017.01.017

17. Zhu S, Wu J, Huang O, He J, Zhu L, Li Y, et al. Clinicopathological Features
and Disease Outcome in Breast Cancer Patients With Hormonal Receptor
Discordance Between Core Needle Biopsy and Following Surgical Sample.
Ann Surg Oncol (2019) 26:2779–86. doi: 10.1245/s10434-019-07480-y

18. McHugh ML. Interrater Reliability: The Kappa Statistic. Biochem Med (2012)
22(3):276–82. doi: 10.11613/BM.2012.031

19. QuQ, Zong Y, Fei XC, Chen XS, Xu C, Lou GY, et al. The Importance of Biopsy in
Clinically Diagnosed Metastatic Lesions in Patients With Breast Cancer. World J
Surg Oncol (2014) 12(undefined):93. doi: 10.1186/1477-7819-12-93

20. Aurilio G, Disalvatore D, Pruneri G, Bagnardi V, Viale G, Curigliano G, et al.
A Meta-Analysis of Oestrogen Receptor, Progesterone Receptor and Human
Epidermal Growth Factor Receptor 2 Discordance Between Primary Breast
Cancer and Metastases. Eur J Cancer (2014) 50(2):277–89. doi: 10.1016/
j.ejca.2013.10.004

21. Yeung C, Hilton J, Clemons M, Mazzarello S, Hutton B, Haggar F, et al.
Estrogen, Progesterone, and HER2/neu Receptor Discordance Between
Primary and Metastatic Breast Tumours-A Review. Cancer Metastasis Rev
(2016) 35(3):427–37. doi: 10.1007/s10555-016-9631-3

22. Yuda S, Shimizu C, Yoshida M, Shiino S, Kinoshita T, Maeshima AM, et al.
Biomarker Discordance Between Primary Breast Cancer and Bone or Bone
Marrow Metastases. Jpn J Clin Oncol (2019) 49(5):426–30. doi: 10.1093/jjco/
hyz018

23. Thangarajah F, Vogel C, Pahmeyer C, Eichler C, Holtschmidt J, Ratiu D, et al.
Profile and Outcome of Supraclavicular Metastases in Patients With
Metastatic Breast Cancer: Discordance of Receptor Status Between Primary
and Metastatic Site. Anticancer Res (2018) 38(10):6023–6. doi: 10.21873/
anticanres.12952

24. Chan A, Morey A, Brown B, Hastrich D, Willsher P, Ingram D. A
Retrospective Study Investigating the Rate of HER2 Discordance Between
Primary Breast Carcinoma and Locoregional or Metastatic Disease. BMC
Cancer (2012) 12(undefined):555. doi: 10.1186/1471-2407-12-555
Frontiers in Oncology | www.frontiersin.org 9189
25. Richter S, Zandvakili A. PD05-05: Meta Analysis of Discordant HER2 Status
in Matched Primary and Metastatic Breast Cancer. Cancer Res (2012) 71(24
Supplement):PD05–PD-. doi: 10.1158/0008-5472.SABCS11-PD05-05

26. McAnena PF, McGuire A, Ramli A, Curran C, Malone C, McLaughlin R, et al.
Breast Cancer Subtype Discordance: Impact on Post-Recurrence Survival and
Potential Treatment Options. BMC Cancer (2018) 18(1):203. doi: 10.1186/
s12885-018-4174-3

27. Nguyen TH, Nguyen VH, Nguyen TL, Qiuyin C, Phung TH. Evaluations of
Biomarker Status Changes Between Primary and Recurrent Tumor Tissue
Samples in Breast Cancer Patients. BioMed Res Int (2019) 2019:7391237. doi:
10.1155/2019/7391237

28. Walter V, Fischer C, Deutsch TM, Ersing C, Nees J, Schutz F, et al. Estrogen,
Progesterone, and Human Epidermal Growth Factor Receptor 2 Discordance
Between Primary and Metastatic Breast Cancer. Breast Cancer Res Treat
(2020) 183(1):137–44. doi: 10.1007/s10549-020-05746-8

29. Mittendorf EA, Wu Y, Scaltriti M, Meric-Bernstam F, Hunt KK, Dawood S,
et al. Loss of HER2 Amplification Following Trastuzumab-Based Neoadjuvant
Systemic Therapy and Survival Outcomes. Clin Cancer Res (2009) 15
(23):7381–8. doi: 10.1158/1078-0432.CCR-09-1735

30. Pectasides D, Gaglia A, Arapantoni-Dadioti P, Bobota A, Valavanis C,
Kostopoulou V, et al. HER-2/Neu Status of Primary Breast Cancer and
Corresponding Metastatic Sites in Patients With Advanced Breast Cancer
Treated With Trastuzumab-Based Therapy. Anticancer Res (2006) 26
(1b):647–53.

31. Pertschuk LP, Axiotis CA, Feldman JG, Kim YD, Karavattayhayyil SJ,
Braithwaite L. Marked Intratumoral Heterogeneity of the Proto-Oncogene
Her-2/Neu Determined by Three Different Detection Systems. Breast J (1999)
5(6):369–74. doi: 10.1046/j.1524-4741.1999.97088.x

32. Shah Sohrab P, Morin Ryan D, Jaswinder K, Leah P, Trevor P, Angela B, et al.
Mutational Evolution in a Lobular Breast Tumour Profiled at Single
Nucleotide Resolution. Nature (2009) 461(7265):809–13. doi: 10.1038/
nature08489

33. Weigelt B, Glas AM, Wessels LF, Witteveen AT, Peterse JL, van’t Veer LJ.
Gene Expression Profiles of Primary Breast Tumors Maintained in Distant
Metastases. Proc Natl Acad Sci U S A (2003) 100(26):15901–5. doi: 10.1073/
pnas.2634067100

34. Navin N, Kendall J, Troge J, Andrews P, Rodgers L, McIndoo J, et al. Tumour
Evolution Inferred by Single-Cell Sequencing. Nature (2011) 472(7341):90–4.
doi: 10.1038/nature09807

35. Shipitsin M, Campbell LL, Argani P, Weremowicz S, Bloushtain-Qimron N,
Yao J, et al. Molecular Definition of Breast Tumor Heterogeneity. Cancer Cell
(2007) 11(3):259–73. doi: 10.1016/j.ccr.2007.01.013

36. Pusztai L, Viale G, Kelly CM, Hudis CA. Estrogen and HER-2 Receptor
Discordance Between Primary Breast Cancer and Metastasis. Oncologist
(2010) 15(11):1164–8. doi: 10.1634/theoncologist.2010-0059

37. Allred DC. Commentary: Hormone Receptor Testing in Breast Cancer: A
Distress Signal From Canada. Oncologist (2008) 13(11):1134–6. doi: 10.1634/
theoncologist.2008-0184

38. Chambers AF, Naumov GN, Vantyghem SA, Tuck AB. Molecular Biology of
Breast Cancer Metastasis. Clinical Implications of Experimental Studies on
Metastatic Inefficiency. Breast Cancer Res (2000) 2(6):400–7. doi: 10.1186/
bcr86

39. Bertos NR, Park M. Breast Cancer - One Term, Many Entities? J Clin Invest
(2011) 121(10):3789–96. doi: 10.1172/JCI57100

40. Wu JM, Fackler MJ, Halushka MK, Molavi DW, Taylor ME, Teo WW, et al.
Heterogeneity of Breast Cancer Metastases: Comparison of Therapeutic
Target Expression and Promoter Methylation Between Primary Tumors
and Their Multifocal Metastases. Clin Cancer Res (2008) 14(7):1938–46.
doi: 10.1158/1078-0432.CCR-07-4082
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Breast cancer is the most common malignant tumor in females worldwide. Chemotherapy
is the standard breast cancer treatment; however, chemoresistance is often seen in
patients with metastatic breast cancer. Owing to high heterogeneity, the mechanisms of
breast cancer chemoresistance and metastasis have not been fully investigated. The
possible molecular mechanisms of chemoresistance in breast cancer include efflux
transporters, signaling pathways, non-coding RNAs, and cancer stem cells. However,
to overcome this hurdle, the use of novel clinical strategies such as drug carriers,
immunotherapy, and autophagy regulation, are being investigated. The goal of this
review is to summarize the current data about the molecular mechanisms of breast
cancer chemoresistance and the novel clinical strategies; thus, providing a useful clinical
tool to explore optimal treatment for breast cancer.

Keywords: breast cancer, chemoresistance, metastasis, mechanism, novel strategy
INTRODUCTION

Breast cancer (BRCA) is the most common malignancy and the most frequent cause of cancer-
related deaths among women worldwide (1). BRCA is a complex heterogeneous disease classified
into three basic types based on the presence or absence of molecular biomarkers for estrogen or
progesterone receptors and human epidermal growth factor 2 (ERBB2; formerly HER2). These
molecular biomarkers are hormone receptor positive/ERBB2 negative (HR+/ERBB2-; 70% of
patients), ERBB2 positive (ERBB2+; 15%-20%), and triple-negative (tumors lacking all 3
standard molecular markers; 15%) (2, 3).

Clinically, the main treatment methods for BRCA include surgery, radiotherapy, chemotherapy,
endocrine therapy and targeted therapy (2). Despite that, BRCA is curable in 70%-80% of patients in
early stage, non-metastatic disease. The chemoresistance and metastasis in some BRCAs, especially
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in triple-negative breast cancer (TNBC), are still inevitable and
lead to poor prognosis. Chemoresistance is the insensitivity of
cancer cells to therapy, which is a key factor resulting in reduced
efficacy of anti-BRCA chemotherapy (4). Although various
attempts have been made to restore the sensitivity of existing
chemotherapeutic drugs and to overcome drug resistance in
BRCA, the effects are still unsatisfactory.

This review will summarize the current understanding of
chemoresistance mechanisms in BRCA and further discuss the
potential of novel clinical strategies to overcome chemoresistance.
CHEMORESISTANCE MECHANISMS
IN BRCA

Chemotherapy is currently the major systemic treatment for
BRCA, but unfortunately, patients often develop resistance. The
mechanisms of chemoresistance in BRCA urgently need
better understanding.

Efflux Transporters
Many cancer cells are resistant to a broad spectrum of anticancer
drugs through a phenomenon called multidrug resistance
(MDR). The major mechanism of MDR is the expression of a
class of ATP binding cassette (ABC) transporters. ABC
transporters use ATP to pump chemotherapeutic drugs out of
cancer cells and decrease intracellular accumulation of
anticancer drugs (5) (Figure 1). Ample evidence shows that
the expression of ABC transporters is strongly implicated in the
chemoresistance of numerous solid tumors, including BRCA (5).
In the past three decades, at least 15 human ABC transporters
have been showed to efflux cancer drugs in some context (5–10)
(Table 1). In this review, we focus on the subset of ABC
transporters that were first reported as multidrug efflux pumps,
including ABCB1 [P-glycoprotein/P-gp/MDR1), ABCG2 (BRCA
Resistance Protein/BCRP), and ABCC1 (multidrug resistance
protein 1(MRP1)] (5, 6).

P-gp is the first identified and the most well-investigated
protein, which is encoded by a single polypeptide chain with two
homologous nucleotide binding domains (NBDs) and two
homologous transmembrane domains. A plethora of clinically
Frontiers in Oncology | www.frontiersin.org 2192
indispensable chemotherapeutic drugs such as taxol, vincristine,
etoposide, and daunorubicin, are susceptible to P-gp-mediated
efflux (11, 15–17). Thus, P-gp has been recognized as a
promising strategy to overcome MDR and effectively treat
cancer (15, 18). In the past 30 years, several P-gp inhibitors or
modulators have been investigated in clinical trials in the hope of
circumventing MDR, with only limited success (15, 19, 20).
Presently, many drug development programs focus on the
discovery of new compounds or strategies to bypass the
activity of P-gp.

BRCP is the second member of subfamily G within the large
human ABC transporter superfamily, which is strongly
implicated in the chemoresistance of stem cells in TNBC. As
an efflux pump showing a broad substrate specificity localized on
the cellular plasma membrane, BCRP excretes a variety of
chemotherapeutic agents, such as mitoxantrone, doxorubicin,
SN-38, and several TKIs (12, 21). In contrast to the extensive
clinical development of P-gp inhibitors, few small-molecule
inhibitors specific to BCRP have been tested in clinical trials to
date. Zhang et al. (22) found that regorafenib significantly
sensitized BCRP-mediated MDR by increasing their
intracellular accumulation.

MRP1 is distributed on the membrane of tumor cells. This
induces drug resistance by mediating intracellular drug excretion
and altering intracellular drug redistribution. Despite the limited
sequence identity with P-gp, MRP1 and P-gp have significant
substrate overlap. Nevertheless, MRP1 has been shown to
transport various neutral and anionic hydrophobic compounds
and products of phase II drug metabolism, including many
glutathione and glucuronide conjugates (5, 23, 24). In addition,
multidrug 88 resistant protein-8 (ABCC11/MRP8) was
overexpressed in TNBC and conferred resistance to 5-
Fluorouracil and methotrexate (25, 26). Lin et al. (27) reported
that histone methyltransferase KDM5c [Lysine(K)-specific
demethylase 5C] might downregulate ABCC1 expression by
demethylating ABCC1 H3K4me3 in colon cancer.

To date, clinical data about ABC transporter inhibitors in
BRCA are still limited. However, the known data support the
idea that further research on ABC transporters will be essential in
overcoming cancer MDR and in designing strategies against
TNBC chemoresistance.
FIGURE 1 | The substrate binds to the binding pocket in TMDs and ATP binds to the two binding sites in the NBDs. This is followed by the hydrolysis of ATP that
generates a conformational change, allowing the substrate to be released from the protein. The second molecule of ATP is hydrolyzed, allowing for a conformational
reset, where substrate and ATP can bind again so the process can repeat.
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Signaling Pathway
An intricate network of signaling pathways governs the survival,
growth, and invasion of BRCA. PTEN/PI3K/AKT/mTOR, NF-
kB, and JAK/STAT are implicated in chemotherapy resistance to
BRCAs (11, 16) (Figure 2).

PI3K-AKT-mTOR (PAM) pathway is one of the critical
mechanisms of cells control survival, growth, proliferation, and
motility. Phosphoinositide 3-kinase (PI3K) is a heterodimeric
molecule from a larger family of lipid kinases that phosphorylate
3-hydroxyl group of phosphoinositides, which can activate AKT
kinase by regulating phosphatidylinositol-3,4,5-triphosphate
(PIP3) (28). The activation of AKT shows an important
indirect effect on the phosphorylation of mammalian target of
rapamycin (mTOR), which will in turn enhance protein
synthesis and cell growth, giving malignant cells a significant
advantage (16, 28). PAM activity is negatively regulated by tumor
suppressor phosphatase and tensin homolog (PTEN). Because of
PTEN loss and high AKT expression, PAM pathway is often
associated with aggressive tumors, poor prognosis, and
chemoresistance in BRCA (16, 28, 29). Several drugs targeting
PI3K/ATK/mTOR are currently in clinical trials, in combination
with endocrine therapy and anti-HER2 therapy (28, 30).

The activation of nuclear factor-kappa B (NF-kB), a
proinflammatory transcription factor, is a commonly observed
phenomenon in BRCA. NF-kB family consists of five members,
Frontiers in Oncology | www.frontiersin.org 3193
namely, RelA (p65), c-Rel, RelB, NFkB1 (p50), and NFkB2 (p52),
which form homo- and heterodimers to activate the
transcription of target genes regulating host inflammatory and
immune responses as well as cellular growth and survival (16,
31). Moreover, it is well established that NF-kB signaling
pathway is a crucial regulator of TNBC and is associated with
chemoresistance and metastasis in BRCA (16, 32, 33).
Ekambaram et al. (34) showed that NF-kB activation promotes
the aggressiveness of BRCA. Kastrati at al. (35) reported that NF-
kB pathway promotes tamoxifen tolerance and disease
metastasis in estrogen receptor-positive BRCAs.

JAK/STAT pathway was originally discovered as an
evolutionarily conserved cellular mechanism mediating the
actions of cytokines, interferons, and growth factors and as
well control their gene expression (36). The activation of JAK/
STAT pathway in tumor cells is known to contribute to tumor
growth and progression. Both STAT3 and STAT5 have been
shown to promote BRCA growth and progression, and JAK/
STAT pathway has been found to be a potential therapeutic
target in BRCA patients (37, 38).

Additionally, some signaling pathways, which play essential
roles in cancer stem cell self-renewal, represent a promising
approach to control chemoresistance and metastasis of BRCAs.

Wnt/b-catenin pathway is an important regulator of normal
breast development and abnormal tumorigenesis. Wnt signaling
TABLE 1 | ABC transporters and MDR.

Gene Tissue Localization Chemotherapeutic Drugs Efflux by Transporter Clinical significance Reference

ABCA1 Nervous and hematopoietic system as well as
kidney, liver and the blood brain barrier

Cisplatin, doxorubicin Glioma, lung, testis, liver,
colorectal, pancreatic, breast, renal
cancer, Tangier disease

(8–10)

ABCA2 Nervous system Mitoxantrone, estramustine, methotrexate Alzheimer's disease, melanoma,
breast, breast, liver, colon cancer,
leukaemia

(8–10)

ABCB1 Small intestine, liver, kidney placenta, blood
brain barrier

Anthracyclines, actinomycin D, methotrexate, etoposide,
mitomycin C, mitoxantrone, vincristine, vinblastine,
taxanes, imatinib, nilotinib, EGFR TKI

Ovarian, breast, colorectal, kidney,
adrenocortical cancer, AML

(6, 7, 9,
11, 12)

ABCB4 Liver Daunorubicin, digoxin, paclitaxel, vinblastine Liver, lung, pancreatic, renal
cancer, melanoma, soft tissue
sarcoma

(8, 9)

ABCB5 CD133+ expressing progenitor cells among
human epidermal melanocytes

Doxorubicin, 5-fluorouracil, camptothecin, mitoxantrone, Renal cancer, melanoma (8, 9, 13)

ABCC1 Lung, testes, peripheral blood monocellular
cells

Anthracyclines, etoposide, camptothecins, methotrexate,
mitoxantrone, vincristine, vinblastine, irinotecan, TKI as
imatinib

Breast, lung, ovarian or prostate
cancer, neuroblastoma

(6, 7, 9,
12,14)

ABCC2 canalicular membrane of liver cells, kidney
proximal tubule epithelial cells, enterocytes of
the small and large intestine

Vinblastine, cisplatin, doxorubicin, methotrexate, paclitaxel Colorectal, liver, lung, gastric
cancer, Dubin-Johnson syndrome

(8, 9, 13)

ABCC3 Liver, intestine, colon, prostate, testes, brain,
kidney

Cisplatin, doxorubicin Methotrexate, etoposide, vincristine Pancreatic, liver, lung, colorectal,
stomach, renal, breast cancer

(8, 9)

ABCC4 Widely-expressed 6-mercaptopurine, 6-thioguanine, methotrexate,
topotecan

Prostate, renal,liver, lung, breast,
ovarian, stomach cancer,
neuroblastoma

(8, 9)

ABCC10 Pancreas, liver, placenta, lungs, kidneys,
brain, ovaries, spleen, heart

Paclitaxel, docetaxel, vincristine, vinblastine, vinorelbine,
cytarabine, gemcitabine

breast, lung, colon, ovarian, and
pancreatic cancer

(7, 9)

ABCG1 Pancreas, liver, colon, kidney, brain, lung,
lymph nodes, testis

Doxorubicin Lung, renal, breast, endometrial,
prostate, colorectal, cervical,
pancreatic cancer, glioma

(9)

ABCG2 Placenta, intestine, liver, colon, breast Methotrexate, mitoxantrone, topotecan, anthracyclines,
irinotecan, methotrexate, paclitaxel, TKI

Liver, testis, prostate, renal, non-
small-cell lung cancer, glioma,
Alzheimer's disease

(7, 8)
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proteins interact with the frizzled family of cell-surface receptors
and activate the proteins of the disheveled family, which in turn
results in the inhibition of proteolytic degradation of b-catenin.
Subsequently, stabilized b-catenin is translocated into the
nucleus, leading to the transcription of target genes such as C-
Myc and Cyclin D1, which are involved in determining cell
migration, cytoskeletal activity, cell polarity, and cellular
differentiation (39, 40). Recently, the overexpression of Wnt
pathway has been observed in breast, lung, and hematopoietic
malignancies and contributes to tumor recurrence (41). Multiple
Wnt/b-catenin targeted inhibitors were designed in the wake of
these studies (42). Hence, the inhibition of Wnt signaling
pathway has been proposed as a potential therapeutic strategy
to target BRCA.

Notch signaling pathway plays an essential role in normal
stem cell maintenance and differentiation, a dysfunction which
has been linked to the development of BRCA and is believed to
be upregulated in a variety of cancers (43). Canonical notch
signaling pathway has four cell surface receptors (Notch 1–4)
and five transmembrane ligands (Delta-like 1,3,4 and JAGGED-
1,2). These notch cell surface receptors can be activated by
membrane-tethered ligands on neighboring cells. The
activation of cell surface receptors induces successive cleavages
by ADAM proteases and g-secretase, resulting in the release of
intracellular domain (NICD) of the receptor, which is in turn
translocated to the nucleus and regulates context-specific
patterns of cancer-related gene expression (44, 45).
Therapeutic resistance in BRCA is also believed to be
associated with the notch signaling pathway. Previous studies
Frontiers in Oncology | www.frontiersin.org 4194
have confirmed that notch signaling is crucial in chemoresistance
and have demonstrated the ability of notch inhibitors to sensitize
cells, including BRCA and cytotoxic agents (46, 47). Further
investigation on notch inhibitors has been an area of strong
interest in cancer research.

Hedgehog (Hh) signaling pathway plays a crucial role in
embryonic development, tissue regeneration, and stem cell
renewal. Hh pathway consists of three secreted ligands (Sonic-
SHH, Indian 159 IHH, and Desert-DHH), which bind
transmembrane receptor/co-receptors Patched (PTCH) and
Smoothened (SMO). Three glioma-associated oncogene
transcription factors (GLI1–3) are the main effectors that
regulate the expression of many target genes, such as ABCG2
and VEGF (48, 49). In mouse models of TNBC, hedgehog ligand
produced by neoplastic cells reprograms cancer-associated
fibroblasts (CAFs) to provide a supportive niche for the
acquisit ion of chemoresistance (50). Moreover, the
combination of hedgehog pathway inhibitors and itraconazole
was observed to improve the prognosis of BRCA (51).

Hippo signaling pathway is important in regulating tissue
homeostasis, organ size, and tumorigenesis. Hippo signaling is
modulated via two pairs of kinases, Mst1/2 and Lats1/2. Upon the
phosphorylation of downstream Yes-associated protein 1 (YAP1)
or Lats1/2-induced TAZ, transcription is inactivated and leads to
cellular degradation, whereas dephosphorylation leads to YAP/
TAZ nuclear translocation and subsequent activation of
transcription (52). Dysregulation of hippo pathway leading to
the overexpression of YAP1 or TAZ has been seen in many types
of cancer (53, 54). Furthermore, some studies have provided
A B D E F G HC

FIGURE 2 | Schematic diagram of the BC signaling pathways. (A) PI3K/Akt/mTOR signaling pathway; (B) NF-kB signaling pathway; (C) JAK/STAT signaling
pathway; (D) Wnt/Frizzled/b-catenin signaling pathway; (E) Notch signaling pathway; (F) Hedgehog (Hh) signaling pathway; (G) Hippo signaling pathway; (H) TGF-b
signaling pathway.
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evidence that YAP acts as a promoter of focal adhesion and tumor
invasiveness by regulating FAK phosphorylation in BRCA (55).

Transforming growth factor-b (TGF-b) is a member of a large
cytokine superfamily that consists of over 30 related growth
factors, including three TGF-b isoforms (TGF-b1–3) (16).
TGF-b exerts its cellular effects via TGF-b type I and type II
cell surface receptors (TbRI/II). TGF-b initially engages in
TbRII, which subsequently drives the recruitment of TbRI and
the formation of a heterotetrameric complex. The activation of
TbRI, causes the recruitment and phosphorylation of the main
effectors of this pathway, Smad2 and Smad3, which interact with
Smad4 to form a heteromeric complex that is transported into
the nucleus to regulate a series of genes, such as ANGPTL4,
CTGF, IL11, S100A4, and PTHrP, and further facilitates cancer
cell migration and invasion (56, 57). In oncology, TGF-b appears
to have a dual function, where it represses early tumor growth
but promotes metastasis in advanced stages. However, the
mechanism by which TGF‐b switches its role from a tumor
inhibitor to a cancer promoter remains unclear (58).

In conclusion, the crucial role of the developmental pathways
in BRCA initiation, progression, metastasis, and chemoresistance
is undeniable. Because of the considerable crosstalk and
collaboration existing in this signaling network, successful
targeted medicines still need further research.

Non-Coding RNAs (ncRNAs)
Non-coding RNAs (ncRNAs) are the regulators of intracellular
and intercellular signaling in BRCA (59). Owing to the
development of next-generation sequencing technologies,
ncRNAs, including long non-coding RNAs (lncRNAs),
microRNAs (miRNAs), and circular RNAs (circRNAs), play
essential roles in chemoresistance in BRCA.

miRNAs are the major class of endogenous, small ncRNA
molecules of 18–25 nucleotides in length. Recent studies have
shown that dysregulated miRNAs often cause the development
of metastasis and chemoresistance in BRCA. Li et al. (60)
demonstrated that the overexpression of miR-770 inhibited
doxorubicin resistance and metastasis in vivo. Further
experiments confirmed that miR-770 regulates chemoresistance
and metastasis by targeting STMN1 in BRCA. Rodriguez et al.
(61) found that loss of miR-424(322)/503 promotes
chemoresistance in BRCA via the overexpression of two of its
targets: BCL-2 and insulin-like growth factor-1 receptor
(IGF1R). In addition, a novel miR-20a/MAPK1/c-Myc
feedback loop was reported to significantly regulate BRCA
growth and chemoresistance (62). Based on these findings,
some researchers proposed that the combined use of miRNAs
and chemotherapeutic agents might be a promising therapeutic
strategy to increase long-term drug responses in BRCAs,
especially for chemo-resistant patients (62–64).

lncRNAs are greater than 200 nucleotides and sometimes are
100 kb long. Recent research verified the involvement of
lncRNA-small nucleolar RNA host gene 14 (SNHG14) in the
mediation of trastuzumab responses via tumor cell extracellular
exosomes. The expression level of serum exosomal lncR-
Frontiers in Oncology | www.frontiersin.org 5195
SNHG14 was upregulated in patients who showed resistance to
trastuzumab and the knockdown of lncR-SNHG14 potently
promoted trastuzumab-induced cytotoxicity (65). In another
study, Dong et al. (66) confirmed that lncRNA AGAP2-AS1
could promote BRCA growth and trastuzumab resistance by
activating NF-kB signaling pathway and upregulating MyD88
expression. High expression of lncRNA AGAP2-AS1 was
associated with poor clinical response to trastuzumab therapy
in BRCA patients. Furthermore, Yao et al. (67) reported that
novel lncRNA NONHSAT101069 was s ignificant ly
overexpressed in BC specimens and promoted epirubicin
resistance. lncRNA cancer susceptibility candidate 2 (CASC2)
and lncRNA ferritin heavy chain 1 pseudogene 3 (FTH1P3) were
found to activate paclitaxel resistance in BRCA through the
regulation of miRNA (68, 69).

circRNAs are a group of ncRNAs formed by covalently closed
loops through back-splicing. The latest study reported that
circRNAs are key regulators in the development and
progression of human cancers (70). In vitro loss-of-function
experiments showed that circ-ABCB10 knockdown suppressed
the proliferation and increased the apoptosis of BRCA cells by
sponging miR-1271 (71). Circ 222 ANKS1B was significantly
overexpressed in TNBC tissues compared to normal BRCA
tissues, which promoted BRCA invasion and metastasis by
inducing epithelial-to-mesenchymal transition (EMT) (72). Du
et al. (73) reported that circ-Dnmt1-mediated autophagy is
essential in enhancing BRCA progression. High expression of
circular RNA circ-Dnmt1 could bind to and regulate oncogenic
proteins in BRCA cells.

Cancer Stem Cells (CSCs)
There is substantial evidence that BRCAs are driven by a
population of cells that display stem cell properties. This small
subset of tumorigenic cells termed cancer stem cells (CSCs), not
only enable tumor formation and progression but also mediate
tumor metastasis and therapeutic resistance (13, 74). Previous
studies have shown that BRCA stem cells (BCSCs) overexpress
various ABC transporters such as P-gp, ABCG2, ABCC1, and
ABCB5 (11, 14). Studies have shown that these transporters can
help BCSCs to pump out chemotherapeutic agents and enhance
the key processes involved in cancer progression (75,
76) (Figure 3).

In addition, a series of BCSC surface biomarkers such as
CD10, CD24, CD44, CD133, GPR77, ALDH1, EpCAM, and
ABCG2 have been confirmed, and their overexpression is an
important cause of BCSC chemoresistance (11). Su et al. (77)
demonstrated that two cell-surface molecules, CD10 and GPR77,
can promote tumor formation and chemoresistance by providing
a survival niche for BCSCs. Moreover, Li et al. (78) found that
both high CD44/CD24 ratio and ALDH1+ were conserved
during metastasis. These results confirmed the potential of
these BCSC biomarkers in monitoring tumor progression,
metastasis, and even in cancer therapeutics.

These therapeutic targets, which can modulate EMT and CSC
properties, may be utilized in clinical therapeutics.
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NOVEL CLINICAL STRATEGIES

Novel Drug Delivery System
Presently, endocrine therapy is the main therapy for hormone-
responsive or receptor-positive BRCA. However, poor solubility
and bioavailability, lack of intracellular transport within cancer
cells, and development of chemoresistance are the problems
associated with conventional therapies for BRCA, especially
TNBC (11, 29). Hence, novel drug delivery systems are being
explored to fight this lethal disease.

Nanocarriers, including nanoparticles, nanoscale, and
liposomes, have been shown to have the advantages of targeted
drug release, prolonged blood circulation, enhanced synergies,
and superior biocompatibility (79). Zhang et al. (80) developed a
core-shell nanocarrier coated with cationic albumin to
simultaneously deliver miRNA-34a and docetaxel (DTX) into
BRCA cells. The co-delivery nanocarriers prolonged the blood
circulation of DTX, enhanced tumor accumulation of cargo, and
significantly inhibited tumor growth and metastasis both in vivo
and in vitro. Bose et al. (81) investigated a tumor cell-derived
extracellular vesicle-based nanoplatform for multimodal miRNA
delivery and phototherapy treatments, which attenuated
doxorubicin (DOX) resistance in BRCA cells with a 3-fold
higher cell killing efficiency than in cells treated with DOX
alone. Gong et al. (82) developed a strategy to produce
nanoscale target-specific Exo to co-deliver cholesterol-modified
miRNA and chemotherapeutic drugs to TNBC cells, which
showed improved anticancer effects, without adverse effects.
Furthermore, some researchers explored the natural ability of
macrophages to target cancer cells through extracellular vesicles
(EVs) as drug delivery vehicles. Haney et al. (83) reported that
drug loaded EVs can target TNBC in vivo and abolish tumor
growth. In another study, Tang et al. (84) assessed the feasibility
of liposomal drug delivery system combining bevacizumab and
Frontiers in Oncology | www.frontiersin.org 6196
chemotherapy for the treatment of HER2/MDR double-positive
BRCA cells. In HER2 positive and multidrug resistant BRCA cell
mouse model, tumor size decreased steadily within 60 days.

Nanomedicine helps in in bringing major advances in the
chemoresistance and metastasis in BRCAs. Looking into the
future, the use of nanomedicine, combining anticancer targeted
therapy and multifunctional nanocarriers that contain
therapeutic and imaging agents, might become promising
cancer treatments to achieve the goal of personalized medicine
based on the needs of an individual patient or cell subpopulation
and overcome the chemoresistance.

Novel Anticancer Drugs
Immune Checkpoint Inhibitors (ICIs)
Immunotherapy is a promising treatment for multiple solid
tumors using the patient’s own immune system directly to
target and eradicate neoplastic cells. Early data have revealed
the clinical activity of immune checkpoint inhibitors (ICIs),
which mainly target programmed cell death protein 1(PD-1)
and cytotoxic T lymphocyte-associated protein 4 (CTLA-4) in
small number of metastatic BRCA patients (85, 86).

PD-1 is an inhibitory immune checkpoint inhibitor that
limits T-cell effector function within the tissues and is
expressed on the surfaces of immune effector cells. Adams et
al. (87) assessed the safety and antitumor activity of PD-1
inhibitor pembrolizumab in patients with PD-L1-positive
advanced TNBC. The median duration of response was 10.4
months. The median PFS was 2.1 months (95% CI 2.0-2.2), and
the median overall survival was 18.0 months (95% CI 12.9-23.0).
Emens et al. (88) evaluated the clinical activity and safety
associated with the use of single-agent atezolizumab (anti
programmed cell death ligand 1 (PD-L1)) in patients with
metastatic TNBC. The result showed that median PFS was 1.4
months (95% CI, 1.3-1.6 months) and median OS was 17.6
FIGURE 3 | Schematic representation of cancer stem cells (CSCs) and their role in chemoresistance. The cancer stem cells (CSCs), not only enable tumor formation
and progression but also mediate tumor metastasis and therapeutic resistance. On the one hand, the CSCs survived from chemotherapy will gain the
chemoresistance and enhance the key processes involved in cancer progression. On the other hand, the cancer therapeutics targeted to CSCs biomarkers which
can modulate EMT and CSC properties, can lead to the tumor shrinkage in clinical therapeutics.
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months (95% CI, 10.2 months and above). Based on these results,
PD-1 antagonists have a manageable safety profile and show
durable antitumor activity as first-line therapy for patients with
PD-L1-positive BRCA.

CTLA-4 is a T-cell inhibitory receptor that is expressed on
activated CD8+ T cells and CD4+regulatory T cells that express
CD25 and FOXP3. Therefore, CTLA-4 inhibitors induce anti-
tumor immunity by blocking FOXP3+ Treg cells, resulting in
enhanced inhibition of tumor cells (89). Currently, ipilimumab
and tremelimumab (two promising anti-CTLA-4 antibodies)
have been used in clinical trials related to TNBC (90).
Nanoparticle-based mRNA vaccine and CTLA-4 inhibitor for
TNBC have also been demonstrated as a potential strategy (91).
Moreover, Pai et al. (92) developed a dual variable domain
immunoglobulin of anti-CTLA4 antibody that can help deplete
tumor-infiltration, but not tissue-resident Tregs, preserving
antitumor effects while minimizing toxicity.

Cyclin-Dependent Kinase 4/6 (CDK4/6) Inhibitors
The cyclin D/cyclin-dependent kinases 4 and 6 (CDK4/6)–
retinoblastoma protein pathway plays a key role in the
proliferation of both normal breast epithelium and BRCA cells
(93). Abemaciclib is the most potent inhibitor of CDK4 and
CDK6 and shows promising clinical activity in metastatic BRCA.
In a phase II study, Dickler et al. (94) evaluated the single-agent
activity and safety of abemaciclib in women with HR+/HER2−

metastatic BRCA. The result showed the objective response rate
was 19.7%, clinical benefit rate of 42.4%, median PFS of 6.0
months, and median OS of 17.7 months, which confirmed the
striking activity of abemaciclib as a single agent. In a neoadjuvant
phase II study, Palbociclib, another CDK4/6 Inhibitor, was found
to overcome intrinsic endocrine resistance in primary BRCA
(95). Moreover, the combination of Palbociclib and Letrozole
resulted in significantly longer PFS than monotherapy among
patients with advanced BRCA (96).

Combination Therapy
Compared to single-agent therapy, combination treatment
regimens may provide a more efficacious solution to BRCA
resistance. The combination of abemaciclib, fulvestrant, and
trastuzumab has been found to improve PFS and prognosis in
patients with advanced BRCA (97). Teo et al. (98) reported that
combined PI3Ka and CDK4/6 inhibition is synergistically
effective against multiple TNBC models by increasing
apoptosis, cell-cycle arrest, and tumor immunogenicity and
generating immunogenic cell death. In a Phase I trial, Clark
et al. (99) enrolled cohorts of patients to sequentially ingest oral
doses of Palbociclib intermittently between days 1 and 19 of a 28-
day cycle alternating with weekly paclitaxel. The result showed
that the combination of paclitaxel and palbociclib is feasible and
safe, without evidence of additive toxicity in patients with
advanced BRCA. In addition, atezolizumab and nab-paclitaxel
have been confirmed to prolong PFS among patients with
metastatic TNBC (100). The combination of tucatinib,
trastuzumab, and capecitabine has also been reported to
improve PFS and OS outcomes in HER2- positive metastatic
BRCA patients (101).
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Overall, it is obvious that immunotherapy is emerging as a
novel promising option for TNBC. However, further
investigations are required to completely determine the safety
and effectiveness of these immunotherapies and eventually define
the most effective combination regimens for the treatment
of TNBC.

Autophagy Regulation
Autophagy is a tightly regulated catabolic process that facilitates
nutrient recycling from damaged organelles and other cellular
components through lysosomal degradation and provides energy
and macromolecular precursors (102) (Figure 4). Substantial
evidence has indicated that autophagy plays a dual role in the
regulation of chemoresistance in cancer patients by either
promoting drug resistance or increasing drug sensitivity (103,
104). Hydroxychloroquine (HCQ) is the only clinically approved
autophagy inhibitor that increases tumor cell death alone or in
combination with targeted agents or cytotoxic chemotherapy
(103, 104). In a recent study, Cook et al. (105) demonstrated that
HCQ can increase antiestrogen responsiveness in ER+ BRCA
through the inhibition of autophagy and the combination of
HCQ and tamoxifen showed a positive outcome for ongoing
neoadjuvant clinical trials. Furthermore, with the development of
nanotechnology, nanomaterials can modulate autophagy and
have been exploited as therapeutic agents against cancer (106).
Although, autophagy inhibition has been suggested as a
promising approach for chemoresistance in BRCAs, due to the
lack of organ-specificity, the utilization of autophagy-related
kinase inhibitors/activators may also lead to uncontrolled side
effects. Whether these agents of autophagy regulation will
eventually be used in the clinic still requires further study.

BCSC-Directed Therapy
Increasing evidence shows the existence of tumor initiating or
cancer stem cells within tumors that are responsible for drug
resistance, cancer recurrence, and cancer metastasis. Currently,
novel anti-BCSCs drugs, targeting the Wnt/Frizzled/b-catenin,
notch and hedgehog pathways have reached clinical trials for
BRCA patients (14). The most clinically evolved approach is the
inhibition of notch signaling using g-secretase inhibitors (GSIs).
At present, researchers have shown that GSIs can inhibit BRCA
growth in a process that is coupled with IL6 induction and thus
might serve as a novel therapeutic strategy for treating patients
with BRCAs (107, 108). Other inhibitors of Notch signaling, such
as CB-103, are also currently in phase I/II clinical trials for
advanced or metastatic BRCA (14). In addition, the Wnt/
Frizzled/b-catenin pathway is overactivated in TNBC and
several other cancers. Wnt inhibitors work to eradicate the
tumor resistant stem cell and thus may overcome resistance to
conventional therapy (39). Ahmed et al. (109) reported that an
anti-leprotic drug clofazimine is effective against TNBC by
specifically inhibiting canonical Wnt signaling. Inhibitors of
hedgehog pathway have also been explored in vitro and in
vivo, but their efficacy in BRCA has been disappointing (49).
In summary, accumulating evidence has shown the potential
efficacy of targeting BCSCs in reversing drug resistance in vitro
and in vivo. However, the majority of studies are still in the early
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stages. Thus, continuing effort in establishing clinically relevant
biomarkers of BCSC is urgently needed for translating the
knowledge from laboratory to clinical practice.
CONCLUSION

With the rapid development of molecular biology, great progress
has been achieved in breast cancer treatment; however, some
groups of BRCA, such as TNBC, display significant problems of
chemoresistance and metastasis. Owing to the complexity of
BRCAs, completely understanding the molecular mechanisms
of BRCA remains a significant challenge, however, is vital for the
identification of new treatment targets. Currently, novel
treatment regimens have been proven as a more efficient
solution to BRCA resistance than conventional therapy. The
exploration of novel delivery systems has provided a potential
approach to improve the effectiveness of anti-cancer agents in
cancers with chemoresistance. Moreover, the progress of
immunotherapy offers a promising alternative for drug-
resistant tumors, and further research is needed to explain the
complex mechanisms of tumors. Although the regulation of
autophagy and cancer stem cells has not been widely used
clinically it is hopeful to improve the prognosis of BRCA with
chemoresistance and metastasis. In conclusion, future clinical
studies on BRCA are needed, with a focus on molecular
mechanisms. Novel clinical strategies are expected to improve
the survival of BRCA patients.
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Background: The ongoing treatment modalities for breast cancer (BC) primarily rely on
the expression status of ER, PR and HER-2 receptors in BC tissues. Our strategy of
chemosensitization provides new insights to counter chemoresistance, a major obstacle
that limits the benefits of chemotherapy of mammary cancers.

Methods: By utilizing a murine breast cancer model employing NSG mice bearing
orthotopic triple-negative breast cancer (TNBC) xenografts, we have evaluated the
ability of phytochemical curcumin in chemosensitizing BC to 5-Fluorouracil (5-FU)
chemotherapy and the differential modulations of cellular events in response to this
strategy, independent of their receptor status.

Results: A significant synergistic antitumor potential was observed in the murine model
with a sub-optimal dose treatment of 5-FU plus curcumin, as evaluated by a reduction in
the tumor-related parameters. We authenticated the pivotal role of thymidylate synthase
(TS) in regulating the 5-FU–curcumin synergism using the TNBC pre-clinical model. Our
study also confirmed the pharmacological safety of this chemotherapeutic plus
phytoactive combination using acute and chronic toxicity studies in Swiss albino mice.
Subsequently, the molecular docking analysis of curcumin binding to TS demonstrated
the affinity of curcumin towards the cofactor-binding site of TS, rather than the substrate-
binding site, where 5-FU binds. Our concomitant in vivo and in silico evidence
substantiates the superior therapeutic index of this combination.
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Abbreviations: BC, breast cancer; TNBC,
Fluorouracil; TS, thymidylate synthase;
mitogen-activated protein kinase; HER-
receptor-2; TUNEL, terminal deoxy-nu
end labeling.
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Conclusion: This is the first-ever pre-clinical study portraying TS as the critical target of
combinatorial therapy for mammary carcinomas and therefore we recommend its clinical
validation, especially in TNBC patients, who currently have limited therapeutic options.
Keywords: breast cancer, thymidylate synthase, chemoresistance, chemosensitization, curcumin, 5-FU
INTRODUCTION

The highly heterogeneous nature of breast cancer (BC) is a major
hurdle in developing single mode of treatment against diverse BC
subtypes. Luminal tumors respond moderately well to hormonal
interventions while human epidermal growth factor receptor-2
positive (HER-2+) tumors can effectively be managed using a
diverse array of anti-HER-2 therapies. Despite this improvement
in BC treatment modality, only 20% of triple-negative breast
cancer (TNBC) and basal-like breast cancer (BLBC), devoid of
estrogen (ER), progesterone (PR) and HER-2 receptors, respond
well to standard chemotherapy, while the occurrence of these
subtypes of BC is increasing in an alarming rate, worldwide
(1–3).

5-Fluorouracil (5-FU) is the first rationally designed anti-
metabolite administered against a variety of solid tumors
including BC, where the drug inhibits thymidylate synthase
(TS), the key enzyme for de novo synthesis of 2 ’-
deoxythymidine-5’-monophosphate (dTMP) (4). Though 5-FU
is not an exception to the severe side effects induced during the
treatment (5), its peculiarity to target TS expression independent
of BC receptor status and the cost-effectiveness compared to
other chemotherapeutics (6, 7), make it an absolute choice for
chemotherapy for BC. However, the use of 5-FU in clinical
settings is limited due to the emergence of acquired or inherent
chemoresistance, an event that is mechanistically explained as a
drug-induced up-regulation of its therapeutic target, TS (4). TS
status is pointed out as the determining factor for the success of
5-FU chemotherapy (8–10), while other reports suggest a dual
role for TS to act as an oncogene (11–13). Apart from TS, drug-
induced activation of major survival signals like NF-kB, Akt and
MAPKs have also been demonstrated as major players
responsible for 5-FU chemoresistance (14–17).

Curcumin, a bioactive from Curcuma longa is an extensively
studied phytochemical owing to its various therapeutic utilities
in vitro and in vivo. Numerous reports, including that of ours,
have profoundly established the anti-proliferative, anti-
angiogenic, anti-metastatic and pro-apoptotic properties of
curcumin (18–24). We have also reported several studies
demonstrating the synergistic cytotoxic effect of curcumin with
conventional chemotherapeutics (20, 24, 25), including an in
vitro study (15), which identified a synergistic cytotoxic
combination of 5-FU and curcumin, effective in different BC
triple negative breast cancer; 5-FU, 5-
NF-kB, nuclear factor kB; MAPK,
2, human epidermal growth factor
cleotidyl transferase-mediated nick
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cell lines, irrespective of their receptor status. In this study, we
tested multiple dosage combinations of 5-FU (1, 2.5, 5 &10 µM)
and curcumin (2.5, 5 & 10 µM) in BC lines of varying receptor
status and noted that a combination of 10 µM 5-FU and 10 µM
curcumin could induce synergistic cytotoxicity in vitro, in all the
cells studied, observing maximum cytotoxicity in the TNBC cell
line, MDA-MB-231. This report, for the first time, provided a
mechanistic explanation for 5-FU-curcumin synergism in BC
cells (15). Though this combinatorial effect has also been
reported in gastric cancer cells (26) and colon carcinoma (27–
30), no study to date, authenticates the therapeutic efficacy of the
combination in vivo, with mechanism-based evidence.

The ability of this combination to overcome the undesirable
effects of 5-FU chemotherapy by curcumin-mediated
chemosensitization of BC in vitro through down-regulation of
the key cell survival pathways, prompted us to translate it to an in
vivo system for proper pre-clinical validation. Since attaining a
serum concentration of 10 µM curcumin is practically impossible
in vivo, we conducted a pilot study in Nonobese Diabetic/Severe
Combined Immunodeficiency gamma (NSG) mice with 2 drug
combinations i.e., 10 µM 5-FU with either 10 µM or 5 µM
curcumin. Notably, the combination with 5 µM curcumin was
equally effective as the other, though the former combination did
not show a synergism in vitro. This prompted us to continue with
this particular dosage which also stays approximate to the
maximal bioavailable concentration of the curcumin. Hence,
we utilized a human TNBC xenograft model in NSG mice,
which explicitly demonstrated the superior anti-tumor effect of
the 5-FU-curcumin combination, which specifically leads to the
down-regulation of TS pathway. Furthermore, our precise
studies in the TNBC model corroborated the role of TS to
serve as the key regulator of this synergism. Our subsequent
molecular docking studies showed the interaction site of
curcumin on TS and explained its affinity towards TS alone or
in the presence of FdUMP, the active metabolite of 5-FU. Hence,
this is the first pre-clinical study to date that portrays TS as a
promising clinical target for curcumin-mediated chemosensitization
of mammary tumors towards 5-FU chemotherapy, with conclusive
in vivo and in silico evidence.
METHODS

Cell Lines
The breast cancer cell line MDA-MB-231 and human embryonic
kidney cells 293T (HEK293T) were purchased from ATCC and
maintained in appropriate medium. Mycoplasma tests were
performed on parent cell lines and stable cell lines every 6
months using PCR method.
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Reagents and Antibodies
5-FU was purchased from Calbiochem (San Diego, CA, USA).
Curcumin, X-treme GENE™ HP DNA transfection reagent and
antibody against vinculin were procured from Sigma-Aldrich (St.
Louis, MO, USA). Antibodies against p-ERK1/2, p-p38, p-JNK,
p-Akt, p-IKK, c-Myc and caspases were obtained from
Cell Signaling Technology (Beverly, MA, USA). Antibodies
against p-p65, MDR-1, VEGF, Bcl-2, cIAP1, XIAP, survivin,
TS, PARP, Cox-2 and GAPDH were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibody against ABCG2
was purchased from Abcam (Cambridge, Mass, USA).

Animal Experiments
Orthotopic Xenograft Model of Human
Breast Cancer
Xenograft studies were conducted according to protocol
#RD3585, under the approval of the University of Florida
Institutional Animal Care and Use Committee in accordance
with federal, state and local guidelines. 6-8 weeks old, female,
nulliparous mice of the strain NOD/SCID (Nonobese Diabetic/
Severe Combined Immunodeficiency) gamma, the NOD.Cg-
PrkdcscidIl2rgtm1Wjl/SzJ mice, commonly known as NSG
mice, underwent orthotopic, mammary fat pad injection of
4x106 MDA-MB-231 cells in PBS. Tumor growth was
monitored by palpitation twice a week. Palpable tumors were
identified 15 days post-injection and the animals were randomly
assigned to four groups (n=5/group). Treatments were started
from the 16th day of injection. Group1 was treated with vehicle
alone, Group II received an intraperitoneal injection of liposomal
curcumin at 25 mg/kg body weight on alternate days, Group III
received an intraperitoneal injection of 5-FU dissolved in PBS
at a dose of 20 mg/kg body weight twice weekly and Group IV
received both 5-FU and curcumin. Curcumin was encapsulated in
unilamellar liposome formulation made of phosphatidylcholine
and cholesterol. Animals in group IV received a single
intraperitoneal injection of liposomal curcumin at 25 mg/kg
body weight as a pre-treatment and after 6 h, these animals
again received IP injections of liposomal curcumin at 25 mg/kg
(as the maximum retention time of curcumin within the body is
3 h), along with 5-FU dissolved in PBS at a dose of 20 mg/kg body
weight. Drug treatment was continued up to 6 weeks, animals
were euthanized and the tissue samples were collected for
further analyses.

Drug Regimen
Group I- IP injection of the vehicle (liposome) alone (on
alternate days).

Group II- IP injection of liposomal curcumin 25 mg/kg body
weight (on alternate days).

Group III- IP injection of 5-FU 20 mg/kg body weight
dissolved in PBS (twice weekly).

Group IV- IP injection of liposomal curcumin 25 mg/kg body
weight (on alternate days).

On the days of treatment with the combination of curcumin
and 5-FU, the animals received,
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a) IP injection of liposomal curcumin 25 mg/kg body weight
(pre-treatment).

b) 6 h post first curcumin injection, two separate IP injections
of liposomal curcumin 25 mg/kg body weight and 5-FU 20
mg/kg body weight dissolved in PBS, respectively (twice
weekly).
Lentiviral TS shRNA Transduction in
MDA-MB-231 Cells
To evaluate the regulatory role of TS in the synergism, MDA-
MB-231 cells were infected with lentiviral TS shRNA
and injected orthotopically to the mammary fat pad of
NSG mice.

shRNA Design and Lentivirus Plasmids Used
Lentiviral shRNA vector pLKO.1 (designated #89- obtained
from Addgene), lentiviral TS shRNA vector (designated #64-
obtained from Sigma, TRCN0000045667), target sequence: 5′
CCGGCTTTGGGAGATGCACATATTTCTCGAGAAATA
TGTGCATCTCCCAAAGTTTTTG-3′and lentiviral pSMPUW-
GFP vector (designated #76-from Cell Biolabs, Inc) were used to
produce recombinant lentivirus in HEK293T cells.

Below mentioned are the other lentiviral TS shRNA vectors
obtained from Sigma and screened for the study:

5′CCGGCAGGTGACTTTATACACACTTCTCGAGAAGTG
TGTATAAAGTCACCTGTTTTTG-3′ (TRCN0000045664),

5′CCGGGCAAAGAGTGATTGACACCATCTCGAGATGGT
GTCAATCACTCTTTGCTTTTTG-3′ (TRCN0000045666)

5′CCGGGCTGACAACCAAACGTGTGTTCTCGAGAACACA
CGTTTGGTTGTCAGCTTTTTG-3′ (TRCN0000045665)

5′CCGGCCCTGACGACAGAAGAATCATCTCGAGATGATT
CTTCTGTCGTCAGGGTTTTTG-3′ (TRCN0000045663)
Lentivirus Production
5x106 HEK 293T cells plated in to 150 mm dishes were
transfected with 10µg of TS shRNA plasmid, pLKO.1 vector or
pSMPUW-GFP, 5µg psPAX (lentiviral packaging plasmid) and
5µg pMD2.G (VSV-G envelope expressing plasmid) with Fugene
transfection Reagent (Qiagen), according to manufacturer’s
instructions. 48 h post-transfection, media containing the
lentiviral particles were harvested and centrifuged at 3000
rpm at 4°C for 10 min. The supernatant was collected, mixed
with 1/3rd volume of fresh media and 1:1000µl polybrene
was added.

Transduction
5x106 MDA-MB-231 cells were plated to 150 mm dishes,
incubated overnight and transduced with the lentivirus for 8 h.
After incubation, the infection mixture was replaced with fresh
media and the lentiviral particles containing media was
discarded. This procedure was repeated twice. The efficiency of
transfection in HEK 293T and transduction in MDA-MB-231
was assessed using a microscope and photomicrographs were
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taken. Transduction efficiency was further validated through
immunoblotting analysis.

Orthotopic Xenograft Model of Human
Breast Cancer Using Established
MDA-MB-231TS and MDA-MB-231TS- Cells
6-8 weeks old, female, nulliparous NSG mice (n=40) were used
for the experiment. The animals were separated into two groups.
Group A and B underwent orthotopic, mammary fat pad
injection of 4x106 MDA-MB-231TS/MDA-MB-231TS-cells in
PBS, respectively. In both groups, tumor growth was
monitored by palpitation twice a week. Palpable tumors were
identified 15 days-post-injection and the animals in both groups
were randomly assigned to four sub-groups (n=5/sub-group).
Treatments were started from the 16th day of injection. Sub-
group I of group A and B was treated with the vehicle alone, sub-
group II of group A and B received an intraperitoneal injection of
liposomal curcumin at 25 mg/kg body weight on alternate days,
sub-group III of group A and B received an intraperitoneal
injection of 5-FU dissolved in PBS at a dose of 20 mg/kg body
weight twice weekly and sub-group IV of group A and B received
both 5-FU and curcumin. Animals in sub-group IV of groups A
and B received a single intraperitoneal injection of liposomal
curcumin at 25 mg/kg body weight as a pre-treatment 6 h before
administration of combination and these animals again received
IP injections of liposomal curcumin at 25 mg/kg along with 5-FU
dissolved in PBS at a dose of 20 mg/kg body weight, since the
maximum retention time of curcumin within the body is 3 h.
Drug treatment was continued up to 6 weeks, animals were
euthanized and the tissue samples were collected for
further analyses.

Toxicological Analyses
The toxicological analysis of the combination was performed in
6-8 weeks old female Swiss albino mice as per protocol (IAEC/
230/RUBY) approved by the Institutional Animal Ethics
Committee, Rajiv Gandhi Centre for Biotechnology.

Acute toxicity: Doses of 0, 25 and 50 mg/kg of curcumin and
20 mg/kg of 5-FU were given to groups of six mice each. Animals
were euthanized on day 8. The liver tissue was analyzed by
histopathology using H&E staining and the serum was used to
perform Liver Function Test (31).

Sub-chronic Toxicity: Doses of 25 and 50 mg/kg of curcumin
and 20 mg/kg of 5-FU were given to groups of six mice each.
Animals were euthanized after 90 days and toxicity was
measured as described (31).

Histology and Immunohistochemistry
The tumor and liver tissues from mice and rats were fixed and
cryosectioned. Immunostaining of specific proteins in the tissue
sections was done using Poly Excel HRP/DAB detection system
universal kit for mouse and rabbit primary antibodies (PathnSitu
Biotechnologies Pvt. Ltd, India) as per manufacturer’s protocol.
All the immunohistochemistry images were taken in DMi8
Inverted Fluorescence Research Microscope with DMC 2900
Digital Camera.
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TUNEL Assay
TUNEL assay was performed to detect apoptosis in formalin
fixed, paraffin-embedded xenograft tumor tissue sections using
DeadEnd Colorimetric TUNEL System (Promega) following the
manufacturer’s instructions (24).

Western Blot Analysis
Cytoplasmic and nuclear proteins were isolated from tissue
samples and were subjected to Western blotting as described
earlier (24). The quantification of immunoblots was carried out
using ImageJ software.

Molecular Docking Studies
The computational studies were carried out using the software
package of Schrödinger (Schrödinger LLC, New York, NY, 2018).
The crystal structure of TS was retrieved from Protein Data Bank
and used as the initial structure for modeling studies (PDB ID:
1JU6). The atomic coordinates of the ligands, curcumin and 5-
fluoro-dUMP (FdUMP) were downloaded from PubChem (CID:
969516) and PDB (PDB ID: 1TLS) respectively. The structure
correction of 1JU6 was performed with the module Protein
Preparation Wizard. The crystallographic water molecules were
removed and polar hydrogens were added. Energy minimization
was performed up to an RMSD of 0.3 Å. A 36 Å x36 Å x36 Å
receptor grid was generated, that encompasses the binding sites
for the substrate and cofactor. The ligands were prepared before
docking using the module Ligprep. The ligands were docked
onto protein binding sites using Extra Precision (XP) mode of
flexible docking (Glide, Schrödinger, LLC, New York, NY, 2018).

Statistical Analysis
All data were expressed as mean ± SD. Data were analyzed
using Prism 6.0 (GraphPad Software). One-way ANOVA
measured statistical significance between the conditions.
***P-values ≤0.001, **P-values ≤0.01 and *P-values ≤0.05; ns
represents non-significance.
RESULTS

Curcumin Enhances the Anticancer
Efficacy of 5-FU Against Orthotopically
Implanted Human BC Xenografts
in NSG Mice
To validate our previous in vitro findings (15), firstly we utilized an
orthotopic xenograft model of human BC in NSG mice, established
using the TNBC cell line, MDA-MB-231. The drug treatment
regimen including that of the combination is as described in
Materials and Methods. We previously reported the maximum
retention time of liposomal curcumin as 3 h (25), hence a second
dose of curcumin was given along with 5-FU to maintain the
presence of curcumin in the mouse system. In order to evaluate the
pharmacological safety of the combination, a detailed toxicological
analysis was conducted in Swiss albino mice using acute and sub-
chronic toxicity studies (Figures 1A, B). The animals did not exhibit
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any abnormal behaviour and did not show any significant deviation
from the normal reference range of serum AST (Aspartate
aminotransferase), ALT (Alanine transferase) and ALP (Alkaline
phosphatase). Even though, in the acute toxicity study, the group of
mice, which received 20 mg/kg 5-FU+ 25 mg/kg of curcumin and
the group which received 20 mg/kg 5-FU+ 50 mg/kg of curcumin
showed a slight increase in ALT level in comparison to other groups
Frontiers in Oncology | www.frontiersin.org 5206
(Figure 1A), the changes fell in the normal reference range
indicating safety of the regimen. The histopathological evaluation
of the liver tissue did not show any toxic changes or cholestasis/
necro-inflammatory reactions (Figure 1B) attesting the
pharmacological safety of the combination. Moreover, the
treatments did not induce any significant effect on the body
weight of the animals also (Figures 1C, D). The mean tumor
A

B

C

D

FIGURE 1 | Toxicological analyses of curcumin and 5-FU alone or in combination using Swiss albino mice. [A (i, ii)]. Curcumin and 5-FU alone and/or in combination
at the given dose, does not induce any liver cytotoxicity in both acute and sub-chronic toxicity models as assessed by biochemical analysis. i) Serum levels of AST,
ALT and ALP in acute toxicity study. ii) Serum levels of AST, ALT and ALP in sub-chronic toxicity study. (B) Histopathological analysis of liver tissues from acute and
sub-chronic toxicity study. (C) The average body weight of animals in different groups during the acute toxicity study. (D) The average body weight of animals in
different groups during the sub-chronic toxicity study.
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volume of the group treated with 5-FU+Cur was remarkably
diminished compared to that of the individual treatment groups
(Figure 2A). The animals treated with the combination (5-FU+Cur)
exhibited a significant reduction (~5 fold) in their tumor sizes in
comparison to the control, at the time of necropsy (Figure 2B).
However, animals treated with curcumin alone had a minimal
reduction (~1.25 fold) in tumor size and volume whereas treatment
with 5-FU alone produced a significant reduction (~2.5 fold)
confirming the synergistic antitumor efficacy of the combination
(Figure 2B). Figure 2C shows the changes in the average body
weight of the animals in different groups during the course of the
treatment. Presence of increased number of apoptotic cells,
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apoptotic bodies and micronuclei in the histopathological
evaluation of tumor sections showed that curcumin accelerates 5-
FU-mediated apoptosis (Figure 2D). Curcumin-mediated
enhancement of 5-FU-induced apoptosis in the tumor tissues was
confirmed using TUNEL staining (Figure 2D), where the sections
from animals treated with curcumin alone did not show
significantly positive apoptotic cells compared to tissues
treated with 5-FU alone, while in the combination, curcumin
augmented the apoptotic effects of 5-FU (Figure 2E). A
significant increase in the percentage of apoptotic cells in the
sections obtained from animals treated with 5-FU+Cur attest
curcumin-mediated enhancement of 5-FU-induced apoptosis
A B
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D

FIGURE 2 | Curcumin enhances antitumor effect of 5-FU in orthotopic xenografts of human BC in NSG mice (A) Representative images of animals from each
experimental group showing differences in tumor volume upon completion of treatment. (B) The mean tumor volume (in mm3) among different experimental groups is
shown. Data represent two independent sets of experiments and results are shown as the mean ± S.D. P-values were calculated with one-way ANOVA. ***P-values
≤0.001 and **P-values ≤0.01. (C) The effect of the treatment on the average body weight of animals in different groups during the study. (D) Histological changes induced
by the treatments, either alone or in combination are shown. (E) Representative photomicrographs showing TUNEL staining pattern in xenograft tumor sections. Dark
brown staining is indicative of nuclei with fragmented DNA. (F) Curcumin potentiates 5-FU-induced cleavage of caspases in human breast cancer xenograft treated with
5-FU + Cur. (G) Curcumin pre-treatment markedly increased 5-FU-induced PARP cleavage in the animals treated with the combination. Total proteins were extracted
from tumor samples of different experimental groups as described in Methods and subjected to Western blot analysis using specific antibodies against caspases 9, 8, 7
and PARP. All experiments were repeated thrice with samples from different animals of the same treatment groups. Vinculin levels are shown to monitor equal loading
of samples.
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(Supplementary Figures 1A, B). The combination also displayed
a notable enhancement in the cleavage of the caspases 9, 8 and 7
(Figure 2F). An elevation in apoptosis induced by 5-FU+Cur was
confirmed by an increase in PARP cleavage (Figure 2G).

The Antitumor Potential of 5-FU Against
TNBC Was Augmented by Curcumin
via Repression of TS and Key
Anti-Apoptotic Factors
We had previously pinpointed TS-dependent down-regulation of
NF-kB as the pivotal event regulating the 5-FU-Cur synergistic
effect, in vitro (15). To outline a mechanistic explanation for the
5-FU-Cur synergism in vivo, we studied the expression status of
TS and p65 subunit of NF-kB in all the experimental groups of
TNBC xenografts. We observed a hike in the expression of TS (2
out of 3) and phospho p65 (3 out of 3) in the 5-FU alone group
compared to control and curcumin alone. Supporting our in
vitro data, curcumin pre-treatment produced a drastic reduction
in 5-FU-induced over-expression of TS and activation of NF-kB
in vivo, which was authenticated by the minimal expression of
IKK phosphorylation in the group treated with the combination
(Figure 3A). 5-FU-induced up-regulation of various members of
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the IAP family contribute to chemoresistance (15) and are trans-
activated in tumor cells as a part of the NF-kB-mediated cell
survival pathway (18). Our immunoblot analysis indicated an
over-expression of XIAP, c-IAP1, and Bcl-2 (from the IAP
family) in tissue lysates isolated from animals treated with 5-
FU alone while the expression levels of these molecules were
attenuated in the animals treated with 5-FU+Cur (Figure 3B).

Immunoblot studies also show that curcumin pre-treatment
can successfully reduce 5-FU-induced activation of Akt and all
the MAPKs (Figure 3C). IHC analysis of the expression status of
TS, p-p65, p-Akt, p-p42/44, p-JNK and p-p38 in tumor tissue
sections from different experimental groups also confirms the
same (Figure 3D). Several downstream effectors of the NF-kB
pathway has been reported to have a role in BC incidence and
progression, such as MDR-1 (32), c-Myc (33), Cox-2 (34),
BCRP/ABCG2 (35) and VEGF, which are involved in
regulating the response to chemotherapy, cellular growth,
proliferation, and transmigration, respectively. Our observation
of the ability of curcumin to down-regulate 5-FU-induced
activation of NF-kB urged us to analyze the expression status
of these molecules in our treatment regimens. The general
immunoblot pattern indicates that curcumin can successfully
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FIGURE 3 | Curcumin attenuates 5-FU-induced over-expression of TS together with activation of NF-kB and other major survival signals. (A) Treatment with 5-FU
alone induced a significant over-expression of TS and activation of NF-kB and IKK, which was remarkably down-regulated by curcumin pre-treatment. Total proteins
were extracted from tumor samples and were subjected to Western blot analysis using specific antibodies against TS, p-p65, and p-IKK. (B) Curcumin pre-
treatment down-regulates 5-FU induced up-regulation of XIAP, c-IAP1, and Bcl-2. All experiments were repeated thrice with samples from different animals of the
same treatment groups. Vinculin and GAPDH levels demonstrate equal loading of samples. (C) Curcumin pre-treatment remarkably suppressed 5-FU-induced
activation of Akt and MAPKs. (D) Immunohistochemical analysis of the expression status of TS and p65 subunit of NF-kB, p-Akt, p-p42/44 and p-JNK in tumor
tissue sections from experimental groups. (E) Curcumin pre-treatment down-regulates 5-FU-induced over-expression of MDR-1, c-Myc, Cox-2, ABCG2 and VEGF in
human BC xenografts. All experiments were repeated thrice with samples from different animals of the same treatment groups. Anti-Vinculin immunoblot serves as
the loading control.
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down-regulate the basal as well as 5-FU-induced expression of
the above mentioned NF-kB downstream effector molecules in
the animals treated with 5-FU+Cur (Figure 3E).

TS Serve as the Critical Regulator
in the Synergistic Antitumor Effect
of 5-FU and Curcumin
The striking analogy between our previous in vitro (15) and the
current in vivo observations emphasizes a determining role for
TS in regulating the synergism of 5-FU and curcumin. To
authenticate this, we generated MDA-MB-231TS and MDA-
MB-231TS- cells that stably express control/non-targeting
shRNA and TS shRNA respectively, by transducing parental
MDA-MB-231 cells (Figure 4A). The expression levels of TS in
these cells were monitored using immunoblotting (Figure 4B)
and the corresponding orthotopic BC xenografts were developed
in NSG mice thereafter. Comparative analysis of the body
weights of mice did not show any significant variation
(Figures 4C, D). While the combination of 5-FU+Cur
exhibited a significant attenuation in tumor volume in animals
bearing MDA-MB-231TS xenografts (Figures 5A-i, B), which
were in complete concordance with the previous results
(Figure 2B), the combination was unsuccessful in eliciting any
significant effect on tumor volume in mice harboring MDA-MB-
231TS- xenografts, compared to mice treated with 5-FU alone,
emphasizing the role of TS as a critical factor in mediating the
synergistic effect (Figures 5A-ii, C). Supplementary Figures 1C,
D shows the average tumor volume of animals in different
treatment groups from the starting till the end of the study.
The results also demonstrate that curcumin fails to
chemosensitize TS-deficient MDA-MB-231 cells to 5-FU
therapy (Figures 5A-ii). IHC studies of TS and NF-kB in the
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tumor samples derived from animals bearing MDA-MB-231TS/
MDA-MB-231TS- xenografts confirmed TS-dependent down-
regulation of NF-kB (Figures 5Di-ii).

Molecular-docking was performed to analyse the interactions
between 5-FU-Cur and the effector molecule (TS). The catalytic
centre of TS possesses substrate and cofactor (folate) binding
sites. A receptor grid, which encompasses both sites, was
generated and curcumin was docked on to this grid. Curcumin
occupied the TS cofactor binding site with Glide score -7.07 kcal/
mol whereas the crystallographic antifolate inhibitor LY231514
(Pemetrexed, Alimta®) scored -7.70 kcal/mol. Both curcumin
and LY231514 made hydrogen bonds with residue A312.
Interestingly, curcumin made additional hydrogen bonds with
residues R50 and R78. The interactions with A312 and R50
anchor curcumin deep within the folate binding site. The similar
binding affinity of curcumin and LY231514 towards the TS
cofactor binding site indicates the efficacy of curcumin to
function as a cofactor site-binding inhibitor of TS. 5-fluoro-
dUMP (FdUMP), the active metabolite of 5FU, forms a covalent
adduct with TS in vivo (36). This prompted us to dock this
molecule on to TS active site where it occupied the substrate-
binding site with Glide score -5.74 kcal/mol. Figure 6A
illustrates the comparative binding pose of curcumin,
LY231514 and FdUMP on TS. To confirm that the findings
our study is not confined to the TNBC cell line, MDA-MB-231
and will work independent of the receptor status, we evaluated
the synergistic effect of the combination in another TNBC cell
line, HCC 1937 and triple positive cell line, BT474. The results
obtained were in concordance with that obtained in MDA-MB-
231 (Figure 6B). Hence, through this study, we propose a novel
and effective chemotherapeutic regimen against BCs of all
receptor status (Figure 6C).
A
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FIGURE 4 | Analysis of the efficiency of lentiviral transduction and expression status of TS in transduced cells. (A) Efficiency of lentiviral transfection in HEK 293T cells
and successive infection in MDA-MB-231 cells, respectively as assessed by GFP expression. (B) Time-dependent analysis of expression status of TS in MDA-MB-231
cells transduced with TS shRNA compared to that of untreated control and cells transduced with control/non-targeting shRNA (Nt-shRNA) using immunoblotting. GAPDH
levels are shown as the loading control. (C, D) Comparison of body weight from different treatment groups bearing MDA-MB-231TS xenografts and MDA-MB-231TS-

xenografts, respectively.
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DISCUSSION

The evasion of programmed cell death is a major hallmark that
flags drug-induced chemoresistance in neoplastic cells. Breast
cancer, the most diversified amongst all cancers, lacks a unique
way of therapy due to varying molecular subtypes. The present
study, using orthotopic xenograft model of human TNBC, has
demonstrated the ability of the phytoactive curcumin in
chemosensitizing BCs, irrespective of their receptor status, by
contributing synergistically to the chemotherapeutic efficacy of 5-
FU. Also, the studies performed in the substantiated TS as the
principal target for this combinatorial chemotherapeutic regimen.

Although the phytoproduct curcumin has been established as
an ideal chemopreventive and chemosensitizer, which influence
multiple signaling pathways that promote chemoresistance
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(18, 21), its clinical trials as a chemotherapeutic have not been
favorable owing to the poor bioavailability of this compound
(37). Bolstered by our previous in vitro studies, where we
established curcumin as an effective chemosensitizer towards
5-FU treatment (20, 24), we conducted the current study to
verify these results in vivo, using a bioavailable dose of curcumin
and to unravel the underlying mechanisms of this synergism. An
explicit synergistic antineoplastic effect was observed with a
combination of doses equivalent to 10µM 5-FU and 5µM
curcumin, as assessed by reduction in the tumor volume and
size which indicates an increase in apoptotic tumor cells. The
utilization of MDA-MB-231, a TNBC cell line, in our xenograft
experiments expelled the possibility of any receptor-dependent
effects in regulating the synergism, indicating the efficacy of the
combination in treating the heterogenous subtypes of BC.
A

B

C

D

FIGURE 5 | The role of TS in regulating the synergism of 5-FU and curcumin. [A (i, ii)] Representative images of animals from each experimental group, bearing tumor
produced by orthotopic injection of both sets of transduced cells and tumors excised showed a reduction in tumor size upon completion of treatment. (B, C) Graphs
showing a comparison of tumor volume of MDA-MB-231TS and MDA-MB-231TS- xenografts, respectively upon completion of treatment. Significant reduction in tumor
volume is observed in animals bearing MDA-MB-231TS xenografts, upon treatment with combination while no significant reduction in tumor volume is observed in animals
bearing MDA-MB-231TS- xenografts. Data represent two independent sets of experiments and results are shown as the mean ± S.D. P-values were calculated with one-
way ANOVA. ***P-values ≤0.001, **P-values ≤0.01 and *P-values ≤0.05; ns represents non-significance. [D (i, ii)] Immunohistochemical analysis of expression status of TS
and p65 sub-unit of NF-kB in different treatment groups of MDA-MB-231TS and MDA-MB-231TS- xenografts, respectively.
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While drug-induced over-expression of TS is described as the
major mechanism of chemoresistance hampering the success of
5-FU chemotherapy (38), the down-regulation of TS significantly
augmented the anticancer potential of 5-FU, due to the
attenuation in its primary target (9, 10). The present study also
demonstrated that treatment with 5-FU-alone induces a
considerable elevation in the TS levels, which was significantly
down-regulated by curcumin pretreatment improving the
therapeutic index of 5-FU.

Numerous studies have associated NF-kB over-expression
with therapeutic resistance against 5-FU (16, 39), and inhibition
of NF-kB activity with the enhancement of 5-FU cytotoxicity
(40, 41). The constitutively higher levels of NF-kB have been
reported as an intrinsic feature of cell lines resistant to TS
inhibitors (40). Meanwhile, the efficacy of curcumin in down-
regulating the oncogenic activity of NF-kB is well documented
(15, 24). Moreover, a recent study has shown that curcumin
analogs effectively inhibit ectopically induced NF-kB activation
Frontiers in Oncology | www.frontiersin.org 10211
and subsequent over-expression of TS in colorectal cancer
cells (42).

In concordance with above reports, the present study too
revealed a drug-induced activation of NF-kB, which was
radically down-regulated by curcumin. In addition to TS and
NF-kB, constitutive and drug-induced activation of Akt and
MAPKs have been implicated in neoplastic cell proliferation,
survival, and resistance (14, 15, 43). Numerous studies have
shown the modulatory effects of curcumin on molecular
pathways including Akt and MAPKs (20, 24). Our results also
validate this property of curcumin to inhibit 5-FU-induced
activation of these survival signals in the murine tumor
samples treated with the combination. Among the various
molecules studied, even though 5-FU-induced up-regulation of
NF-kB, MAPKs and Akt were down-regulated by curcumin, they
do not have any direct impact or regulatory role on the mode of
action of the combination. The critical role of TS in this context
was unraveled using MDA-MB-231TS- xenograft model, where
A

B

C

FIGURE 6 | Docking analysis of curcumin binding on TS (A) Docking analysis of curcumin binding on TS. Comparative binding pose of Curcumin (yellow),
LY231514 (pink), and FdUMP (green) at the catalytic center of TS generated by molecular docking studies. Curcumin and LY231514 span the cofactor binding site
of TS whereas FdUMP binds the substrate binding site. Protein is displayed in cartoon style and ligands are represented as tubes. (B) Effect of 5-FU and curcumin,
alone or in combination, on breast cancer cells of different receptor status. A total of 5000 cells in triplicates were exposed to the indicated concentrations of the
drugs for 48 h and subjected to 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Relative cell viability was determined as percentage
absorbance over untreated control. Data represent three independent sets of experiments and results are shown as the mean ± S.D. **** and *** represents
P-values ≤0.0001 and ≤0.001 respectively. (C) A schematic representation of 5-FU-curcumin synergism against breast tumor progression. i The mammary tumors
induced in NSG mice exhibit an up-regulation of key anti-apoptotic factors like TS and NF-kB, which promotes cell proliferation leading to BC progression. ii
Phytochemical curcumin impedes the activation of these factors by binding to TS and thereby chemosensitizing the tumor cells making it susceptible to programmed
cell death. iii 5-FU, the widely used anti-cancer drug, elicits significant apoptosis of tumors cells by its mechanism of action though in parallel it elevates the activation
of various survival signals and key cell proliferative factors including TS enzyme causing drug-induced chemoresistance as a side-effect. iv The combinatorial
administration of curcumin along with 5-FU attenuates the drug-induced augmentation of TS and the downstream anti-apoptotic regulators that promote
chemoresistance and subsequently lead to cell death resulting in drastic tumor regression and thereby functions as an efficient therapeutic regimen against all BC
types irrespective of their receptor status.
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curcumin was ineffective in inducing a synergistic antitumor
effect with 5-FU.

Studies have revealed that the therapeutic efficacy of 5-FU is
greatly enhanced in the presence of a TS cofactor (44–46), which
prompted us to hypothesize a cofactor-like role for curcumin.
Molecular docking studies revealed the ability of curcumin to
bind TS with an affinity shown towards the TS cofactor-binding
site, rather than the substrate-binding site, where 5-FU binds.
This in silico data explains a probable mechanism behind the
curcumin-mediated increase in the therapeutic index of 5-FU.
Our modeling analysis comparing the affinity of curcumin with
that of LY231514 (pemetrexed), a multitargeted antifolate used
in the treatment of advanced breast cancer, indicated a superior
affinity of curcumin over LY231514 towards TS cofactor-binding
site. Curcumin enhances the anticancer effect of the well-known
antifolate, methotrexate, against gastric cancer as per the studies
(47, 48) and an in silico analysis shows curcumin binding to
dihydrofolate reductase (DHFR) with comparable binding
energy to that of methotrexate (49). Assembling these
observations we predict an antifolate-like activity for curcumin,
similar to that of pemetrexed, which may significantly enhance
the therapeutic efficacy of 5-FU by inhibiting TS activity
highlighting curcumin as a potential alternative for antifolate
adjuvant chemotherapy with 5-FU.

Even though 5-FU is not a key drug in the current clinical
scenario of breast cancer chemotherapy, it is used either alone or
in combination with other drugs for the successful treatment and
management of metastatic breast cancer (50). Recent reports also
demonstrate that 5-FU can be used either alone or in combination
with other drugs to treat triple negative breast cancer effectively
(51, 52). Though numerous studies have demonstrated the
anticancer potential of curcumin against various cancers, none
of the clinical trials conducted using this phytochemical has
generated substantial outputs. This is due to the reason that the
maximum attainable serum concentration of curcumin is around
5µM, a concentration that is not sufficient to induce cytotoxicity in
cancer cells of any origin. In the present study, we have
demonstrated that 5µM curcumin is sufficient to down-regulate
5-FU-induced survival signals, which eventually leads to the up-
regulation of TS that develops chemoresistance in TNBC cells. Our
treatment modality results in a drastic reduction of 5FU dosage,
minimizing the toxicity and cost of chemotherapy. Moreover, this
is the first study, which highlights TS as a promising clinical target
of curcumin-mediated chemosensitization of BC to 5-FU
chemotherapy. Taken together, our study identifies a novel
strategy with minimum side effects, which significantly improves
the efficacy of 5FU chemotherapy in a receptor -independent mode
and hence could be effectively used for treating TNBC patients,
who have limited therapeutic options.
CONCLUSIONS

The present study is the first preclinical evaluation of the
therapeutic efficacy of the 5-FU and curcumin combination
against BC. Moreover, based on the recent observations where
therapies that attenuate de novo pyrimidine synthesis sensitize
Frontiers in Oncology | www.frontiersin.org 11212
drug-resistant TNBC to chemotherapy (53), we put forward a
novel therapeutic strategy that treats BC irrespective of their
receptor status. Though we proclaim the effectiveness of the
combination with collective pre-clinical evidence, it necessitates
clinical validation in patients with different molecular subtypes of
BC, with special emphasis on TNBC. TS has been reported to be
the major factor sustaining the de-differentiated status of triple-
negative breast cancers (54). A very recent study demonstrating a
pharmacologically safe, intravenous co-administration of curcumin
with paclitaxel in patients with advanced metastatic BC, points out
an excellent future prospective for combinatorial regimen
employing curcumin with conventional chemotherapeutics (55).
Currently, we have initiated studies on evaluating the efficacy of 5-
FU-curcumin combination against breast cancer stem cell
population and primary breast cancer cells isolated from patients
of divergent receptor status.
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Supplementary Figure 1 | (A, B) Graphs showing the percentage of apoptotic
cells in different treatment groups upon H&E staining and TUNEL staining of the
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tumor sections, respectively. Data represent two independent sets of experiments
and results are shown as the mean ± S.D. P-values were calculated with one-way
ANOVA. ***P-values ≤0.001, **P-values ≤0.01 and *P-values ≤0.05. (C, D) Graphs
showing a comparison of average tumor volume of MDA-MB-231TS and MDA-MB-
231TS- xenografts, respectively from start date of drug treatment till the completion
of treatment. Significant reduction in tumor volume is observed in animals bearing
MDA-MB-231TS xenografts, upon treatment with combination while no significant
reduction in tumor volume is observed in animals bearing MDA-MB-231TS-

xenografts. Data represent two independent sets of experiments and results are
shown as the mean ± S.D. P-values were calculated with one-way ANOVA.
***P-values ≤0.001, **P-values ≤0.01 and *P-values ≤0.05; ns represents
non-significance.

Supplementary Table 1 | The intensity of protein bands of respective proteins in
corresponding immunoblot figures analysed by ImageJ software. C1, C2, C3-
Control samples 1, 2, 3;Cu1, Cu2, Cu3- Curcumin treated samples1, 2, 3;F1, F2,
F3- 5-FU treated samples 1, 2, 3;F+C1, F+C2, F+C3- Combination treated samples
1, 2, 3.
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As a unique population of tumor bulk, cancer stem cells have been implicated in tumor relapse
and chemoresistance in triple-negative breast cancer (TNBC). Therefore, understanding the
phenotype of cancer stem cells can pave the way for introducing novel molecular targeted
therapies for treating TNBC patients. Preclinical studies have identified CD44+CD24-/low as a
cancer stem cell phenotype; however, clinical studies have reported seemingly controversial
results regarding the prognostic values of CD44 and CD44+CD24-/low phenotype in TNBC
patients. To critically review the clinicopathological significance and prognostic values of CD44
and CD44+CD24-/low phenotype in TNBC patients, the Scopus, Embase, PubMed, andWeb
of Science databases were systematically searched to obtain the relevant records published
before 20 October 2020. Based on nine included studies, CD44 and CD44+CD24-/low

phenotype are associated with inferior prognosis in TNBC patients. Moreover, these cancer
stem cell markers have been associated with advanced tumor stage, tumor size, higher tumor
grade, tumor metastasis, and lymphatic involvement in TNBC patients. Our evidence has also
indicated that, unlike the treatment-naïve TNBC patients, the tumoral cells of
chemoradiotherapy-treated TNBC patients can upregulate the CD44+CD24-/low phenotype
and establish an inverse association with androgen receptor (AR), leading to the inferior
prognosis of affected patients. In summary, CD44 and CD44+CD24-/low phenotype can be
utilized to determine TNBC patients’ prognosis in the pathology department as a routine
practice, and targeting these phenotypes can substantially improve the prognosis of
TNBC patients.

Keywords: triple-negative breast cancer, cancer stem cell, cancer therapeutic resistance, CD44, CD44/
CD24, prognosis
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INTRODUCTION

Breast cancer is one of the frequently diagnosed cancers among
females (1). TNBC, as one of the troublesome breast cancer
subtypes, is characterized by the lack of expression of estrogen
receptor, progesterone receptor, and human epidermal growth
factor receptor 2 (HER2) (2). TNBC can be further grouped into
six subtypes, i.e., basal-like 1, basal like2, immunomodulatory,
mesenchymal, mesenchymal stem-like, and luminal androgen
receptor subtypes (3). Despite recent advances in treating breast
cancer, the current therapeutic approaches have not resulted in
desirable outcomes for TNBC patients. Therefore, there is a need
to develop new approaches to treat TNBC patients (3).

Although cancer stem cells comprise a small tumor cell
population, their self-renewal feature can facilitate rising
progressive neoplasms. This unique tumor cell population is
one of the culprits of developing chemoresistance and tumor
relapse (4). Indeed, cancer stem cells share many features with
normal stem cells; for instance, they can be divided
asymmetrically and recapitulate tumor cells (5). Furthermore,
cancer stem cells can stimulate the epithelial-to-mesenchymal
transition (EMT) process to facilitate tumor metastasis (6).

Preclinical studies have indicated that CD44, as a
transmembrane glycoprotein, is overexpressed in cancer stem
cells and has been implicated in tumor development and
migration (7, 8). The interaction between CD44 and
hyaluronan can stimulate the epidermal growth factor receptor
(EGFR)-related pathways and facilitate chemoresistance, tumor
growth, and metastasis in various cancers (9). Indeed, CD44 has
been implicated in the activation of the mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated kinase
(ERK) and the phosphatidylinositol-3-kinase and protein
kinase B (PI3K/Akt) signaling pathways in tumoral cells (10,
11). The activation of the rat sarcoma (Ras)- rapidly accelerated
fibrosarcoma (Raf)-extracellular signal-regulated kinase kinase
(MEK)-ERK pathway has been associated with upregulated
tumoral programmed death-ligand 1 (PD-L1) expression,
which ultimately establishes an auto-inductive loop with PD-
L1 (12–14). Therefore, CD44 can facilitate the immune evasion
of tumoral cells via facilitating the activation of the Ras-Raf-
MEK-ERK pathway. Indeed, recent findings have indicated that
CD44 can promote the expression of tumoral PD-L1 in TNBC
cells (15). Nam et al. have indicated that CD44 can promote the
activation of the tyrosine-protein kinase Src (c-Src)/Akt
signaling pathway, leading to the activation of c-Jun and
transcription of c-Src. Therefore, CD44-mediated c-Src/Akt/c-
Jun/c-Src signaling pathway can lead to the establishment of an
auto-inductive, resulting in tumorigenesis and migration in
breast cancer cells (16). Furthermore, the interaction of CD44
with its ligand, hyaluronic acid, has upregulated expression of
multidrug resistance 1 (MDR-1) in Nanog/signal transducer and
activator of transcription (STAT)-3-mediated fashion (17). The
upregulation of STAT-3 has also been associated with increased
expression of matrix metalloproteinase-2 (MMP)-2 and invasion
in tumoral cells (18). Besides, CD44 can provide an activation
site for Ezrin-Radixin-Moesin, leading to cytoskeletal
Frontiers in Oncology | www.frontiersin.org 2216
modifications and migration (19). Therefore, preclinical studies
have indicated CD44 has been implicated in tumorigenesis,
chemoresistance, immune evasion, and migration in cancers.

In 2003, Al-Hajj et al. indicated that the CD44+/CD24-/Lin-

phenotype can be linked to cancer stem cell features in breast
cancer (20). In line with this, Taniuchi et al. have indicated that
CD24 can inhibit the migration and metastasis of pancreatic
cancer cells (21). Moreover, it has been reported that CD24 is less
expressed in differentiated cells compared to progenitor cells
(22). Pallegar et al. have shown that the activation of Raf can
substantially downregulate the gene and protein expression of
CD24 (23). Moreover, the activation of Ras has been associated
with the generation of CD44+/CD24- cells from the CD44-/
CD24+ cells in breast cancer (24). Consistent with these, recent
data have shown that inhibiting ERK, which belongs to the Ras-
Raf-MEK-ERK pathway, can substantially decrease the
population of cells with CD44+/CD24- in TNBC (10). Thus,
preclinical studies indicate that the CD44+/CD24- phenotype can
be associated with tumor development and migration in breast
cancer cells. However, the published clinical studies have not
reached a consensus regarding the prognostic value of these
phenotypes in TNBC patients (25–29).

Therefore, there is a need to clarify the prognostic role and
clinical significance of these phenotypes in TNBC patients. This
systematic review aimed to discuss the prognostic role and
clinicopathological relevance of CD44 and CD44+CD24-/low

phenotype in TNBC patients. Furthermore, this study intended
to briefly review novel approaches to target CD44 to ameliorate
the prognosis of TNBC patients.
METHODS

This study was conducted under the preferred reporting items for
systematic reviews and meta-analyses (PRISMA) statements (30).

The Strategy of the Systematic Search
The Scopus, PubMed, Web of Science, and Embase databases were
systematically searched to obtain the relevant studies published
before 20 October 2020. For this purpose, the abovementioned
databases were systematically searched with the following
keywords: (“CD44” OR”CD 44” OR “HCAM” OR “homing cell
adhesion molecule” OR “Pgp-1” OR “phagocytic glycoprotein-1”
OR “phagocytic glycoprotein 1”OR “phagocytic glycoprotein1”OR
“Hermes antigen” OR “lymphocyte homing receptor” OR “ECM-
III” OR “HUTCH-1” OR “H-CAM” OR “Ly-24” OR “Cluster of
Differentiation 44” OR “Cluster of Differentiation44”) and
(“TNBC” OR “triple-negative” OR “triple negative” OR “triple-
negative breast cancer” OR “triple negative breast cancer” OR
“ER-negative PR-negative HER2-negative breast neoplasms”
OR “ER negative PR negative HER2 negative breast neoplasms”
OR “triple-negative breast cancers” OR “triple-negative breast
neoplasm” OR “triple negative breast neoplasm” OR “triple-
negative breast neoplasms” OR “ER-negative PR-negative
HER2-negative breast cancer” OR “ER negative PR negative
HER2 negative breast cancer” OR “triple negative breast cancer”).
August 2021 | Volume 11 | Article 689839
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Study Selection and Data Extraction
After the systematic search, the obtained studies were reviewed
in two phases. In phase I, two authors (N.H and Z.A)
independently screened records according to their titles and
abstracts. In phase II, the same authors independently
reviewed the full text of the remaining papers, along with their
supplementary data. Any disagreements were resolved via
consulting with B.B and consensus.

Data Extraction
The following data were extracted from the included studies: (1)
the first author, (2) publication year, (3) the country, (4) the
sample size, (5) the previous treatment of affected patients, (6)
the prognostic values of CD44-CD44+/CD44-/low phenotype, e.g.,
progression-free survival (PFS), overall survival (OS), disease-
free survival (DFS), breast cancer-specific survival (if reported),
(7) the association between CD44-CD44/CD44 phenotypes with
the clinicopathological features, and (8) the association between
CD44-CD44/CD44 phenotypes with the EMT/metastasis factors.

Eligibility Criteria
Papers with the following eligibility criteria were included in our
study: (1) human-based studies, (2) investigations with the
objective of assessing the CD44-CD44+/CD44-/low phenotype
in TNBC patients, (3) studies, which investigated the protein
expression of CD44 and CD44+/CD44-/low phenotype TNBC
patients, (4) studies, which demonstrated the prognostic value of
CD44-CD44+/CD44-/low phenotype or the association between the
clinicopathological characteristics with CD44-CD44+/CD44-/low

phenotype in patients with TNBC, and (5) studies, which were
published in English. Based on the following criteria, records were
excluded from this study: (1) studies that failed to meet the
aforementioned inclusion criteria, (2) duplicated studies,
(3) review papers, (4) studies, which did not evaluate the protein
expression of CD44-CD44+/CD44-/low phenotype, rather the gene
expression, (5) conference abstracts, (6) cellular studies, and
(7) animal studies.

Risk of Bias in Included Studies
The methodologies of included investigations were assessed
using Hayden et al. guidelines for assessing the quality of our
Frontiers in Oncology | www.frontiersin.org 3217
included studies (31). Any disagreements were resolved via
consulting with B.B. The evaluation is demonstrated in Table 1.
RESULTS

Selected Studies
The systematic search retrieved 1253 records: PubMed (220),
Embase (444), Scopus (344), and Web of Science (245). After
removing duplication records, 770 records remained. In phase I,
715 studies were removed based on reviewing the title/abstract of
the remaining records. Inphase II, twoauthors reviewed the full text
of 55 remaining studies, alongwith their supplementary data. Based
on the second phase of reviewing, nine papers were included in the
qualitative synthesis. The flowchart of literature identification,
inclusion, and exclusion is demonstrated in Figure 1.

The Characteristic of Included Studies
The nine clinical studies were published in English between 2014
and 2020. All investigations utilized immunohistochemistry (IHC)
as the staining method. Regarding the clinico- pathological
significance of CD44 in TNBC patients, CD44 has been
associated with lymphovascular invasion, metastasis, higher
tumor grade, lymph node metastasis, and advanced tumor stage
in patients with TNBC (Table 2). Regarding the clinicopathological
significance of CD44+CD24-/low phenotype in TNBC patients,
CD44+CD24-/low phenotype has been associated with tumor
grade, tumor stage, tumor size, histology classification, lymph
node metastasis, and AR expression; however, this phenotype has
been inversely associated with AR expression in TNBC patients
treated with chemotherapy/radiotherapy (Table 2 for a better
elucidation, refer to the discussion).

Regarding the prognostic value of CD44 in TNBC patients,
CD44 has been associated with inferior DFS in affected patients
(Table 3). Regarding the prognostic value of the CD44+CD24-/
low phenotype in TNBC patients, this phenotype has been
associated with inferior OS and DFS in affected patients
(Table 3 for a better elucidation, refer to the discussion).
Regarding the cross-talk between CD44+CD24-/low phenotype
with TNBC development, this phenotype has been associated
with epithelial cadherin (E-cadherin) loss, overexpressed CD146,
upregulated vimentin, increased tumor necrosis, elevated Ki-67
TABLE 1 | The risk of bias assessment based on the Hayden et al. statements.

First author, year Study
participation

Study
attrition

Prognostic factor
measurement

Outcome measurement Confounding measurement and account Analysis

Diego de Mendonca Uchôa,
(32)

*** *** *** ** *** **

Francesca Collina, (25) *** *** ** ** * **
Min Hye Jang, (33) *** *** *** ** *** **
Shu-Jyuan Chang, (34) *** *** * *** *** **
Fang Yang, (26) *** *** * *** *** **
Yan−Xi Liu, (27) *** *** ** *** *** **
Hui Wang, (28) *** *** ** *** *** **
Weiyan Zou, (29) *** *** *** ** ** ***
Nazia Riaz, (35) *** *** *** *** *** ***
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level, higher EGFR expression, and downregulated claudin3/4/
7 (Table 4).
The Risk of Bias in Included Studies
Based on the six items of Hayden et al. guidelines, the quality of
the included studies was evaluated (Table 1). The study
participation and attrition items were scored well according to
the guideline. The main risk areas were prognostic factor
measurement and analysis.
DISCUSSION

The following sections are aimed to critically review the results of
the including studies about the prognostic value of CD44 and
CD44+CD24-/low phenotype, their association with the
clinicopathological features of TNBC patients, and their
associations with the EMT process, metastasis, chemoresistance,
and tumor microenvironment of TNBC cells according to the
preclinical studies to present a better picture of CD44 and
CD44+CD24-/low phenotype in TNBC cells. Finally, we briefly
Frontiers in Oncology | www.frontiersin.org 4218
review the current-evaluated preclinical approaches in targeting
CD44 to inhibit TNBC development.

CD44
Collina et al. have reported that TNBC patients with upregulated
expression of cytoplasmic CD44 might demonstrate worse PFS
compared to the TNBC patients with low CD44 expression (25).
The expression of CD44 has been substantially associated with
higher tumor grade, lymph node metastasis, and advanced
tumor stage in TNBC patients (29). Consistent with this, CD44
has been implicated in promoting lymphovascular invasion in
TNBC patients (32). In line with this, there has been a
remarkable association between CD44 expression and tumor
metastasis in TNBC patients (25). Therefore, CD44 can be
associated with advanced tumor stage, higher tumor grade,
tumor metastasis, and lymphatic involvement in TNBC
patients. Besides, CD44 overexpression might indicate an
inferior prognosis in TNBC patients.

It has been reported that most TNBC cell lines are CD44-
positive, making this factor a promising target for treating TNBC
(36). A better understanding of its underlying cross-talk in
chemoresistance, immunosuppression, and tumor migration is
FIGURE 1 | Flowchart of the study selection process.
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critical for treating TNBC patients. In TNBC cells, CD44 has
been implicated in the upregulation of tumoral PD-L1 (15).
Moreover, PD-L1 is required for the expression of CD44 in
TNBC. Indeed, Lotfinejad et al. have indicated that PD-L1
silencing remarkably downregulates the expression of CD44 in
TNBC cells (37). Zhang et al. have also reported a positive
correlation between tumoral PD-L1 and CD44 in lung
adenocarcinoma (38). It is well-established that PD-L1 can
impede the development of anti-tumoral immune responses
and result in tumor development (39). A recent meta-analysis
has indicated a strong association between tumor-infiltrating
lymphocytes and tumoral PD-L1 in TNBC patients (40).

In breast cancer patients, Zheng et al. have reported a strong
positive association between CD44 and EGFR (41). Compared to
Frontiers in Oncology | www.frontiersin.org 5219
AR+ TNBC cells, CD44+CD24-/low TNBC cells can upregulate
EGFR expression (27). With the upregulation of EGFR in some
TNBC cells, targeting EGFR via cetuximab administration has
been a promising strategy for treating TNBC patients. Wenyan
et al. have shown that delivering CD44-siRNA into EGFR+

TNBC cells can enhance the sensitivity of EGFR+ TNBC cells
to cetuximab (42). EGFR and mucin 1 (MUC1), which are present
in 90% of TNBC cells, can establish multiple immunosuppressive
positive loops, resulting in the recruitment of myeloid-derived
suppressor cells (MDSCs), leading to an immunosuppressive
tumor microenvironment (43). Of interest, MUC-1 can also
upregulate PD-L1 and promote tumor growth (44). Thus, in this
intertwined network, CD44 is a critical factor for inducing
immunosuppressive tumor microenvironment and tumor growth.
TABLE 2 | The clinicopathological significance of CD44 and CD44+CD24-/low phenotype in TNBC patients.

First
author,
year

Number
of

patients

Studied factor Clinical significance Cut-off for consid-
ering as positive/
overexpressed

Evaluation
method

The
reference ID
of used anti-
body for IHC

Number of patients with
previous treatment

Diego de
Mendonça
Uchôa,
(32)

47 CD44 It is negatively associated with
lymphovascular invasion.

Above 1% IHC MRQ-13 for
CD44

N/A

Francesca
Collina,
(25)

143 CD44 It is associated with metastasis. Above 50% IHC No reference
ID

N/A

Weiyan
Zou, (29)

51 CD44 It is associated with higher tumor
grade, large tumor size, increased
lymph node metastasis, and
advanced tumor stage.

N/A IHC ab51037 for
CD44

N/A

Diego de
Mendonça
Uchôa,
(32)

47 CD44+CD24-/low It is associated with increased
tumor size.

For CD44, it was 1%,
and for CD24, it was
33%.

IHC MRQ-13 for
CD44, and
SN3b for
CD24

N/A

Min Hye
Jang, (33)

172 CD44+CD24-/low It is associated with high tumor
grade.

For CD44, it was
10% and above, and
for CD24, it was 10%
and above.

IHC 156-3C11 for
CD44, and
SN3b for
CD24

N/A

Shu-Jyuan
Chang,
2015

67 CD44+CD24-/low No statistically significant
associations were found (P-values
> 0.05)

Not appropriately
provided

IHC No reference
ID

N/A

Fang
Yang, (26)

88 CD44+CD24-/low No statistically significant
associations were found (P-values
> 0.05)

For CD44+CD24-/low,
it was above 10%.

IHC ab51037 for
CD44 and
ab31622 for
CD24

Eighty-two patients were on
adjuvant chemotherapy.

Yan−Xi
Liu, (27)

140 CD44+CD24-/low Compared to AR+ TNBC, it is
associated with higher tumor
grades.

For CD44+CD24-/low,
it was above 10%.

IHC 156−3C11 for
CD44, and
Ab2−SN3b
for CD24

One hundred twenty-three
patients were on
chemotherapy.

Hui Wang,
(28)

145 CD44+CD24-/low It is positively associated with AR
expression.

For CD44+CD24-/low,
it was above 10%.

IHC ab51037 for
CD44, and
ab31622 for
CD24

None of the patients were on
targeted therapy, radiotherapy,
chemotherapy, and adjuvant
endocrine treatment.

Weiyan
Zou, (29)

51 CD44+CD24-/low It is associated with advanced
tumor stage, large tumor size, and
increased lymph node metastasis.

N/A IHC ab51037 for
CD44 and
ab31622 for
CD24

N/A

Nazia Riaz,
(35)

197 CD44+CD24-/low CD44+CD24-/low is correlated with
the lack of AR expression.

N/A IHC M7082 for
CD44, and
MS1279 for
CD24

All of the patients were on
standard radiotherapy/
chemotherapy.
August 2021
IHC, immunohistochemistry; N/A, not available; and AR, androgen receptor.
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Regarding drug resistance, CD44-siRNA transfection can
decrease clonogenicity and downregulate the expression of
VEGF, MMP-9, and CXCR4 in MDA-MB-468 cells.
Furthermore, the combination therapy of CD44-siRNA and
doxorubicin has substantially decreased the half-maximal
inhibitory concentration (IC50) of doxorubicin (45). Cheng
et al. have shown that the doxorubicin-resistant MDA−MB
−468 cells can considerably express CD44, and inhibiting
STAT-3 can decrease the CD44+ cell population and enhance
the chemosensitivity of MDA−MB−468 cells via the STAT-3/
Oct-4/c-Myc pathway (46). There is growing evidence about the
adverse effect of CD44 on the chemosensitivity of tumoral cells.
In MCF-7/Adr cells, the interaction of CD44 with hyaluronan
Frontiers in Oncology | www.frontiersin.org 6220
can activate the downstream signaling pathway of Erb-B2
receptor tyrosine kinase 2 (ErbB2), the PI3K pathway, which
leads to the upregulation of MDR-1. Of interest, the stimulation
of the PI3K signaling pathway results in hyaluronan production,
leading to the establishment of an auto-inductive chemoresistant
loop in breast cancer cells (47). Bourguignon et al. have shown
that the interaction of hyaluronan with CD44 can stimulate the
Nanog, leading to the upregulation of MDR-1 in STAT-3
dependent fashion. Moreover, hyaluronan interaction with
CD44 has been implicated in efflux chemotherapeutic agents
by facilitating the interaction of ankyrin with MDR-1 in tumoral
cells (17). CD44 has also been implicated in promoting Nanog,
metastasis, and tumorgenicity in head and neck squamous cell
TABLE 4 | The studied cross-talk with the CD44+CD24-/low in TNBC cells.

First author,
year

Studied factor Studied cross-talk with the desired factor Effect on TNBC cells

Min Hye
Jang, (33)

CD44+CD24-/low Compared to TNBC cells without CD44+CD24-/low, it is associated with E-cadherin loss, upregulated
CD146, and overexpressed vimentin.

It can promote the EMT
process.

Yan−Xi Liu,
(27)

CD44+CD24-/low Compared to AR+ TNBC, it is associated with increased Ki-67, E-cadherin loss, upregulated vimentin,
and decreased claudin3/4/7.

It can promote
metastasis.
August 2021 | Volu
E-cadherin, epithelial cadherin; EGFR, epidermal growth factor receptor; and EMT, epithelial-mesenchymal transition.
TABLE 3 | The prognostic value of CD44 and CD44+CD24-/low phenotype in TNBC patients.

First
author,
year

Endpoint Number
of

patients

Studied
factor

Prognostic value HR, CI 95%,
and P-value

Follow-
up time

Previous treatment

Francesca
Collina,
(25)

DFS 143 CD44 Its overexpression is associated
with worse DFS.

Not provided About
90
months

N/A

Fang
Yang, (26)

PFS 88 CD44+CD24-/
low

It is not statistically associated
with PFS.

1.74, (0.73-
4.13), and
0.211

72
months

Eighty-two patients were on adjuvant
chemotherapy.

Yan−Xi
Liu, (27)

RFS 123 CD44+CD24-/
low

It is not statistically associated
with RFS.

2.17, (0.76
−2.74), and
0.006

68
monthes

With chemotherapy

Yan−Xi
Liu, (27)

Breast
cancer-
specific
survival

123 CD44+CD24-/
low

It is not statistically associated
with breast cancer-specific
survival.

2.30, (0.95
−2.84), and
0.003

68
months

With chemotherapy

Yan−Xi
Liu, (27)

RFS 31 CD44+CD24-/
low

It is not statistically associated
with RFS.

1.68, (1.14
−3.07), and
0.115

68
months

No previous chemotherapy

Yan−Xi
Liu, (27)

Breast
cancer-
specific
survival

31 CD44+CD24-/
low

It is not statistically associated
with breast cancer-specific
survival.

1.72, (0.88
−2.74), and
0.092

68
months

No previous chemotherapy

Hui Wang,
(28)

DFS 145 CD44+CD24-/
low

It is not statistically associated
with DFS.

2.38, (0.90
−6.33), and
0.081

76
months

None of the patients were on targeted therapy,
radiotherapy, chemotherapy, and adjuvant

endocrine treatment.
Hui Wang,
(28)

OS 145 CD44+CD24-/
low

It is associated with OS. 4.38, (1.57
−12.18), and
0.005

76
months

None of the patients were on targeted therapy,
radiotherapy, chemotherapy, and adjuvant

endocrine treatment.
Weiyan
Zou, (29)

OS 51 CD44+CD24-/
low

Regardless of lymph node
metastasis, it is associated with
OS.

Not provided About
70
months

N/A

Weiyan
Zou, (29)

DFS 51 CD44+CD24-/
low

Regardless of lymph node
metastasis, it is associated with
DFS.

Not provided About
70
months

N/A
DFS, disease-free survival; PFS, progression-free survival; RFS, relapse-free survival; OS, overall survival; HR, hazard ratio; CI, confidence interval.
me 11 | Article 689839

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


Shadbad et al. CD44 and CD44+/CD24- in TNBC
carcinoma (48). Moreover, it has been reported that the CD44
activation can upregulate Nanog and subsequently repress
apoptosis in tumor cells (49). Collectively, CD44 might
promote immunosuppressive tumor microenvironment, tumor
growth, tumor migration, and chemoresistance in TNBC cells.

The CD44+CD24-/Low Phenotype in
TNBC Patients: Untangling the
Controversial Results
The CD44+CD24-/Low Phenotype and Its Prognostic
Value in TNBC Patients
Zou et al. have reported that TNBC patients with the phenotype
of CD44+CD24-/low have remarkably worse DFS and OS
compared to the TNBC patients without the CD44+CD24-/low

phenotype (29). Besides, TNBC patients with CD44+CD24-/low

phenotype have experienced worse OS compared to CD44−/
CD24− patients (HR = 4.38, CI 95%: 1.57−12.18, P-value =
0.005). However, compared to CD44−/CD24− TNBC patients,
there has been no statistically significant association between
DFS and CD44+CD24-/low phenotype (P-value = 0.081) (28).
Compared to luminal A breast cancer patients, treatment-naïve
CD44+CD24-/low TNBC patients have not have statistically
significant worse relapse-free survival (RFS) and breast cancer-
specific survival (both P-values > 0.05) (27). Although
CD44+CD24-/low TNBC patients have not had statistically poor
PFS in comparison to the CD133+ and/or aldehyde
dehydrogenase 1 family member A1+ (ALDH1A1+) ones, the
CD44+CD24-/low and/or ADLH1A1+ TNBC ones have had worse
PFS in comparison with their counter partner TNBC patients
(HR = 2.81, CI 95%: 1.26-6.24, P-value = 0.011) (26).

These seemingly conflicting results might be stemmed from
the different references and relatively small sample sizes in these
studies. In comparison with the CD44−/CD24− TNBC patients,
there have been no statistically significant results for determining
DFS of CD44+CD24-/low TNBC patients (P-value > 0.05) (28).
Liu et al. have conducted the comparison between the luminal A
patients with the CD44+CD24-/low TNBC patients, which have
not led to statistically significant results regarding the RFS and
breast cancer-specific survival (both P-values > 0.05) (27). In
comparison with CD133+ and/or ALDH1A1+ TNBC patients,
there have been no statistically significant results for determining
the PFS of CD44+CD24-/low TNBC patients (P-value > 0.05) (26).
Indeed, the comparison between the TNBC patients expressing
CD44+CD24-/low phenotype with the TNBC patients not
expressing CD44+CD24-/low can determine the prognostic
value of CD44+CD24-/low phenotype in TNBC patients. Given
this, regardless of lymph node metastasis, the CD44+CD24-/low

phenotype can worsen DFS and OS of TNBC patients compared
to TNBC patients without the CD44+CD24-/low phenotype (29).
In line with this, breast cancer patients with high level of
CD44+CD24-/low have demonstrated worse DFS and OS
compared to breast cancer patients with low level of
CD44+CD24-/low (HR = 1.890, CI 95%:1.217-3.464, P-value =
0.015, and HR = 1.92, CI 95%: 1.248-3.586, P-value = 0.017,
respectively) (50). Thus, the CD44+CD24-/low phenotype can be
associated with inferior survival in TNBC patients.
Frontiers in Oncology | www.frontiersin.org 7221
The CD44+CD24-/Low Phenotype and Its Association
With Clinicopathological Features of TNBC Patients
The CD44+CD24-/low phenotype expression has been frequent in
basal-like neoplasms than in non-basal-like neoplasms (33).
Consistent with this, Riaz et al. have shed light on a
correlation between CD44+CD24-/low phenotype and basal-like
TNBC in chemotherapy and radiotherapy-experienced basal-like
TNBC patients (35). Among the CD44/CD24 phenotypes,
CD44+CD24-/low has been associated with more aggressive
TNBC regarding the tumor size, TMN stage, and lymph node
metastasis (29). Consistent with this, the CD44-/CD24+

phenotype has associated with less lymphovascular invasion in
TNBC patients (32). Besides, the CD44+CD24-/low phenotype has
been more frequent in high-grade TNBC cells (33). With the
sample size of 67 TNBC patients, Chang et al. have failed to
establish any statistically significant associations between
CD44+CD24-/low phenotype with TNM stage, tumor grade,
lymph node metastasis among the CD44/CD24 phenotypes (all
P-values > 0.05) (34). These conflicting results might be due to
the relatively small sample size of Chang’s study. Therefore,
CD44+CD24-/low phenotype can be associated with tumor size,
TMN stage, lymph node metastasis, and tumor grade in
TNBC patients.

The CD44+CD24-/Low Phenotype in Treatment-Naïve
and Treated Patients and Its Cross-Talk With
Chemoresistance and Metastasis
Among the different CD44/CD24 phenotypes, CD44+CD24-/low

cells have expressed a substantial AR in TNBC patients without
previous chemotherapy and radiotherapy (28). However, in
treated TNBC patients with standard chemotherapy and
radiotherapy, the CD44+CD24-/low phenotype is inversely
correlated with AR expression (35). Indeed, AR expression has
been associated with improved OS and breast cancer-specific
survival in treated TNBC patients (35). Consistent with this, the
CD44+CD24-/low TNBC cells have exhibited a more aggressive
histological pattern, high Ki67 score, increased vimentin, and
upregulated EGFR, decreased E-cadherin, and downregulated
claudin-3/4/7 compared to AR+ TNBC cells (27). Given this, the
CD44+CD24-/low phenotype might decrease the AR expression
and develop chemoresistance following chemo-and radiotherapy
in TNBC patients (see below). Consistent with our observed
results, Lehmann et al. have indicated that mesenchymal and
mesenchymal stem-like subtypes, which are substantially
enriched for the Wnt/b-catenin signaling pathway,
predominantly stimulate the EMT and express CD44+CD24-

phenotype. Mesenchymal and mesenchymal stem-like subtypes
have been associated with inferior 5-year distant metastasis-free
survival. Besides, the mesenchymal subtype has been associated
with the inferior RFS of affected patients, and this subtype
overexpresses proliferation-related genes. However, TNBC
patients with luminal androgen receptor subtypes have shown
improved RFS compared to patients with other subtypes (3).

Jang et al. have reported remarkable associations between
CD44+CD24-/low phenotype with E-cadherin loss, CD146, and
vimentin expression in TNBC cells (33). Recently, Vikram et al.
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have indicated that the CD44+CD24-/low phenotype can lead to the
overexpression of the EMT/metastatic markers, e.g., Nanog and sex-
determining region Y-related HMG box 2 (SOX2), in MDA-MB-231
cells. Indeed, the CD44+CD24-/low phenotype has been positively
associated with tumor growth and migration in TNBC cells (51).
Following doxorubicin treatment, doxorubicin-resistant MDA-MB-
231 cells have substantially upregulated the CD44+CD24-/low

phenotype compared to wild-type cells (52). Besides the TNBC
cells, growing evidence indicates that the CD44+CD24-/low

phenotype can promote EMT and chemoresistance in other
cancers. In oral squamous cell carcinoma, the CD44+CD24-/low

phenotype has promoted colony formation, tumor migration, and
the expression of drug transporters, which can facilitate the EMT
process and chemoresistance (53).

Lessons From the Past and
the Road Ahead
Targeted therapy has become an ever-increasingly appealing
approach for treating cancer patients. Based on our discussion,
TNBC cells, in response to current chemotherapy, can lead to
chemoresistance and tumor relapse, which the cancer stem cells
have been implicated in promoting that. Therefore, it is
pressingly needed to eradicate the cancer stem cells from
tumor bulk. The following discussion intends to present novel
paradigms for targeting CD44, as an essential cancer stem cell
factor, in TNBC.

The miR-based therapy and small interfering RNA (siRNA)-
based therapy can post-transcriptionally alter the expression of
CD44. Preclinical studies have supported their efficacy in
eradicating tumor cells. Vahidian et al. have demonstrated that
the doxorubicin combination with CD44-siRNA can
substantially decrease tumor growth, metastasis and increase
apoptosis in MDA-MB-468 cells. Besides, CD44-siRNA has
considerably decreased the IC50 of doxorubicin in MDA-MB-
468 cells (45). In line with this, Van Phuc et al. have shown that
the CD44+CD24- tumoral cells are resistant to doxorubicin, and
targeting CD44 can substantially increase the sensitivity of breast
cancer cells to doxorubicin (54). Eameema et al. have developed a
drug delivery vehicle, which binds to CD44 via its anti-CD44
human antibody and delivers paclitaxel and salinomycin. They
have demonstrated that this nanoparticle-based vehicle can
specifically target CD44+ MDA-MB-231 cells and effectively
eradicate the tumoral cells (55). Fu et al. have shown that the
delivery of CD44-siRNA can substantially enhance the
cetuximab sensitivity of TNBC cells, and the combined
delivery of CD44-siRNA with cetuximab treatment can
remarkably decrease tumor volume in mice bearing TNBCs
(42). Targeting CD44 in TNBC cells has also been associated
with increased survival of mice-bearing tumors, decreased tumor
burden, and suppressed bone metastasis in aminal models (56).
Consistent with these, the combined downregulation of CD44
with doxorubicin administration has considerably decreased
tumor volume compared to animal models treated with
doxorubicin (57). A liposomal-based vehicle, which delivers miR-
34a to breast cancer cells, can downregulate ZEB1, Bmi1, and CD44
expression and eradicated breast cancer cells (58). Ahir et al. have
Frontiers in Oncology | www.frontiersin.org 8222
designed a mesoporous silica nanoparticle vehicle, covered
hyaluronic acid, to deliver miR-34a and antisense-miR-10b into
TNBC cells. Their in vitro and in vivo results have shown promising
outcomes regarding inhibition of tumor growth andmetastasis (59).
Al-Othman et al. have demonstrated that the transfection of miR-
328-3p, which has been upregulated following the treatment of
TNBC with 5a-dihydrotestosterone, can reduce CD44 expression
and tumor migration in TNBC. Based on their study, 5a-
dihydrotestosterone can downregulate CD44 expression via
binding the AR/5a-dihydrotestosterone to CD44 promoter or
upregulating the expression of miR-328-3p, which can inhibit
post-transcriptionally decrease the expression of CD44 (60).

Moreover, the recent advances in immunotherapy have
provided ample opportunities to ameliorate the prognosis of
TNBC patients. Immunotherapeutic approaches are focused on
stimulating anti-tumoral immune responses to reject tumoral
cells. The PD-L1/programmed cell death protein 1 (PD-1) axis is
a well-known inhibitory immune checkpoint axis that can
substantially attenuate anti-tumoral immune responses (39, 61).
This axis can be established between tumoral cells and effector
immune cells and shield the tumoral cells from anti-tumoral
immune responses (40). Recently, Lotfinejad et al. have shown
that inhibiting tumoral PD-L1 can substantially decrease CD44
expression in TNBC cells (37). Besides, inhibiting CD44 has been
associated with decreased expression of PD-L1 in TNBC cells (15).
Consistent with these, it has been shown that selective inhibition
and activation of theWnt signaling pathway, which is enriched for
cancer stem cell markers, can remarkably downregulate and
upregulate PD-L1 expression in TNBC cells (62, 63). Thus, this
positive association between CD44 and PD-L1 might provide the
rationale for investigating the effect of monoclonal PD-L1/PD-1
antibodies administration on the CD44 expression and stemness of
TNBC cells in affected patients.

The current systematic review has several strengths. First, given
the controversial results of clinical studies accumulated between
2014 to 2020 regarding the prognostic values of the CD44+/CD24-

phenotype in TNBC patients, our study has clarified its prognostic
value in TNBC patients. Second, besides its prognostic value, we
have clarified its clinicopathological significance in TNBC patients,
which enables clinicians to determine the course of TNBC in
affected patients. However, our systematic review has some
limitations, as well. First, we only included the clinical studies that
were published in English. Second, the population of our included
studies was geographically and, presumably, ethnically diverse,
which can lead to increase heterogeneity among the included
studies. Third, the currently available evidence has used IHC
staining for detecting protein expression; in light of the recent
advances in mass-cytometry technologies, there might be a need to
investigate the impact of CD44 and CD44+CD24- at the single-
cell levels.
CONCLUSION

Since cancer stemcells are one of thedaunting challenges of treating
TNBC patients, identifying and categorizing them can provide
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valuable insights for targeted therapies. The current systematic
review has demonstrated that CD44 and CD44+CD24-/low

phenotype are associated with inferior prognosis in TNBC
patients, and they are correlated with advanced tumor stage,
tumor size, higher tumor grade, tumor metastasis, and lymphatic
involvement in TNBC patients. These cancer stem cell factors can
lead to chemoresistance, EMT activation, induction of
immunosuppressive tumor microenvironment, and tumor
growth in TNBC cells. The combined downregulation of CD44
and the administration of chemotherapeutic agents, e.g.,
doxorubicin, has shown promising results in preclinical studies.
Besides, the combination of CD44-siRNA and specific tumor-
suppressive miRs has been associated with enhanced
chemosensitivity of TNBC cells to chemotherapeutic agents and
decreased tumor growthboth in vivo and in vitro studies. Therefore,
siRNA/miR-based gene therapy and their combination with
chemotherapeutic agents can provide ample opportunities to
improve the prognosis of TNBC patients.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary material. Further inquiries can be
directed to the corresponding authors.
Frontiers in Oncology | www.frontiersin.org 9223
AUTHOR CONTRIBUTIONS

MA and NeH contributed to the study selection. MA developed
the systematic search, interpreted the results, and wrote the
majority of the manuscript. AD and NiH have contributed to
the assessment of included studies. NKA, ZA, PL, and OB have
extracted the data from the included studies. NS and BB have
supervised the project. All authors contributed to the article and
approved the submitted version.
FUNDING

This study is supported by the Research Center for Evidence-
Based Medicine, Tabriz University of Medical Sciences, Tabriz,
Iran (number: 67306).
ACKNOWLEDGMENTS

This systematic review was approved by the Immunology
Research Center, Tabriz University of Medical Sciences, Tabriz,
Iran. We appreciate the professional researchers of the Research
Center for Evidence-Based Medicine, Tabriz University of
Medical Sciences, Tabriz, Iran, for their support and guidance.
REFERENCES
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al.

Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA: Cancer J Clin
(2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Hudis CA, Gianni L. Triple-Negative Breast Cancer: An Unmet Medical
Need. Oncologist (2011) 16. doi: 10.1634/theoncologist.2011-S1-01

3. Lehmann BD, Bauer JA, Chen X, Sanders ME, Chakravarthy AB, Shyr Y, et al.
Identification of Human Triple-Negative Breast Cancer Subtypes and
Preclinical Models for Selection of Targeted Therapies. J Clin Invest (2011)
121(7):2750–67. doi: 10.1172/JCI45014

4. Liu S, Wicha MS. Targeting Breast Cancer Stem Cells. J Clin Oncol (2010) 28
(25):4006. doi: 10.1200/JCO.2009.27.5388

5. Baumann M, Krause M, Hill R. Exploring the Role of Cancer Stem Cells in
Radioresistance. Nat Rev Cancer (2008) 8(7):545–54. doi: 10.1038/nrc2419

6. Mani SA, Guo W, Liao M-J, Eaton EN, Ayyanan A, Zhou AY, et al. The
Epithelial-Mesenchymal Transition Generates Cells With Properties of Stem
Cells. Cell (2008) 133(4):704–15. doi: 10.1016/j.cell.2008.03.027

7. Xu H, Niu M, Yuan X, Wu K, Liu A. CD44 as a Tumor Biomarker and
Therapeutic Target. Exp Hematol Oncol (2020) 9(1):1–14. doi: 10.1186/
s40164-020-00192-0

8. Yaghobi Z, Movassaghpour A, Talebi M, Shadbad MA, Hajiasgharzadeh K,
Pourvahdani S, et al. The Role of CD44 in Cancer Chemoresistance: A
Concise Review. Eur J Pharmacol (2021) 174147. doi: 10.1016/
j.ejphar.2021.174147

9. Yin J, Zhang H, Wu X, Zhang Y, Li J, Shen J, et al. CD44 Inhibition Attenuates
EGFR Signaling and Enhances Cisplatin Sensitivity in Human EGFR Wild
−Type non−Small−Cell Lung Cancer Cells. Int J Mol Med (2020) 45(6):1783–
92. doi: 10.3892/ijmm.2020.4562

10. Wise R, Zolkiewska A. Metalloprotease-Dependent Activation of EGFR
Modulates CD44+/CD24– Populations in Triple Negative Breast Cancer
Cells Through the MEK/ERK Pathway. Breast Cancer Res Treat (2017) 166
(2):421–33. doi: 10.1007/s10549-017-4440-0

11. Herishanu Y, Gibellini F, Njuguna N, Hazan-Halevy I, Keyvanfar K, Lee E,
et al. CD44 Signaling via PI3K/AKT and MAPK/ERK Pathways Protects CLL
Cells From Spontaneous and Drug Induced Apoptosis Through MCL-1.
Leukemia Lymph (2011) 52(9):1758. doi: 10.3109/10428194.2011.569962

12. Loi S, Dushyanthen S, Beavis PA, Salgado R, Denkert C, Savas P, et al. RAS/
MAPK Activation is Associated With Reduced Tumor-Infiltrating
Lymphocytes in Triple-Negative Breast Cancer: Therapeutic Cooperation
Between MEK and PD-1/PD-L1 Immune Checkpoint Inhibitors. Clin
Cancer Res (2016) 22(6):1499–509. doi: 10.1158/1078-0432.CCR-15-1125

13. Liu S, Chen S, Yuan W, Wang H, Chen K, Li D, et al. PD-1/PD-L1 Interaction
Up-Regulates MDR1/P-Gp Expression in Breast Cancer Cells via PI3K/AKT
and MAPK/ERK Pathways. Oncotarget (2017) 8(59):99901. doi: 10.18632/
oncotarget.21914

14. Shadbad MA, Hajiasgharzadeh K, Derakhshani A, Silvestris N, Baghbanzadeh
A, Racanelli V, et al. From Melanoma Development to RNA-Modified
Dendritic Cell Vaccines: Highlighting the Lessons From the Past. Front
Immunol (2021) 12:331. doi: 10.3389/fimmu.2021.623639

15. Kong T, Ahn R, Yang K, Zhu X, Fu Z, Morin G, et al. CD44 Promotes PD-L1
Expression and its Tumor-Intrinsic Function in Breast and Lung Cancers.
Cancer Res (2020) 80(3):444–57. doi: 10.1158/0008-5472.CAN-19-1108

16. Nam K, Oh S, Lee K-m, Yoo S-a, Shin I. CD44 Regulates Cell Proliferation,
Migration, and Invasion via Modulation of C-Src Transcription in Human
Breast Cancer Cells. Cell Signalling (2015) 27(9):1882–94. doi: 10.1016/
j.cellsig.2015.05.002

17. Bourguignon LY, Peyrollier K, Xia W, Gilad E. Hyaluronan-CD44 Interaction
Activates Stem Cell Marker Nanog, Stat-3-Mediated MDR1 Gene Expression,
and Ankyrin-Regulated Multidrug Efflux in Breast and Ovarian Tumor Cells.
J Biol Chem (2008) 283(25):17635–51. doi: 10.1074/jbc.M800109200

18. Xie T-x, Wei D, Liu M, Gao AC, Ali-Osman F, Sawaya R, et al. Stat3
Activation Regulates the Expression of Matrix Metalloproteinase-2 and
Tumor Invasion and Metastasis. Oncogene (2004) 23(20):3550–60. doi:
10.1038/sj.onc.1207383

19. Chen C, Zhao S, Karnad A, Freeman JW. The Biology and Role of CD44 in
Cancer Progression: Therapeutic Implications. J Hematol Oncol (2018) 11
(1):1–23. doi: 10.1186/s13045-018-0605-5

20. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF.
Prospective Identification of Tumorigenic Breast Cancer Cells. Proc Natl
Acad Sci (2003) 100(7):3983–8. doi: 10.1073/pnas.0530291100
August 2021 | Volume 11 | Article 689839

https://doi.org/10.3322/caac.21660
https://doi.org/10.1634/theoncologist.2011-S1-01
https://doi.org/10.1172/JCI45014
https://doi.org/10.1200/JCO.2009.27.5388
https://doi.org/10.1038/nrc2419
https://doi.org/10.1016/j.cell.2008.03.027
https://doi.org/10.1186/s40164-020-00192-0
https://doi.org/10.1186/s40164-020-00192-0
https://doi.org/10.1016/j.ejphar.2021.174147
https://doi.org/10.1016/j.ejphar.2021.174147
https://doi.org/10.3892/ijmm.2020.4562
https://doi.org/10.1007/s10549-017-4440-0
https://doi.org/10.3109/10428194.2011.569962
https://doi.org/10.1158/1078-0432.CCR-15-1125
https://doi.org/10.18632/oncotarget.21914
https://doi.org/10.18632/oncotarget.21914
https://doi.org/10.3389/fimmu.2021.623639
https://doi.org/10.1158/0008-5472.CAN-19-1108
https://doi.org/10.1016/j.cellsig.2015.05.002
https://doi.org/10.1016/j.cellsig.2015.05.002
https://doi.org/10.1074/jbc.M800109200
https://doi.org/10.1038/sj.onc.1207383
https://doi.org/10.1186/s13045-018-0605-5
https://doi.org/10.1073/pnas.0530291100
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Shadbad et al. CD44 and CD44+/CD24- in TNBC
21. Taniuchi K, Nishimori I, Hollingsworth MA. Intracellular CD24 Inhibits Cell
Invasion by Posttranscriptional Regulation of BART Through Interaction With
G3BP. Cancer Res (2011) 71(3):895–905. doi: 10.1158/0008-5472.CAN-10-2743

22. Jaggupilli A, Elkord E. Significance of CD44 and CD24 as Cancer Stem Cell
Markers: An Enduring Ambiguity. Clin Dev Immunol (2012) 2012. doi:
10.1155/2012/708036

23. Pallegar NK, Ayre DC, Christian SL. Repression of CD24 Surface Protein
Expression by Oncogenic Ras is Relieved by Inhibition of Raf But Not MEK or
PI3K. Front Cell Dev Biol (2015) 3:47. doi: 10.3389/fcell.2015.00047

24. Morel A-P, Lièvre M, Thomas C, Hinkal G, Ansieau S, Puisieux A. Generation
of Breast Cancer Stem Cells Through Epithelial-Mesenchymal Transition.
PloS One (2008) 3(8):e2888. doi: 10.1371/journal.pone.0002888

25. Collina F, Di Bonito M, Li Bergolis V, De Laurentiis M, Vitagliano C, Cerrone
M, et al. Prognostic Value of Cancer Stem Cells Markers in Triple-Negative
Breast Cancer. BioMed Res Int (2015) 2015. doi: 10.1155/2015/158682

26. Yang F, Cao L, Sun Z, Jin J, Fang H, Zhang W, et al. Evaluation of Breast
Cancer Stem Cells and Intratumor Stemness Heterogeneity in Triple-Negative
Breast Cancer as Prognostic Factors. Int J Biol Sci (2016) 12(12):1568. doi:
10.7150/ijbs.16874

27. Liu YX, Wang KR, Xing H, Zhai XJ, Wang LP, Wang W. Attempt
Towards a Novel Classification of Triple-Negative Breast Cancer Using
Immunohistochemical Markers. Oncol Lett (2016) 12(2):1240–56. doi:
10.3892/ol.2016.4778

28. Wang H, Wang L, Song Y, Wang S, Huang X, Xuan Q, et al. CD44+/CD24
−phenotype Predicts a Poor Prognosis in Triple−Negative Breast Cancer.
Oncol Lett (2017) 14(5):5890–8. doi: 10.3892/ol.2017.6959

29. Zou W, Yang Y, Zheng R, Wang Z, Zeng H, Chen Z, et al. Association of
CD44 and CD24 Phenotype With Lymph Node Metastasis and Survival in
Triple-Negative Breast Cancer. Int J Clin Exp Pathol (2020) 13(5):1008.

30. Moher D, Liberati A, Tetzlaff J, Altman DG, Group P. Preferred Reporting
Items for Systematic Reviews and Meta-Analyses: the PRISMA Statement.
PloS Med (2009) 6(7):e1000097. doi: 10.1371/journal.pmed.1000097
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Long-term endocrine treatment which results in estrogen deprivation causes chronic
stress associated with a series of uncomfortable symptoms leading not only to a decrease
in quality of life but also to cancer recurrence, which may be mediated primarily through
the enhanced expression of angiogenic factors, as well as a series of inflammatory
microenvironmental changes that favor tumor progression. In this study, we designed a
clinical trial and aimed to explore the effects of Sanhuang Decoction (SHD) treatment on
chronic stress, inflammatory factors, and breast cancer recovery. A total of 90 patients
with breast cancer who met the inclusion/exclusion criteria were randomly allocated to a
treatment or control group. The treatment group received the standard endocrine
treatment and the traditional Chinese medicine decoction known as SHD. The control
group received the standard endocrine treatment only. The treatment period was 6
months. The modified Kupperman Menopausal Index, the self-rating anxiety scale, and
the self-rating depression scale were evaluated once per month. The body
microenvironment plasma indices related to chronic stress, such as oxidative and
antioxidative stress markers, inflammatory factors, hemorheology, coagulation, lipid and
D-dimer, immunologic functions, tumor biomarkers, and angiogenic factors of the
vascular endothelial growth factor (VEGF) were measured before and after 6 months of
treatment. After treatment for 5 months, the scores in the treatment group decreased to
nearly normal levels and the control group showed no significant improvement. After
treatment for 6 months, all indices related to the body microenvironment, as well as the
tumor biomarkers and carcinoembryonic antigen, carbohydrate antigen 153, and
angiogenic factor VEGF levels improved significantly to normal levels in the treatment
group. Our primary research showed that treatment with SHD effectively improved the
quality of life of breast cancer patients by facilitating a change in the body
microenvironment that controlled tumor growth and prevented drug resistance.
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INTRODUCTION

Breast cancer is the most common cancer among Chinese
women (1). Breast cancer treatments have evolved over the last
40 years from profound and aggressive to conservative
procedures that minimize tissue trauma and physical
deformity. This is because the overall survival has improved
with developments in surgery, chemotherapy, radiotherapy,
target therapy, endocrine therapy, and so on. Among these, the
endocrine treatment lasting 5–10 years is usually considered the
standard choice for patients with estrogen receptor-positive
cancers for 5 or 10 years (2, 3). However, such a long period of
estrogen deprivation caused by the administration of selective
estrogen receptor modulators or aromatase inhibitors results in
chronic stress with symptoms of anxiety, poor appetite, difficulty
falling asleep, and arthralgia syndrome; all of which not only lead
to a decrease in the quality of life but also induce the recurrence
of cancer (4). Studies have reported that chronic stress can alter
immunological, neurochemical, and endocrine functions leading
to cancer progression, which may be mediated primarily through
the activation of the tumor cell phosphoinositide 3‐kinase
(PI3K) signaling pathway. This results in a markedly increased
vascularization and an enhanced expression of the vascular
endothelial growth factor (VEGF), matrix metalloproteinase
(MMP)-2, and MMP-9 (5, 6).

When exposed to stress over a long period of time, people
produce a series of inflammatory microenvironmental changes
that favor tumor progression (7). Studies have demonstrated
that oxidative stress increases the levels of proinflammatory
cytokines, such as tumor necrosis factor (TNF)-a and
interleukin-6 (IL-6), and upregulates inflammatory molecules,
such as vascular cell adhesion molecule-1, intercellular adhesion
molecule-1, and nuclear factor-kappa B (NF-кB); all of which
contribute to tumor growth, migration, and metastasis (8).

Researchers have reported many different effects of acute and
chronic oxidative stress on tumor growth. One study showed
that the growth of estrogen receptor-positive breast cancer cells
(MCF-7) was inhibited during acute exposure to an oxidative
stress environment, whereas exposure to such a sustained
chronic environment over a period of 3 months promoted a
significant growth. The researchers further analyzed the related
gene expression and found an upregulation of the pro-metastatic
genes, VEGF, WNT1, and cluster of differentiation 44 (CD44),
and a downregulation of the anti-metastatic gene E-cadherin was
observed in cells under persistent exposure to oxidative stress for
3 months (9, 10). Studies have also suggested that while tumor
cells adapted to the long-term reactive oxygen species (ROS)-
induced toxicity, this promoted acquired multidrug resistance in
breast cancer cells through the PI3K/protein kinase B (PI3K/Akt)
and NF-ĸB pathways regulated by the stress-related factors,
2227
NF-E2-related factor 2 (Nrf2), hypoxia-inducible factor 1, and
protein kinase C (11). However, these results are derived from
experimental research and have not yet been verified by
clinical trials.

Traditional Chinese medicine (TCM) is primarily used as a
complementary alternative medicine. TCM has a history of more
than 2,500 years in China and is built on the view that the body is
a series of functional entities, rather than looking at the fixed
somatic structures that perform the activities. It focuses on
harmonizing the inner environment of the body with its
natural surroundings using tools including herbal medicine,
acupuncture, massage, qigong, and dietary modifications,
among others, and herbal medicines remain the principal tool
in China (12).

Most breast cancer patients experience symptoms of fatigue,
anxiety, fixed incision pain, loss of appetite, lusterless
complexion, pale tongue, and weak pulse, and they are treated
with long-term endocrine therapy. All of the abovementioned
symptoms are manifestations of stress (13, 14). The TCM
decoction known as Sanhuang Decoction (SHD) is a type of
herbal medicine composed of astragalus, turmeric, and rhubarb,
which are tonic substances that improve the immune system to
relieve fatigue and promote blood circulation (15). SHD is
composed of Dahuang, Huangqi, and Jianghuang. Rhei Radix
et Rhizoma (rhubarb, known as Dahuang in Chinese), belongs to
the genus Rheum L. in the Polygonaceae family, and it is composed
of dried roots and rhizomes, including Rheum palmatum L.,
Rheum tanguticum (Maxim. ex Balf.), and Rheum officinale Baill.
Rhubarb plays a role in many pharmacological activities, such as
purgation, anti-inflammation, anti-cancer, and hepatoprotection,
and has positive benefits on the gallbladder. Astragali Radix (AR)
(known as Huangqi in Chinese) is one of the most popular herbal
medicines used worldwide. It is the dried root of Astragalus
membranaceus (Fisch.) Bg, or Astragalus membranaceus (Fisch.)
Bge. var., mongholicus (Bge.) Hsiao. This herb possesses tonic,
hepatoprotective, diuretic, and expectorant properties (Chinese
Pharmacopoeia Commission, 2010) (16) and has been shown to
exhibit immunomodulatory, antihyperglycemic, anti-inflammatory,
antioxidant, and antiviral activities, among others. Traditionally, it
has been used to treat weakness, wounds, anemia, fever, multiple
allergies, chronic fatigue, loss of appetite, uterine bleeding, and
uterine prolapse. The rhizome of Curcuma Longa, turmeric
(Jianghuang in Chinese), is used as a Chinese medicine which can
expel gas line and pass through the pain, and the selected
prescription takes the power of fried astragalus to invigorate qi,
which helps rhubarb to activate blood circulation and turmeric to
push qi. When qi is sufficient, it increases movement and removes
dampness and stasis. It can relieve dyspnea, hypodynamia, and
spontaneous perspiration, as well as alleviating symptoms, such as
cumbrous, anesthesia caused by phlegm, dampness, and blood
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stasis. In China, SHD has been applied in clinical trials to treat
breast cancer in combination with chemotherapeutic drugs (17–22).
Our previous clinical research results showed that SHD could not
only ameliorate the symptoms but also the serological
microenvironments of stress during the perioperative period. In
our previous studies, we found that SHD reduces oxidative stress
and suppresses tumor angiogenesis by inhibiting the PI3K and
aurora kinase signaling pathways. We also demonstrated the
synergetic and anti-resistant effects of SHD with endocrine
therapy on breast cancer (23). Therefore, it is reasonable to
further explore the potential effects of SHD on chronic stress with
long-term endocrine therapy.

Numerous clinical trials have focused on controlling chronic
stress in breast cancer patients with a series of psychological
interventions and comprehensive lifestyle changes, such as
prescribed exercise programs, mindfulness-based stress
reduction, and bioactive natural dietary supplements. Primary
conclusions have revealed that patients benefit from a positive
attitude toward chronic stress, leading to relief of insomnia,
anxiety, and fatigue with an enhanced quality of life (24). It was
previously reported that psychological interventions could
significantly reduce the risk of breast cancer recurrence and
death from breast cancer (P = 0.034 and P = 0.016, respectively)
(25). However, such trials focused on the improvement of the
subjective feelings of the patient and did not report on any
objective evaluations related to tumor changes.

Several studies have suggested that oxidative stress, chronic
inflammation, and cancer are closely linked. Studies have found
that long-term stress generated ROS that recruit inflammatory
cells and stimulate tumor progression and recurrence (26).
Therefore, in this study, we designed a clinical trial and aimed
to explore the effects of SHD treatment on chronic stress,
inflammatory factors, and breast cancer recovery.
METHODS

Methods and Study Protocol
The research protocol was approved by the Institutional Review
Board of Human Research at the Affiliated Hospital of Nanjing
University of Traditional Chinese Medicine. Ninety patients
from the Department of Breast Diseases, Jiangsu Provincial
Hospital of TCM, were identified, screened, and enrolled in the
study between June 2017 and December 2018, and all patients
provided an informed consent.
Inclusion/Exclusion Criteria
Patients in this study were recruited from a population of
patients undergoing endocrine treatment and were invited to
participate in the study if they fulfilled all of the following
criteria: 1) a diagnosis of breast cancer with planned modified
radical surgery and 2) between the ages of 30 and 70 years.
Patients were included in the study if they: 1) provided informed
consent; 2) showed estrogen receptor and/or progesterone
receptor positivity (by pathological immunohistochemical
Frontiers in Oncology | www.frontiersin.org 3228
detection); and 3) underwent more than 6 months of
endocrine treatment. Patients were excluded if they had:
1) inflammatory breast cancer; 2) central nervous system
metastases; 3) symptomatic visceral disease; 4) clinically
significant, uncontrolled heart disease; or 5) a cardiac
repolarization abnormality, including a QT interval corrected
for heart rate according to Frederica’s formula greater than 450
ms; 6) recurrence or metastasis diagnosed by imaging or
histology;7) participating in other clinical trials; and 8) in
pregnancy or lactation or accompanied by severe diabetes.

If a patient withdrew consent, failed to adhere to the research
protocol, or experienced a serious adverse event, they were
recorded as withdrawn and not included in the analysis.

Written informed consent was obtained from all the enrolled
patients. The trial was performed in accordance with the Good
Clinical Practice guidelines and the Declaration of Helsinki. The
study protocol and any amendments were approved by an
independent ethics committee or institutional review board at
each site (IRB application receipt 2017NL-007-03). A study
steering committee comprising participating international
investigators and Novartis representatives oversaw the
execution of the trial. An independent data monitoring
committee assessed the safety data.

Study Design
Ninety female patients were randomly and prospectively
assigned (1:1) to the treatment group or control group by
permuted block randomization through interactive response
technology. At enrolment, investigators registered patients in
the interactive response technology system with their identifying
information, and then, the patients were assigned a seven-digit
number that was retained throughout their participation in the
study to facilitate anonymity. All patients, and investigators
administering treatment, assessing outcomes, and analyzing
data were masked to the treatment group assignment. Masking
to group assignment was ensured with the use of matching
placebos with identical packaging, labeling, schedule of
administration, and appearance. The sponsor was masked to
the randomized treatment group allocation.

Intervention
All patients were treated with the standard endocrine treatment
with or without ovarian function suppression according to the
breast cancer guidelines of the Chinese Society of Clinical
Oncology. In the treatment group, the patients received 100
mL of SHD solution twice daily for six consecutive months.

SHD containing 30 g of Astragalus membranaceus (TCM
name: Huang qi), 10 g of Rheum officinale (TCM name:
Dahuang), and 10 g of Curcuma Longa (TCM name:
Jianghuang) were acquired from Jiangsu Province Hospital of
TCM (Nanjing, China). The total weight of the crude herb was
50 g. The herbs were blended in 400 mL of double-distilled water
(1:8, w/v) for 1 h and heated to 100°C for 2 h. After continuous
boiling for 2 h, the remainder of the sample was condensed to
200 mL. The dose was equated to 200 mL SHD daily for an
average adult with a body weight of 60 kg. The preparatory steps
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were completed using a Tisanes device at Jiangsu Province
Hospital of TCM. The final 200 mL decoction was
administered orally as a split dose twice daily during the entire
clinical research period.

Outcome Measures
Measurement Scales
Clinical symptoms focused on chronic stress were measured and
recorded once a month for 6 months.

A modified Kupperman Menopausal Index (KMI) was used
to measure the quality of life induced by the endocrine
treatments. The modified KMI assesses the degree of
symptoms, such as hot flushes, sweats, abnormal tactile
sensations, insomnia, impatience and ease of irritability,
emotional depression, dizziness, fatigue, and aching extremities.

The self-rating anxiety scale (SAS) and self-rating depression
scale (SDS) were administered during the endocrine treatment.
The SAS and SDS were applied to evaluate the effects of chronic
clinical stress in terms of symptoms related to anxiety and
depression, respectively.

Laboratory Data
Laboratory data were collected for the evaluation of the body
microenvironment under chronic stress during the
endocrine treatment.

Oxidative and antioxidative stress markers in plasma were
measured. Blood samples (5 mL of blood was collected, and
blood extracts and sera were prepared for analysis). Serum nitric
oxide (NO) (No. A012-1-2; Nanjing Jiancheng Company,
Nanjing, China), superoxide dismutase (SOD) (No. A001-3-2;
Nanjing Jiancheng Company), malondialdehyde (MDA) (No.
A003-1-2; Nanjing Jiancheng Company), glutathione peroxidase
(GSH-px) (No. A005-1-2; Nanjing Jiancheng Company), and
total antioxidant capacity (TAOC) (No. A015-1-2; Nanjing
Jiancheng Company) were measured using a Shimadzu
spectrophotometer (Shimadzu Company, Kyoto, Japan).
According to the operational instructions, the absorbance value
was measured at 550 nm based on a comparison with the
standard curve, and the NO and SOD contents were calculated.

Serum levels of TNF-a, IL-6, and IL-8 were evaluated using
enzyme-linked immunosorbent assay (ELISA) kits purchased
from Beijing 4A Biotech Co., Ltd. (Beijing, China) (Nos.
20150109 and 20150113).

Hemorheology testing, which included whole blood viscosity,
plasma viscosity, hematocrit, the erythrocyte aggregation index,
and the erythrocyte rigidity index, was undertaken using a blood
viscometer (LBY-N6; Beijing Prisheng Instrument Co., Ltd.,
Beijing, China) with a fasting blood sample. Blood coagulation
measures, including prothrombin time, activated partial
thrombin time, thrombin time, plasma fibrinogen levels, and
D-dimer levels, were measured using an automatic coagulation
analyzer (CA-1500; SYSMEX CORPORATION, Kobe, Japan).
Lipid indices, including triglyceride (TG), total cholesterol (TC),
low-density lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol (HDL-C), apolipoprotein-A (apo-A),
and apolipoprotein-B (apo-B) levels, were assessed using an
automatic biochemical immunity analyzer (Cobas 8000 [Roche
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Diagnostics GmbH, Mannheim, Germany]; AU5800 [Beckman
Coulter, Fullerton, CA, USA]; ZL9600C [Beijing Zhongchi
Weiye Technology Development Co., Ltd., Beijing, China]).

Serum levels of CD3, CD4, CD8, CD4/CD8, and
immunoglobulin (Ig) G, IgA, IgM, complement 3 (C3), and
complement 4 (C4) were detected using a flow cytometry
analyzer (FACS Canto II [BD Biosciences, San Jose, CA, USA];
Immage 800 [Beckman Coulter]).

Biomarkers
Tumor biomarkers and angiogenic factors of VEGF were
evaluated in relation to tumor growth using an ELISA (EK183-
96; Lianke Biological Company, Hangzhou, China).

Serum levels of carbohydrate antigen 153 (CA153), CA125,
and carcinoembryonic antigen (CEA) were measured using an
access immunoassay analyzer (Unicel Dxi800 [Beckman
Coulter]; ARCHITECT i2000 SR [Abbott, Abbott Park,
IL, USA]).

Statistical Analysis
The results were analyzed using the SPSS 18.0 (IBM, Armonk,
NY, USA). Continuous data were evaluated with a t-test, graded
data with a Ridit analysis, and categorical data with an X2 test.
Statistical significance was set at P < 0.05.
RESULTS

Patient Recruitment and Characteristics
A total of 108 patients were assessed for eligibility, and 90 were
enrolled in the study between June 2017 and December 2018. A
study flow chart is shown in Figure 1. Patients were randomly
divided into two groups. There were no statistically significant
differences between the two groups in terms of age, clinical stage,
modus operandi, types of endocrine treatment, the duration of
treatment, and the drugs used for endocrine treatment (Table 1).

Clinical Symptoms Measured by the
Modified KMI, SAS, and SDS
Our primary results showed that the patients in both groups
experienced a moderate degree of menopausal symptoms with an
average KMI score of approximately 33. After treatment for 5
months, the scores in the treatment group decreased to 13.98,
indicating near-normal scores. However, the patients in the
control group still presented with moderate stress without any
improvements. A score of 50–59 indicated a mild state of anxiety
on the SAS. We found that the scores in the treatment group
decreased to 45.98 after only 2 months of treatment, which
means that patients were more or less free of anxiety. In
comparison, the control group demonstrated a continuous
state of moderate anxiety until the end of the clinical trial. In
China, an SDS score of more than 50 normally indicates a state of
depression (Table 2). Therefore, our results showed that all
patients in the control group experienced a relatively serious
depression during the whole trial period; however, the patients in
the treatment group recovered completely on the fifth month of
SHD treatment with scores decreasing to 32.20. Statistical
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differences were observed between the two groups after only 1
month of treatment as shown in Figure 2.

Laboratory Data Results
Patients in the control group who only received endocrine
therapy for 6 months showed stable or increased NO and
MDA levels, slight decreases in the anti-stress factor, SOD, and
stable levels of TAOC and GSH-PX (Table 3). In contrast, the
patients in the treatment group showed stress-promoting factor
levels that had decreased to approximately 30% to 50% and anti-
stress factor levels that had increased between 50% and 200%.
Significant differences were observed between the two groups.
Detailed data are shown in Figure 3.

As shown in Figure 4, TNF-a, IL-6, and IL-8 were
significantly reduced after 6 months in the SHD group, but not
in the control group, and this indicated that SHD can
significantly improve the inflammatory response of patients
with breast cancer treated with endocrine therapy. The
hemorheology study showed that low cut whole blood viscosity
(1/S), medium cut whole blood viscosity (30/S), and high cut
FIGURE 1 | Participant flow chart.
TABLE 1 | Baseline of the subjects.

Index Experiment
group

Control
group

P-value

Age (year) 53.8 ± 7.04 51.85 ± 7.84 0.548
Sex Female (45) Female (45) –

TNM staging (n) 0.963
T1N0M0 15 18
T2N0M0 18 18
T1N1M0 6 6
T2N1M0 6 3

modus operandi 0.755
Simple mastectomy with sentinel

lymph node biopsy
30 35

Radical modified mastectomy 15 10
Kinds of endocrine treatment 0.855
Tamoxifen 15 18
Letrozole 12 9
Anastrozole 12 12
Exemestane 6 6

Duration of endocrine treatment 0.724
Half to one year 18 21
One to one half year 21 15
One half to two years 6 9
August 2021 | Volume 11 | Article 677939

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


TABLE 3 | Changes of stress related serum factors during 6 months of treatment (n=45 each group).

Groups NO (umol/L) SOD (u/ml) GSH-PX (pmol/ml)

Start 6 months Start 6 months Start 6 months

Treatment 56.42 ± 2.31 27.39 ± 2.14 73.45 ± 4.63 127.59 ± 7.52 32.81 ± 3.51 72.43 ± 3.46
Control 57.42 ± 3.28 48.73 ± 2.89 74.48 ± 3.97 56.42 ± 2.92 34.05 ± 2.8 42.07 ± 2.45
P value 0.15 0.00 0.91 0.00 0.23 0.00

Groups MDA (nmol/L) TAOC (u/ml)
Start 6 months Start 6 months

Treatment 11.25 ± 0.32 4.36 ± 0.47 0.24 ± 0.09 0.34 ± 0.04
Control 10.98 ± 0.41 12.37 ± 0.25 0.25 ± 0.09 0.23 ± 0.12
P value 0.004 0.00 0.95 0.00

TABLE 2 | Kupperman as well as SAS and SDS scores changes during clinical trial for 6 months (n=45 each group).

Groups Indices Start 1 month 2 months 3 months 4 months 5 months 6 months

Treatment Kupperman Scores 33.14 ± 3.28 25.08 ± 1.65 22.31 ± 1.95 20.18 ± 2.13 15.41 ± 1.57 13.98 ± 2.34 10.87 ± 3.02
Control 32.98 ± 3.16 33.59 ± 2.75 31.52 ± 3.04 34.18 ± 1.78 33.63 ± 1.98 32.57 ± 2.84 33.77 ± 3.45

P value 0.26 0.04 0.03 0.00 0.00 0.00 0.00
Treatment SAS 58.32 ± 5.96 50.76 ± 4.65 45.98 ± 5.37 43.37 ± 6.12 36.75 ± 5.18 30.91 ± 6.45 28.72 ± 5.83
Control 58.43 ± 5.78 57.87 ± 6.42 58.72 ± 4.76 61.03 ± 5.18 62.72 ± 6.32 61.97 ± 6.18 63.67 ± 5.89

P value 0.83 0.04 0.02 0.00 0.00 0.00 0.00
Treatment SDS 65.73 ± 6.39 61.34 ± 5.48 56.45 ± 6.32 48.42 ± 5.72 40.38 ± 6.59 32.20 ± 7.03 30.18 ± 6.52
Control 66.12 ± 5.87 65.87 ± 6.52 66.37 ± 5.84 67.18 ± 6.34 68.92 ± 6.18 66.98 ± 7.02 67.13 ± 6.98

P value 0.59 0.04 0.03 0.00 0.00 0.00 0.00
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whole blood viscosity (200/S) were significantly reduced compared
with the control group. The largest significant difference was for
high cut whole blood viscosity (200/S). Similarly, the study of
plasma and whole blood viscosity showed that plasma viscosity,
whole blood viscosity (high cut), and whole blood viscosity (low
cut) were significantly reduced compared with the control group,
with plasma viscosity being most significantly reduced (Figure 5).
The results of the blood lipid study showed that TG, TC, and LDL
levels decreased significantly in the treatment group, but HDL
levels increased significantly (Figure 6). In the study of immune
factors, it was found that the immune factors CD8 and C3 were not
statistically significant compared with the control group after 6
months of SHD treatment (Table 4). However, the indices of
tumor cell proliferation inhibition (CD3, CD4, CD4/CD8, IgM,
IgA, IgG, and C4) were significantly improved after 6 months of
SHD treatment, and CD4/CD8 had improved compared with the
control group (Figure 7).
Frontiers in Oncology | www.frontiersin.org 6231
Biomarkers
A summary of the findings of the tumor growth-related
biomarkers at baseline and after 6 months of SHD treatment is
presented in Table 5. VEGF, CA153, and CEA levels decreased
significantly after 6 months of SHD treatment (P < 0.01),
illustrating that endocrine treatment combined with SHD can
significantly improve the curative effect and may provide a better
prognosis for patients with breast cancer. But, CA125 had a non-
statistical significance (Figure 8).
DISCUSSIONS

Our results showed a statistically significant improvement in all
three scores after only 1 month of oral administration of SHD.
However, after treatment for 6 months, the KMI score was
FIGURE 2 | Clinical Symptoms. Measured by the Modified KMI, SAS, and SDS After 5 months of treatment, the KMI score of the treatment group decreased to
13.98, which was close to normal; In the treatment group, the SAS score decreased to 45.98 points after 2 months of treatment, indicating that patients had more
or less got rid of anxiety; An SDS score of more than 50 usually indicates a depressive state, while patients in the treatment group fully recovered after 5 months of
SHD treatment, with their score dropping to 32.20.
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reduced to one-third of the baseline scores before treatment,
while the scores of SDS and SAS reduced to half of the baseline
scores. It has been reported that the KMI score could be reduced
by 63% with estrogen replacement treatment without increasing
the risk of recurrence in the short-term. Our results achieved
effects comparable to that of estrogen replacement treatment,
with a decrease of 67%. Some clinical trials have reported that
Frontiers in Oncology | www.frontiersin.org 7232
lifestyle and emotions, such as worry and fear, may have a
positive influence on the prognosis of breast cancer (27, 28).
However, here, we report relief from chronic stress caused by
long-term endocrine treatment with the use of oral SHD, which
facilitates a positive change in the tumor microenvironment.

At baseline, nearly 70% of the patients recruited in the study
were in the early stage of breast cancer with no lymph node
FIGURE 3 | Antioxidant Indices. Patients in the control group showed stable or increased NO and MDA levels, slight decreases in the anti-stress factor, SOD, and
stable levels of TAOC and GSH-PX. While the treatment group showed stress-promoting factor levels that had decreased to approximately 30% to 50% and anti-
stress factor levels that had increased between 50% and 200%. (ns mean non-statistics significance **P ≤ 0.005; ***P ≤ 0.001).
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metastasis. Therefore, it was expected that they would have a
long lifespan and a normal lifestyle. Moreover, they may have
had a high demand for the quality of life and paid more attention
to the feeling of being unwell. More than 90% of patients started
endocrine treatment within one and a half years, which meant
that the uncomfortable feelings, such as gastrointestinal reaction,
irregular menstruation, et al., may be the result of the sudden
adaptation to endocrine treatment within a short period of time.

In contrast to most clinical studies, which have applied
psychological regulation interventions, such as mindfulness,
self-education, or anti-oxidative food intake to relieve chronic
stress, we employed a TCM decoction. The hospital pharmacy
posted a drug-decocting machine directly to the home address of
the patient, along with standard boiling procedure instructions.
Frontiers in Oncology | www.frontiersin.org 8233
This made it easy for patients to administer SHD, thereby
enhancing compliance to ensure clinical effects.

Due to the health care insurance policies in China, patients
only receive 1 month of medication at a time and have to attend
the hospital once a month for the next. Therefore, it was
convenient for us to evaluate the KMI, SDS, and SAS once
a month.

The KMI, SAS, and SDS scores provide information about the
multiple dimensions of the status of patients during endocrine
treatment. Previous studies have reported that symptoms of
depression and anxiety remain unchanged throughout the
course of endocrine treatment (29). Our results for the control
group showed similar results, indicating that patients may
experience continual chronic stress; however, we also showed
FIGURE 4 | Inflammatory Factors. Compared with the control group, TNF-a, IL-6, and IL-8 were significantly reduced after 6 months in the SHD group. (ns mean
non-statistics significance **P ≤ 0.005; ***P ≤ 0.001).
FIGURE 5 | Hemorheology Study. The study of plasma and whole blood viscosity showed that plasma viscosity, whole blood viscosity (high cut), and whole blood
viscosity (low cut) were significantly reduced compared with the control group, with plasma viscosity being most significantly reduced. (ns mean non-statistics
significance **P ≤ 0.005; ***P ≤ 0.001).
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that this condition could be relieved with TCM treatment in
1 month.

Studies have shown that uncomfortable feelings experienced
during endocrine treatment are closely related to chronic stress
(30, 31). It was reported that variations in experience were
related to emotional distress in women undergoing endocrine
treatment, suggesting the importance of including an assessment
of chronic stress to fully understand the extent of stress-
depression relationships and the underlying mechanisms.
Thus, we evaluated the serum changes related to oxidative and
anti-oxidative stress during 6 months of endocrine treatment. In
accordance with the amelioration of emotional state and quality
of life, the serum indices related to stress improved significantly
after treatment with SHD.

Long-term chronic stress in breast cancer patients has been
reported to be closely related to the progress, metastasis, and
prognosis of such patients (32). Mechanical research has shown
that stress increases therapy resistance through epithelial-
mesenchymal transition markers and promotes lung metastatic
colonization of circulating breast cancer cells by creating a pre-
metastatic niche by activating b-adrenergic signaling (33).
Frontiers in Oncology | www.frontiersin.org 9234
In addition, when patients are treated with long-term endocrine
therapy, resistance to endocrine therapy may be mediated in part
by ROS-mediated dysregulation of redox-sensitive signaling
pathways (34). Our results also showed that the sera of patients
who received endocrine treatment for 6 months was not able to
inhibit the growth of tamoxifen-resistant cells, while such sera
could acquire this inhibitory ability with a decrease in chronic
stress through the administration of oral SHD.

Many factors are closely related to chronic stress. Extensive
research during the last two decades has revealed the mechanism
by which continued oxidative stress can lead to chronic
inflammation (35). There are reports that chronic stress could
induce a microenvironment with an enhanced expression of
inflammatory factors, such as TNF-a, IL-1, IL-6, and IL-8, which
are believed to play a role in malignant tumor progression and
negative prognosis in cancers, including breast cancer (36, 37). It
was previously reported in a clinical trial that breast cancer
patients may enjoy a good prognosis by reducing the serum
levels of inflammatory factors IL-6, IL-8, and TNF-a, and this
might even offer protection from the metastases and recurrence
of breast cancer (38). Our results showed that the serum
FIGURE 6 | Blood Lipid Study. TG, TC, and LDL levels decreased significantly in the treatment group, but HDL levels increased significantly. (ns mean non-statistics
significance **P ≤ 0.005; ***P ≤ 0.001).
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TABLE 4 | Change levels of inflammatory factors,hemorheology,lipid and immunologic factors in vivo (n=45 each group).

Groups Inflammatory factors

TNF- (ng/ml) IL-6 (mmol/L) IL-8 (mmol/L)

Start 6 months Start 6 months Start 6 months

Treatment 12.31 ± 3.1 3.48 ± 1.12 107.39 ± 31.02 62.71 ± 39.47 112.92 ± 81.66 61.67 ± 31.94
Control 12.85 ± 2.8 15.78 ± 2.93 106.91 ± 18.40 103.54 ± 22.74 111.74 ± 54.83 114.58 ± 89.43
P value 0.76 0.00 1.00 0.00 1.00 0.00

Groups Hemorheological indices (mPa.s)
Low cut whole blood viscosity (1/S) Medium cut whole blood viscosity (30/S) High cut whole blood viscosity (200/S)

Start 6 months Start 6 months Start 6 months
Treatment 17.55 ± 1.5 16.28 ± 1.49 4.83 ± 0.13 4.66 ± 0.21 3.94 ± 0.12 3.67 ± 0.21
Control 17.65 ± 1.74 17.86 ± 1.68 4.81 ± 0.18 4.86 ± 0.19 3.92 ± 0.15 3.99 ± 0.16
P value 1.00 0.00 0.95 0.00 0.94 0.00

Groups Hemorheological indices (mPa.s)
plasma viscosity Reduced viscosity of whole blood (high cut) Reduced viscosity of whole blood (low cut)

Start 6 months Start 6 months Start 6 months
Treatment 1.55 ± 0.14 1.39 ± 0.11 5.53 ± 0.39 5.37 ± 0.21 41.43 ± 4.06 39.39 ± 3.75
Control 1.55 ± 0.11 1.57 ± 0.1 5.53 ± 0.38 5.61 ± 0.41 41.94 ± 3.95 42.18 ± 3.95
P value 0.99 0.000 0.99 0.009 0.93 0.005

Groups Lipid indices (mmol/L)
TC TG LDL

Start 6 months Start 6 months Start 6 months
Treatment 5.05 ± 0.6 4.48 ± 0.57 2.75 ± 0.54 1.55 ± 0.21 3.17 ± 0.29 2.84 ± 0.26
Control 4.91 ± 0.67 4.96 ± 0.67 2.66 ± 0.56 2.82 ± 0.39 3.13 ± 0.34 3.19 ± 0.26
P value 0.72 0.002 0.78 0.000 0.91 0.00

Groups Lipid indices (mmol/L) T cell immunologic indices (%)
HDL CD3 CD4

Start 6 months Start 6 months Start 6 months
Treatment 1.57 ± 0.16 1.71 ± 0.15 59.94 ± 6.85 64.47 ± 6.00 36.29 ± 7.59 39.59 ± 6.36
Control 1.55 ± 0.14 1.52 ± 0.17 60.6 ± 6.91 59.2 ± 6.81 36.33 ± 8.51 32.13 ± 6.61
P value 0.93 0.00 0.97 0.001 0.99 0.00

Groups T cell immunologic indices (%) B cell immunologic indices
CD8 CD4/CD8 IgM (g/L)

Start 6 months Start 6 months Start 6 months
Treatment 24.06 ± 7.85 23.18 ± 7.64 1.72 ± 0.69 1.91 ± 0.73 1.08 ± 0.39 1.39 ± 0.43
Control 24.47 ± 7.42 25.47 ± 7.16 1.81 ± 1.22 1.38 ± 0.56 1.06 ± 0.3 1.09 ± 0.37
P value 0.99 0.47 0.96 0.016 0.99 0.001

Groups B cell immunologic indices (g/L) Complement indices (ng/ml)
IgA IgG C3

Start 6 months Start 6 months Start 6 months
Treatment 1.73 ± 0.43 2.17 ± 0.47 10.91 ± 1.46 12.25 ± 1.55 0.88 ± 0.15 0.93 ± 0.16
Control 1.73 ± 0.48 1.8 ± 0.45 10.85 ± 1.6 11.04 ± 1.62 0.89 ± 0.14 0.88 ± 0.14
P value 0.99 0.001 0.99 0.002 0.99 0.38

Groups Complement indices (ng/ml)
C4

Start 6 months
Treatment 0.22 ± 0.05 0.27 ± 0.06
Control 0.22 ± 0.06 0.23 ± 0.06
P value 0.99 0.007
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levels of such factors could be reduced to approximately 30%
to 50% of baseline levels in breast cancer patients treated
with SHD for chronic stress. Our results remind us that a
continued interference with the state of stress may provide a
preferred inflammatory microenvironment for tumor growth
and progression.

It has been reported that long-term continued endocrine
treatment, which results in estrogen deprivation and loss
of its protective function, results in a high incidence of
Frontiers in Oncology | www.frontiersin.org 10235
hypercholesterolemia, which ultimately leads not only to high
risk of cardiovascular disease but also an even higher risk of
mortality. It was reported that the addition of blood lipid control
treatment would effectively improve the disease-free survival in
such patients (38). Our research showed that treatment with
TCM cannot only improve the quality of life during endocrine
treatment but also reduce the serum levels of blood lipids, thus
producing a favorable environment for body recovery and relief
from the side effects of endocrine treatment simultaneously.
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TABLE 5 | Changes of VEGF,CA153,CA125 and CEA.

Groups VEGF (pg/ml) CA153 (u/ml) CA125 (u/ml)

Start 6 months Start 6 months Start 6 months

Treatment 37.28 ± 10.34 15.14 ± 5.25 35.28 ± 1.92 23.08 ± 0.57 14.12 ± 5.05 11.75 ± 4.49
Control 38.14 ± 9.47 50.43 ± 6.82 34.96 ± 2.34 32.54 ± 1.87 14.40 ± 5.67 14.00 ± 6.41
P value 0.96 0.00 0.83 0.00 0.99 0.21
Groups CEA (ng/ml)

Start 6 months
Treatment 1.85 ± 1.21 1.06 ± 1.09
Control 1.90 ± 1.08 2.43 ± 1.50
P value 1.00 0.00

Feng et al. Sanhuang Decoction in Breast Cancer
Since research has reported that cellular and humoral
immunodeficiency, which may be caused by stress and depression
in breast cancer patients, could produce resistance to hormone
therapy and often correlates with a poor prognosis, we checked
these indices during the 6-month endocrine treatment period and
found that CD4 was inhibited and the tumor growth markers,
VEGF and CEA, levels improved. The results are partly in
accordance with those of other reports that showed significantly
increased plasmaVEGF levels. Our results revealed that SHD could
effectively regulate the cellular and humoral immunity state during
Frontiers in Oncology | www.frontiersin.org 11236
endocrine treatment and significantly downregulate the tumor
growth markers, VEGF and CEA.

Research suggests that higher levels of bodily stress can
predict patient relapse in high-risk ER(+) breast cancer
patients receiving endocrine therapy (39). Moreover,
mitochondrial markers, which represent the oxidative stress
state of the body, are closely related to tumor recurrence,
metastasis, and tamoxifen resistance (40). Extensive research
over the last two decades has suggested that oxidative stress,
chronic inflammation, and cancer are closely linked.
FIGURE 7 | Immune Factors. The immune factor (CD8, and C3) was not statistically significant compared with the control group after 6 months of SHD treatment;
The indices of tumor cell proliferation inhibition (CD3, CD4, IgM, IgA, IgG and C4) were significantly improved after 6 months of SHD treatment. CD4/CD8 had
improved compared with the control group. (ns mean non-statistics significance *P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.001).
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Several inflammatory mediators, such as TNF-a, IL-6, TGF-b,
and IL-10, have been shown to play a role in cancer progression
(41). In this study, we explored the levels of some of these
cytokines in the tumor microenvironments in terms of their
capacity to generate reactive oxygen and nitrogen species, and
their potential involvement in the mechanisms of angiogenesis
and drug resistance. As previously reported, SHD downregulates
aurora kinase A to inhibit breast cancer cell growth and
ameliorate inflammatory status in breast cancer patients during
the perioperative period. In addition, emodin, as the main
ingredient of SHD, inhibits the bioactivity of tamoxifen-
resistant breast cancer cells by inhibiting the PI3K pathway
and inhibiting angiogenesis.

However, there had been some limitations in our research. The
patients included in our clinical trial had an average age of 51–53
years, andmost would have been experiencing perimenopause and
possibly discomfort induced by a significant estrogen reduction. In
addition, all recruited patients underwent mastectomy with or
without axillary lymphadenectomy, which would increase the
Frontiers in Oncology | www.frontiersin.org 12237
psychological stress due to the deformed chest shape with one
breast missing. Furthermore, 6 months of endocrine treatment
would produce additional discomfort, which may exacerbate the
stress even further. Such factors experienced together could have a
moderate influence on the responses of the patients on the KMI, as
well as the SAS and SDS, and these symptoms would not have been
relieved if treatment measurements had not been undertaken.

In summary, our clinical research showed that the chronic
stress state could be effectively relieved with SHD treatment by
controlling the tumor microenvironment with amelioration of
chronic oxidative stress in the body. SHD does this via the
regulation of stress-related factors, as well as inflammatory,
hemorheology, lipid, immune, and angiogenic factors; all of
which function to promote tumor growth or drug resistance.
SHD treatment was also associated with a significantly improved
quality of life, with the patients mainly presenting with optimistic
attitudes toward the disease and daily life and a relatively
cheerful mood. After 6 months of observation, some tumor
biomarkers decreased and this inhibited the growth of
FIGURE 8 | Tumor Biomarkers VEGF, CA153, and CEA levels decreased significantly after 6 months of SHD treatment, but CA125 had non-statistics significance.
(ns mean non-statistics significance ***P ≤ 0.001).
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tamoxifen-resistant cells. In the future, we would like to expand
the clinical research to include a large number of patients and a
long observation time to further confirm the advantages of SHD
in creating a favorable microenvironment for adjuvant control of
breast cancer recurrence and metastasis.
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There is an urgent need to improve our understanding of breast cancer brain metastases
(BCBMs). Thus, we obtained transcriptome data of BCBMs, primary breast cancers
(BCs), and extracranial metastases (BCEMs) from the Gene Expression Omnibus (GEO)
database, including GSE43837, GSE14017, and GSE14018, for immune and metabolic
analysis. Firstly, we performed immune and metabolic analysis on BCBMs and primary
breast cancers of GSE43837 using RNA sequence. We identified significant
immunosuppression and gene signatures associated with immune infiltration in
BCBMs; the lower the expression of the signatures, the worse the prognosis of breast
cancer patients in the Kaplan–Meier (KM) plotter [Breast cancer] database. We also
identified increased oxidative phosphorylation (OXPHOS) utilization in BCBMs compared
with BCs and gene signatures associated with increased OXPHOS utilization in BCBMs;
the higher the expression of the signatures, the worse the prognosis of breast cancer
patients in the KM plotter [Breast cancer] database, which can predict the prognosis of
breast cancer patients better, as it can also predict the prognosis of patients with different
breast cancer subtypes. In addition, we performed immune and metabolic analysis on
BCBMs and extracranial metastases of GSE14017 and GSE14018 using RNA sequence.
Compared with extracrania l metastases, we ident ified more significant
immunosuppression but no difference in OXPHOS utilization in BCBMs, which may be
because OXPHOS was also involved in extracranial metastases. We have proven that
OXPHOS was functionally significant in metastasis in vitro assays. Oligomycin, an
OXPHOS inhibitor, substantially attenuated the migration and invasion potential of
breast cancer cells. Our study provides new insights into the pathogenesis of BCBMs.

Significance: Our study reports the most comprehensive gene expression analysis of
BCBMs, BCs and extracranial metastases to date. We identified immunosuppression and
OXPHOS enrichment in BCBMs compared with BCs, which provide new insights into the
pathogenesis of BCBMs and will facilitate the development of new therapeutic strategies
for patients with BCBMs.
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INTRODUCTION

Breast cancer is one of the most common causes of brain metastases
(1, 2). Brain metastases usually occur in advanced breast cancer, and
its prognosis is poor. The median overall survival time after
development of brain metastases in breast cancer patients is
approximately 7.4 months (range: 3.9–17.1 months) (3). Thus, it
is an unmet clinical need to identify the underlying pathogenesis of
BCBMs to develop rational therapeutic strategies.

In the past, the brain was considered an organ with immune
privilege. However, many studies have shown that this immune
privilege is not absolute, but relative to the immune privilege of
other organs (4). The destruction of blood–brain barrier (BBB) by
central nervous system tumors and the changes of extracellular
matrix composition can make BBB leak at the tumor site (5). The
intact brain contains almost no lymphocytes; However, T and B
cells have been observed in the environment of brain metastasis (6).
PD-1 inhibitors also showed activity against brain metastasis in
patients with melanoma and lung cancer (7). Therefore, we must
consider the unique characteristics of BCBMs compared with
primary tumors and extracranial lesions prior to treatment with
immunomodulatory therapy.

There is growing evidence that BCBMs possess different
molecular characteristics compared with primary tumors and
extracranial metastases. Other investigators’ whole exome
sequencing study has detected the mutational signatures
indicative of HRD scores increased in BCBMs compared with
patient-matched primary tumors (8). Previous genomic analysis
also identified mutations associated with sensitivity to PI3K/
AKT/mTOR, CDK, and HER2/EGFR inhibitors in BCBMs
compared with regional lymph nodes and extracranial
metastases (9). Gene expression analysis identified that
signatures indicative of BRCA1 deficiency were enriched in
BCBMs compared with unmatched BCs (10).

However, there is no comprehensive immune and metabolic
analysis on BCBMs, primary tumors, and extracranial metastases.
This may be the reason why no significantly enriched pathways
have been identified. In general, the mechanism of BCBMs is still
unclear and needs to be further explored.

To address this urgent need, we collected gene expression
profiles of BCBMs, BCs, and extracranial metastases from the
GEO database: GSE43837 contained 19 BCBMs and 19 patient-
unmatched BCs, GSE14017 contained 15 BCBMs and 14
extracranial metastases, and GSE14018 contained 7 BCBMs and
29 extracranial metastases. Together with functional assays on
human breast cancer cell line (MDA-MB-231 cells), our study
identified unique immune and metabolic features of BCBMs, which
may contribute to develop new rational therapeutic strategies.
MATERIALS AND METHODS

Procurement of RNA Sequencing Data and
Batch Design
The research strategy is presented in Figure 1. RNA sequencing
data were downloaded from the National Central of Biology
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Information Gene Expression Omnibus (GEO) database (https://
www.ncbi.nlm.nih.gov/geo/), including GSE43837, GSE14017,
and GSE14018 (11). GSE43837 contains RNA sequence for 19
BCBMs and 19 BCs, GSE14017 contains RNA sequence for 15
BCBMs and 14 extracranial metastases (BCEMs), and GSE14018
contains RNA sequence for 7 BCBMs and 29 BCEMs.
Microarray annotation information was used to match probes
with corresponding genes. The median expression value was
calculated out for the gene matched with more than one probe.
We first performed the immune and metabolic analysis on
BCBMs and BCs of GSE43837 and then performed a similar
analysis on BCBMs and BCEMs of GSE14017 and
GSE14018, respectively.

Characterization of Immune Infiltration in
BCBMs, BCs, and BCEMs
We utilized the Estimation of Stromal and Immune cells in
Malignant Tumor tissues using Expression data (ESTIMATE)
and Microenvironment Cell Populations-Counter (MCP-
counter) R package to characterize immune infiltration in
samples. ESTIMATE can infer the proportion of immune cells
and stromal cells in tumor samples using gene expression (12).
However, ESTIMATE cannot identify the distinct immune cell
populations in heterogeneous tissues. In contrast, MCP-counter
can quantify the absolute abundance of eight immune cells in
heterogeneous tissues using transcriptome data (13).

Construction of Co-Expression Network
Associated With Immune Infiltration
WGCNA R package were used to construct a weight co-
expression network associated with immune infiltration (14).
First, based on the Pearson’s correlation value between paired
genes, the expression levels of individual transcripts were
converted into a similarity matrix. Next, we picked a proper
soft threshold power that can increase strong correlations and
decrease weak correlations between genes. The adjacency matrix
was then converted into a topological overlap matrix when the
soft threshold power b = 6. Then, the gene set was divided into
several modules with similar expression patterns. Module–trait
associations referred to the correlation between the module
eigengene and the immune infiltration.

Differentially Expressed Genes
Differentially expressed genes (DEGs) in different groups were
identified using edgeR package (15). Specifically, edgeR adjusts
gene expression according to different sequencing depths as
represented by varying libraries. The Log2 fold-change
(Log2FC) is an estimate of the log2 ratio of expression in a
cluster to other clusters. A value of 1.0 indicates twofold greater
expression in the cluster of interest. The exact test that adapted
for the negative binomially distributed counts was chosen to
judge the significance for DEGs. Adjusted p-values or false
discovery rate (FDR) was determined by the default
Benjamini–Hochberg (BH) correction in edgeR. For selecting
the top features in a dataset, FDR < 0.05 and fold change (FC) >
1.5 were set as the cutoff criteria.
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Functional Enrichment Analysis of DEGs
The Database for Annotation, Visualization and Integrated
Discovery (DAVID) v6.8 (https://david.ncifcrf.gov/summary.jsp)
database integrates biological data and functional annotation tools
to provide systematic and comprehensive biological function
annotations for large-scale gene or protein lists. It was used to
identify enriched Gene Ontology (GO) terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways of DEGs
(16). p-values are determined by the Fisher’s exact test in DAVID.
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Adjusted p-values were determined by BH correction in DAVID.
For selecting significant pathways, p-value < 0.05 and FDR < 0.25
were set as the cutoff criteria.

Identification of Gene Signatures
Associated With Immune Infiltration
We crossed the genes co-expressed with immune infiltration
determined by the WGCNA package with DEGs to obtain gene
signatures related to immune infiltration in the cluster of
FIGURE 1 | The workflow of the study. BCBMs, breast cancer brain metastases; BCs, breast cancers; DEGs, differentially expressed genes; OXPHOS: oxidative
phosphorylation; IM-metagene, hub genes related to immune infiltration of BCBMs; OP-metagene, hub genes related to oxidative phosphorylation enrichment of
BCBMs; GO, gene ontology; KEGG, kyoto encyclopedia of genes and genomes; BCEMs, breast cancer extracranial metastases.
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interest. The gene expression values for those signatures were
then averaged to form the Immune metagene (IM-metagene).
Specific genes were indicated in Supplementary Table S4.

Gene Set Enrichment Analysis (GSEA)
GSEA determines whether an a priori defined set of genes has
statistically significant difference in expression under two different
biological conditions (17). GSEA software 3.0 downloaded from
the Broad Institute was used for enrichment analysis for our
datasets. The gene set of “c2.cp.kegg.v7.1.symbols.gmt”, which
summarizes and represents specific, well-defined KEGGmetabolic
pathways, was downloaded from the Molecular Signatures
Database (http://software.broadinstitude.org/gsea/msigdb/index.
jsp). The normalized enrichment score (NES) represented the
degree of enriched KEGG pathways in cluster of interest. p-values
corresponding to each NES were determined by the Fisher’s exact
test (1,000 permutations) in GSEA. Adjusted p-values were
determined by BH correction in GSEA. For selecting significant
pathways, FDR < 0.25 was set as the cutoff criteria.

Identification of Gene Signatures
Associated With OXPHOS Enrichment
We crossed core genes in OXPHOS enrichment in interested
cluster determined by GSEA with DEGs to obtain signatures
related to OXPHOS enrichment in the cluster of interest. The
gene expression values for those signatures were then averaged to
form the OXPHOS metagene (OP-metagene). Specific genes
were indicated in Supplementary Table S7.

Kaplan–Meier Plotter [Breast Cancer]
Kaplan–Meier (KM) plotter [Breast cancer] is an online survival
analysis tool that can assess the prognostic function of 22,277
genes in breast cancer patients using microarray data (http://
kmplot.com/analysis/index.php?p=background) (18). All KM
plots were displayed using the “auto select best cutoff”
parameter. Relapse-free survival (RFS), overall survival (OS),
and distant metastasis-free survival (DMFS) were selected as the
endpoints. Hazard ratio (HR) was considered significant when
log rank p-value < 0.05. The corresponding 95% confidence
intervals (95% CI) were also displayed on all KM plots.

Cell Culture
MDA-MB-231 (human breast cancer cell line) cells were purchased
from Procell Life Science & Technology Co. Ltd. MDA-MB-231
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; BasalMedia, cat. no. L110KJ) supplemented with 10%
fetal bovine serum (FBS; gibco, cat. no. A3160801) and
1% penicillin–streptomycin (BasalMedia, cat. no. S110JV) in a
95% humidified incubator containing 5% CO2 at 37°C.

Cell Viability Assays
Cell proliferation assay. MDA-MB-231 cells (4 × 103) were seeded
on 96-well plates. After the cells adhered to the wall, the cells were
treated with 1.0 µM oligomycin [Oligo(1.0)] and incubated in a 5%
CO2 incubator at 37°C; 10 µl Cell Counting Kit-8 (CCK8;
APEXBIO, cat. no. K1018) solution was then added into each
well at 0 h, 12 h, 24 h, and 48 h, respectively, and cultured for 2 h.
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Next, the 96-well plates were put on the enzyme-linked
immunoassay instrument and shaken for 2 s. The absorbance was
measured at 460 nm. The growth rate was calculated as follows:
Growth rate of Control = ABS(OD value of Control − mean(OD
value of Control group))/mean(OD value of Control group),
Growth rate of Oligo(1.0) = ABS(OD value of Oligo(1.0) − mean
(OD value of Control group))/mean(OD value of Control group).

Cell apoptosis assay. Annexin V and propidium iodide (PI)
(BD pharmingen, cat. no. 556547) were used to stain the cells
cultured in medium. FSC-H and SSC-H of flow cytometry were
used to detect single cells. The percentage of annexin V−/PI− cells
was used to represent the cell viability.

Migration and Invasion Assays
Scratch assay. MDA-MB-231 cells (1 × 106) were seeded on six-
well plates. When the cell confluence reached 95%, the fused cells
were scratched along the pore diameter with a sterile 200-µl
pipette tip and then washed five times with PBS to remove
floating cells and debris. The medium in each well was replaced
with serum-free medium containing 1.0 µM oligomycin. The
wound healing was observed at 0 and 48 h, and photos were
taken under a microscope.

Transwell Assays
After starvation in serum-free medium for 6 h, cells were digested
with 0.25% trypsin. The cell density was then adjusted to 2 × 105/ml.
One hundredmicroliters of cell suspension was added into the upper
transwell chamber, and 180 µl of medium containing 10% FBS was
added into the lower 24-well chamber to induce cell migration. Being
allowed to migrate for 24 h, the cells on the lower surface of the
upper chamber was immersed in 4% paraformaldehyde for 30 min,
stained with crystal violet for 15 min, counted, and photographed
under a microscope in the middle and four surrounding fields. For
the invasion experiment, 3 × 104 starved MDA-MB-231 cells were
plated into the upper transwell chamber that was covered with 80 µl
matrix glue (300 ng/ml). After 24 h, the invaded cells in the middle
and four surrounding fields were counted and photographed under a
microscope. The average number of cells in the five fields was used as
the number of migrated and invaded cells.
RESULTS

DEGs in BCBMs Compared With BCs
We used edgeR package to identify DEGs between BCBMs and
BCs of GSE43837. A total of 539 DEGs were identified, of which
394 protein-coding genes were upregulated and 145 protein-
coding genes were downregulated in BCBMs compared with
BCs, respectively (FDR < 0.05, FC > 1.5; Supplementary
Table S1).

BCBMs and BCs Show Differences in
Immune Cell Infiltration
Then, we performed immune analysis on BCBMs and BCs of
GSE43837. We utilized the ESTIMATE and MCP-counter R
packages to characterize differences in immune cell infiltration
between BCBMs and BCs (GSE43837). ESTIMATE is a tool used
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to infer tumor purity and immune infiltration from gene-
expression data that were originally validated in 11 cancer
types (12). However, ESTIMATE can only assess the overall
immune status of the tumor. On the contrary, MCP-counter can
calculate the specific infiltration of T cells, CD8 T cells, cytotoxic
lymphocytes, B lineage, NK cells, monocytic lineage, myeloid
dendritic cells, and neutrophils in tumors based on gene
expression (13). Together, ESTIMATE assessed that the
immune score of BCBMs was lower than that of BC, although
there was no statistical significance (p = 0.1542; Figure 2A);
MCP-counter estimated that the infiltration of eight immune
cells in BCBMs was also lower than that of BCs; in particular, the
infiltration of B lineage (p < 0.05; Figure 2B) and myeloid
dendritic cells (p < 0.05; Figure 2B) in BCBMs was
significantly lower than that of BCs. As the immune
infiltration is lower in BCBMs compared with BCs, and the
expression of PDL1 and PTEN has been confirmed to be related
to tumor immune infiltration in previous studies (19, 20), we also
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compared the expression of PDL1 and PTEN between BCBMs
and BCs. The RNA expression of PDL1 was not different in
BCBMs compared with BCs (p = 0.1328; Figure 2C). The RNA
expression of PTEN in BCBMs was lower than that of BCs at the
limit of significance (p = 0.0571; Figure 2D).

We used Weighted Correlation Network Analysis (WGCNA)
R package to search for genes related to the immune infiltration
of GSE43837. WGCNA R package is an effective tool that can be
used to mine hub modules with similar expression patterns
related to clinical traits (14). To build a scale-free network, we
picked b = 6 (scale-free R2 = 0.86) as the soft-thresholding power
(Figure 3A). Then, those genes were classified into 16 modules
(Figure 3B). As previous immune infiltration analysis identified
B lineage and myeloid dendritic cell infiltration significantly
decreased in BCBMs compared with BCs and the turquoise
module had the highest correlation with B lineage (r = 0.71,
p = 7e−07; Figure 3C) and myeloid dendritic cells (r = 0.49, p =
0.002; Figure 3C), the turquoise module was identified as a hub
A B

C D

FIGURE 2 | Immune infiltration heterogeneity in BCBMs compared with BCs (GSE43837). (A) ESTIMATE immune analysis of BCBMs (n=19) and BCs (n=19)
(GSE43837). Lines represent mean ± SD, and each dot represents a single sample. Significance was determined via Wilcoxon rank-sum test. (B) MCP-counter
analysis of indicated immune cell populations in BCBMs (n = 19) and BCs (n = 19) from GSE43837. Each plot is a simple box and whisker plot. Median values (lines)
and interquartile range (whisker) are indicated. ns, not significant (P > 0.05); *P < 0.05. Significance was determined via a Wilcoxon rank-sum test. (C) Comparison of
CPM for PDL1 RNA expression between BCBMs (n = 19) and BCs (n = 19) from GSE43837. Lines represent mean ± SD. Significance was determined via Wilcoxon
rank-sum test. (D) Comparison of CPM for PTEN RNA expression between BCBMs (n = 19) and BCs (n = 19) from GSE43837. Lines represent mean ± SD, and
each dot represents a single sample. Significance was determined via Wilcoxon rank-sum test.
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module significantly related to the immune infiltration of
GSE43837 samples. To obtain the core immune signatures
associated with BCBMs, we crossed the genes in turquoise
module with DEGs. In total, we obtained 30 immune
signatures (KRTAP4-9, BNC2, GUCA2B, BMP15, MDGA2,
OTOP2, OSBP2, ZNF768, NUDT18, ABRA, KRT37, RHOC,
COL8A1, GJA8, WFDC10B, GOLIM4, ASCC2, KITLG, ACOT4,
BARX1, KCNC3, C6orf163, ACHE, HSD17B4, BATF3, CD1B,
ZNRF4, C1orf158, OR2H2, and VCX2; Figure 3D and
Supplementary Table S4), all of which were downregulated in
BCBMs compared with BCs (Figure 4F). The gene expression
values for all those signatures were then averaged to form the
Immune metagene (IM-metagene).

Survival analysis for IM-metagene was performed in the KM
plotter [Breast cancer] database. This was done to determine
whether the expression of IM-metagene is related to the biological
malignant behavior of breast cancer and whether IM-metagene can
be used as a prognostic indicator for patients with breast cancer. KM
plotter [Breast cancer] showed a significant decrease of RFS (HR =
0.7, log rank p = 5.3e−06), OS (HR = 0.66, log rank p = 0.011), and
DMFS (HR =0.66, log rank p = 0.012) with lower expression of IM-
metagene in patients with breast cancer (Figures 3E–G). According
to molecular classification, breast cancer is divided into three
subtypes: luminal epithelial type (luminal type), HER2
overexpression (HER2+) type, and basal-like type. Basal-like type
molecules are expressed as ER(−)/PR(−)/HER2(−), which is
equivalent to triple-negative breast cancer. Different breast cancer
subtypes could vary for the prognosis and adjuvant treatments.
Further exploring the relationship between IM-metagene and the
prognosis of patients with breast cancer subtypes, we did not
identify significant correlation between the expression of IM-
metagene and the prognosis of patients with different breast
cancer subtypes.

Oxidative Phosphorylation Is Enriched in
BCBMs Compared With BCs
To explore the biological and metabolic features of BCBMs, we
used the DAVID tool to analyze the enrichment of GO and
KEGG pathways of DEGs. DAVID is an online tool to analyze
the biological function and the enrichment of KEGG pathways
using gene lists. However, biological regulation is a progressive
relationship; small changes in upstream genes may lead to
obvious changes in downstream genes. If you use a set
threshold to screen DEGs and then perform function/pathway
enrichment analysis (GO/KEGG) directly, some gene
information will be lost, which may result in missing
significant biological and metabolic pathways. Therefore, we
performed GSEA in the GSE43837 dataset. GSEA does not
require a fixed threshold to filter genes. It is a method based
on all-gene expression analysis and avoids the shortcomings of
traditional enrichment analysis methods. Because there were not
many DEGs in BCBMs compared with BCs, if the threshold was
set to FDR < 0.05, a lot of GO terms will be missed. Therefore, we
set the screening conditions as p-value < 0.05, FDR < 0.25. The
top GO terms for BCBMs included protein folding (CCT3,
LRPAP1, TRAP1, LMAN2L, NFYC, TBCC, DNAJB2, GNAO1,
MLEC, ERP27, CCT7, CRYAB, PPIA, PFDN5, SIL1, and AARS;
A
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FIGURE 3 | Identification of signatures associated with immune infiltration of
BCBMs. (A) Analysis of network topology of GSE43837 dataset with different
soft thresholds. The left panel shows the influence of soft threshold power (x-
axis) on the scale-free fit index (y-axis). The right panel shows the influence of
soft threshold power (x-axis) on mean connectivity (y-axis). (B) Dendrogram of
gene clustering, the gene set was divided into 16 modules based on network
topology. Different color modules contain different number of genes.
(C) Heatmap shows correlations of module eigengenes with immune cell
infiltration. Each cell contains the corresponding correlation and P value.
(D) Venn diagram of DEGs and turquoise module eigengenes. A total of 30
overlapping genes were obtained. The full DEGs lists are provided in
Supplementary Table 1. The 30 overlapping genes are provided in
Supplementary Table 4. (E–G) Prognostic significances of IM-metagene in
patients with breast cancer were shown based on the KM plotter database.
RFS, relapse‐free survival; OS, overall survival; DMFS, distance metastasis
free survival; and HR, hazard ratio. The P values were determined using a log-
rank test.
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FIGURE 4 | The metabolic features of BCBMs and survival analysis. (A) Gene ontology enrichment analysis of up-regulated (red) and down regulated (blue) genes in
BCBMs (n = 19) versus BCs (n = 19) (GSE43837) (P < 0.05; FDR < 0.25). MF: Molecular function, CC: Cell component, BP: Biological process. (B) KEGG enrichment
analysis of upregulated and down regulated gene sets in BCBMs (n = 19) versus BCs (n = 19) (GSE43837) (P < 0.05; FDR < 0.25). (C) GSEA analysis demonstrating all
KEGG metabolism significantly altered (p < 0.05, FDR < 0.25) in BCBMs (n = 19) versus BCs (n = 19) (GSE43837). The normalized enrichment score (NES) forms the x-
axis. Upregulated gene sets are shown in red. No down regulated gene sets met the criteria for statistical significance. (D) GSEA analysis enrichment plot demonstrating
significant enrichment of OXPHOS gene set in BCBMs (n = 19) versus BCs (n = 19) (GSE43837). NES and FDR q are listed on the enrichment plot. (E) Venn diagram of
DEGs and OXPHOS core enrichment genes obtained by GSEA. A total of 6 overlapping genes were obtained. The OXPHOS core enrichment genes obtained by GSEA
are provided in Supplementary Table 6. The 6 overlapping genes are provided in Supplementary Table 7. (F) Bar graph showing log2(FC) values for differentially
expressed OXPHOS- and immune-associated genes in BCBMs (n = 19) relative to BCs (n = 19). (G) Comparison of CPM for PGC1A RNA expression between BCBMs
(n = 19) and BCs (n = 19) from GSE43837. Lines represent mean ± SD, and each dot represents a single sample. Significance was determined via Wilcoxon rank-sum
test. (H) Prognostic significances of OP-metagene in patients with breast cancer were shown based on the KM plotter database. RFS, relapse‐free survival; OS, overall
survival; DMFS, distance metastasis free survival; and HR, hazard ratio. The P values were determined using a log-rank test. (I) Prognostic significances of OP-metagene
in patients with various breast cancer subtypes were shown based on the KM plotter database.
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Figure 4A and Supplementary Table S2) and negative
regulation of canonical Wnt signaling pathway (PSMB6,
PSMB4, PSMB2, FRZB, HDAC1, DDIT3, PSMD2, UBC,
PSMB1, KREMEN2, SOX9, and PFDN5; Figure 4A and
Supplementary Table S2). Interestingly, GO analysis also
showed that overexpressed genes in BCBMs compared with
BCs were mainly enriched in cellular components related to
oxidative phosphorylation (OXPHOS), such as mitochondria,
mitochondrial matrix, mitochondrial inner membrane, proton
transport ATP synthase complex, and catalytic core F (1) (p <
0.05, FDR < 0.25; Figure 4A and Supplementary Table S2); the
top GO terms for BCs include cell–cell signaling (CCR1,
CXCL10, GJB2, CXCL9, FGFBP1, CCL8, SH2D1A, IHH, and
BARX1) and collagen catabolic process (MMP12, MMP11,
COL3A1, MMP13, and MMP1) and other extracellular pathways
(p < 0.05, FDR < 0.25; Figure 4A and Supplementary Table S2).
KEGG pathway analysis using DAVID database showed that
upregulated genes were enriched in Alzheimer’s disease and
downregulated genes were enriched in cytokine–cytokine receptor
interaction (p < 0.05, FDR < 0.25; Figure 4B and Supplementary 2)
in BCBMs compared with BCs. GSEA detected the significant
enrichment of Parkinson’s disease and OXPHOS (FDR < 0.25;
Figure 4C and Supplementary Table S5) in BCBMs compared
with BCs using the c2.cp.kegg.v7.1.symbols.gmt gene sets.
Considering that the enrichment of Parkinson’s disease may be
due to the contamination of the surrounding brain tissue, and the
GO analysis identified many cell components related to OXPHOS
enriched in BCBMs compared with BCs, our next step was mainly
focused on OXPHOS (Figure 4D).

To obtain the core signatures related to OXPHOS enrichment
of BCBMs, we crossed DEGs with 49 core genes in OXPHOS
enrichment in BCBMs compared with BCs determined by GSEA
(Supplementary Table S6), and obtained six signatures
(COX6B1, UQCRFS1, COX4I1, NDUFV1, ATP6V0A1, and
NDUFA9; Figure 4E andSupplementary Table S7),
respectively. All the six OXPHOS signatures were upregulated
in BCBMs compared with BCs (Figure 4F). The gene expression
values for all those signatures were then averaged to form the
OXPHOS metagene (OP-metagene).

Next, we performed a series of survival analyses in patients
with breast cancer using microarray data in the KM Plotter
[Breast cancer] database. KM plotter [Breast cancer] is an
analytical database that can be used to determine whether gene
expression is statistically related to the prognosis of breast cancer
patients. This was done to determine whether OP-metagene was
higher in more biologically aggressive tumors and whether it has
value as predictive biomarkers for disease progression in
patients. Remarkably, the analysis identified significant
decrease of RFS (HR = 1.83, log rank p < 1e−16), OS (HR =
1.67, log rank p = 3.1e−06), and DMFS (HR = 1.33, log rank p =
0.0041) with higher expression of OP-metagene in breast cancers
(Figure 4H). Then, we continued to explore whether OP-
metagene is significantly associated with the prognosis of
different breast cancer subtypes. The results showed that the
higher the expression of OP-metagene, the shorter the RFS of
breast cancer patients with luminal A (HR = 1.72, log rank p =
2.7e−10), luminal B (HR = 1.97, log rank p = 2.7e−12), basal-like
Frontiers in Oncology | www.frontiersin.org 8247
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FIGURE 5 | Comparison of immune and metabolic characteristics between
BCBMs and BCEMs. (A, B) ESTIMATE immune and MCP-counter analysis of
BCBMs (n = 15) and BCEMs (n = 14) (GSE14017). (C, D) ESTIMATE immune
and MCP-counter analysis of BCBMs (n = 7) and BCEMs (n = 29)
(GSE14018). (E) Comparison of CPM for PTEN RNA expression between
BCBMs (n = 15) and BCEMs (n = 14) from GSE14017, BCBRs (n = 7) and
BCEMs (n = 29) from GSE14018. Significance was determined via Wilcoxon
rank-sum test. (F) GSEA analysis demonstrating all KEGG metabolism
significantly altered (p < 0.05, FDR < 0.25) in BCBMs versus BCEMs
(GSE14017 and GSE14018). The normalized enrichment score (NES) forms
the x-axis. Downregulated gene sets are shown in red. No upregulated gene
sets met the criteria for statistical significance. ns, not significant; *P < 0.05,
**P < 0.01, ***P < 0.001, determined by Wilcoxon rank-sum test.
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(HR=1.52, log rank p = 0.0023), and HER2+ (HR = 1.45, log rank
p = 0.06, in the edge of significance) (Figure 4I) subtypes,
suggesting that OP-metagene may be a better biomarker for
predicting disease progression in patients with breast cancer than
IM-metagene. We also tried to explore the cause for the
enrichment of OXPHOS in BCBMs compared with BCs. As a
previous study has reported that PGC1Amediates mitochondrial
biosynthesis and OXPHOS in cancer cells to promote metastasis
(21), we compared the RNA expression of PGC1A in BCBMs
and BCs, but there was no difference between the two clusters
(p = 0.5204; Figure 4G).

Immune and Metabolic Analysis in BCBMs
and Extracranial Metastases
Exploratory immune and metabolic analysis was performed on
BCBMs and extracranial metastases of GSE14017 and
GSE14018, respectively, including lung metastases, bone
metastases, and liver metastases. ESTIMATE-identified
immune scores decreased significantly in BCBMs compared
with BCEMs of GSE14017 (p = 4.064e−05; Figure 5A) and
GSE14018 (p = 0.0202; Figure 5C) using RNA sequence.
Specifically, MCP-counter-identified T cells (p < 0.05),
Cytotoxic lymphocytes (p < 0.05), Monocytic lineage (p <
0.01), and Neutrophils (p < 0.05) infiltration decreased
significantly in BCBMs compared with BCEMs of GSE14017
(Figure 5B), and there were more significant decreases in T cells
(p < 0.01), Cytotoxic lymphocytes (p < 0.001), Myeloid dendritic
cells (p < 0.01), and Neutrophils (p < 0.001) infiltration in
BCBMs compared with BCEMs of GSE14018 (Figure 5D).
However, MCP-counter failed to detect the infiltration of CD8
T cells of GSE14018. Exploratory PTEN RNA expression
comparison was also performed on a small cohort RNA-seq of
BCBMs versus BCEMs (GSE14017 and GSE14018). PTEN RNA
expression was significantly decreased in BCBMs compared with
BCEMs of GSE14017 (p = 0.0292; Figure 5E, left) and GSE14018
(p = 0.0014; Figure 5E, right). We also performed GSEA in
BCBMs versus BCEMs. No upregulated pathway was discovered
in BCBMs compared with BCEMs. Some immune-related
pathways were discovered downregulated in BCBMs compared
with BCEMs in GSE14017 and GSE14018 (FDR < 0.25,
Figure 5F and Supplementary Table S8), such as antigen
processing and presentation, leishmania infection, jak stat
signaling pathway, and nod-like receptor signaling pathway.

OXPHOS Is Functionally Significant for
Metastasis
Next, we investigated whether increased OXPHOS utilization is
functionally important for metastasis or only represents a
response to the interplay between metastatic tumor cells and
the brain microenvironment. We used oligomycin, an inhibitor
of mitochondrial F(1)F(o)ATPase, to inhibit OXPHOS in MDA-
MB-231 cells. Schematic diagram of experimental plan for
determining the effect of oligomycin treatment on MDA-MB-
231 cells was presented in Figure 6A. We first explored the effect
of oligomycin on the proliferation and viability of MDA-MB-
231cells using cell proliferation curve and flow apoptosis assays.
A

B C

D

E

F

FIGURE 6 | In vitro experiments confirmed that OXPHOS plays an important
role in breast cancer metastases. (A) Schematic diagram of experimental plan
for determining the effect of oligomycin treatment on MDA-MB-231 cells.
Oligo(1.0) = 1 mM oligomycin. (B, C) The effect of Oligo(1.0) on the
proliferation and growth rate of MDA-MB-231 cells measured by CCK8. The
calculation method of growth rate was as follows: Growth rate of Control =
ABS(OD value of Control – mean(OD value of Control group)) / mean(OD
value of Control group), Growth rate of Oligo(1.0) = ABS(OD value of Oligo
(1.0) - mean(OD value of Control group)) / mean(OD value of Control group).
(D) Representative images of flow cytometry analysis of MDA-MB-231 cells
treated with Oligo(1.0) after 48h. (E) Representative images of 48h wound
healing rate of scratched wounds of MDA-MB-231 cells treated with Oligo
(1.0). Scale bars = 200um. (F) Representative images of 24h migrating and
invasion results of MDA-MB-231 cells treated with Oligo(1.0). Scale bars = 50
um. *P < 0.05, **P < 0.01, ***P < 0.001, ns not significant, P values
determined by unpaired two-sided Student’s t-test. The data is expressed as
the mean ± sd for n =3 replicates.
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The CCK8 proliferation curve showed that there was no
significant difference in proliferation (p > 0.05; Figure 6B) and
growth rate (p > 0.05; Figure 6C) of MDA-MB-231 cells in the
control group and Oligo(1.0) group within 48 h. Flow cytometry
analysis of cells stained with Annexin V and PI showed that
compared with the control group, Oligo(1.0) did not reduce cell
viability or increase cell apoptosis after 48 h (p > 0.05;
Figure 6D). These results were consistent with previous
studies that cancer cells can switch between glycolysis and
OXPHOS to adapt to the environment (22). Then, we explored
the effect of oligomycin on the metastatic potential of MDA-MB-
231 cells using scratch, migration, and invasion assays. The
scratch assay showed that the healing rate of scratch wounds
significantly decreased in the Oligo(1.0) group compared with
the control group (p < 0.01; Figure 6E). Migration and invasion
assays showed that the migrated (p < 0.001; Figure 6F) and
invaded cells (p < 0.05; Figure 6F) significantly decreased in the
Oligo(1.0) group compared with the control group. Together,
these assays confirmed that MDA-MB-231 cells can switch
between glycolysis and OXPHOS to adapt to the environment
and had stronger migration and invasion potential in the case of
OXPHOS metabolism.
DISCUSSION

Although the treatments in BCs have been greatly improved, its
outcome is not ideal. The drug resistance of BCs and the
incidence of brain metastasis are gradually increasing (1).
Therefore, it is critical to improve our understanding of the
underlying immune and metabolic features that promote
BCBMs, which can help for the development of more rational
therapies for patients with BCs and/or BCBMs. To address this
problem, we collected gene expression profiles of BCBMs, BCs,
and extracranial metastases from the GEO database to perform
immune and metabolic analysis.

We found significant immunosuppression in BCBMs
compared with primary tumors using RNA sequence, a finding
also observed by other investigators using IHC (23). We
identified an IM-metagene associated with BCBM ’s
immunosuppression; its expression in BCBMs was significantly
lower than that in BCs. In the KM plotter [breast cancer]
database, the lower the expression of IM-metagene, the worse
the prognosis of breast cancer patients. Moreover, we identified
more significant immunosuppression in BCBMs compared with
extracranial metastases using RNA sequence. This may be
attributed to the immune escape mechanism of tumors and the
differentiated immune environment of the brain. We also
detected that PTEN RNA expression was significantly lower in
BCBMs compared with primary tumors and extracranial
metastases. Our results are consistent with previous studies
that PTEN expression in tumors is inhibited by microRNA
secreted by astrocytes in the brain, which is conducive to the
growth of metastat ic tumor and the formation of
immunosuppression (19, 24). According to our results, mono
immunotherapy may have limited effects in BCBMs, as previous
Frontiers in Oncology | www.frontiersin.org 10249
studies have showed that sufficient infiltration of CD8 T cells and
other immune cells is positively associated with the response of
anti PD-L1 immunotherapy (20, 25, 26). Immunotherapy may
need to be combined with chemotherapy and/or radiotherapy in
patients with BCBMs, which can stimulate immune infiltration
in a variety of ways. For example, low dose of cyclophosphamide
can inhibit and deplete regulatory T cells and enhance the anti-
tumor activities of CD4 T, CD8 T, natural killer (NK), or
dendritic cells (27–29); 5-Fluorouracil and other p53-activating
cytotoxic drugs can upregulate the expression and release of
tumor-associated immunogen and enhance the antigen
presentation function of dendritic cells (30, 31); antiangiogenic
agents can improve the response of immunotherapy by targeting
VEGF or VEGFR because VEGF can enhance expression of PD-1
and other inhibition checkpoints involved in CD8 T-cell
exhaustion (32). Radiotherapy can induce damaged tumor cells
to release numerous damaged DNA, tumor-associated antigens,
and interferon type I, which can drive immune activation and
inflammation (33). Some clinical trials have already proved the
efficacy of immunotherapy combined with chemotherapy or
radiotherapy. For example, local chemotherapy combined with
systemic checkpoint blocking inhibitor (CTLA-4 blockade) has
been shown to improve the prognosis of patients with melanoma
(34). TG4010, a modified vaccinia Ankara, combined with
chemotherapy seems to improve progression-free survival in
non-small cell lung cancer (35). Moreover, pembrolizumab
plus multisite stereotactic body radiotherapy has been proved
to be well tolerated and to demonstrate clinical activity in
patients with metastatic solid tumors (36). Therefore, it would
be brilliant to develop rational combined immunotherapies in
patients with BCBMs.

Our analysis also found that compared with nonmetastatic
primary breast cancer, OXPHOS utilization was increased in
BCBMs using RNA sequencing. We identified an OP-metagene
that is enriched in BCBMs compared with BCs, and the KM
plotter [Breast cancer] database confirmed that the high
expression of OP-metagene was significantly correlated with
poor RFS, OS, and DMFS of breast cancer patients (including
different breast cancer subtypes). However, we did not detect
significant difference in the RNA expression of PGC1A between
BCBMs and BCs, which has been shown to mediate
mitochondrial biosynthesis and OXPHOS in cancer cells to
promote metastasis (21). That result is inconsistent with the
traditional Warburg effect (aerobic glycolysis theory clouded);
that is, tumor cells mainly depended on glycolysis to produce
energy and promote cell growth, even in the presence of
sufficient oxygen (37). However, we did not detect OXPHOS
utilization difference in BCBMs compared with extracranial
metastases, which may be because OXPHOS was also involved
in breast cancer extracranial metastases. Many previous studies
support this hypothesis. Other people confirmed that compared
with the primary tumor, breast cancer lung metastases showed
OXPHOS enrichment, and OXPHOS plays an important role in
the cascade process of breast cancer cells from in situ to lung
metastasis (38). It has also been reported that breast cancer cells
enriched in OXPHOS were more prone to bone metastasis (39).
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Some drug studies have also shown that OXPHOS plays an
important role in breast cancer metastases. For example,
marizomib reduces the number of circulating tumor cells and
the expression of epithelial–mesenchymal transition-related
genes by inhibiting OXPHOS and proteasome in triple-
negative breast cancer to reduce lung and brain metastases
(40); CSC acquires hormone therapy (HT) resistance and
mediates metastasis progression through activated OXPHOS
metabolism in luminal breast cancer (41). Human
epidemiology also supports the role of OXPHOS in cancer
progression, suggesting that metformin (an inhibitor of
mitochondrial complex I) can reduce the recurrence and
metastasis of breast cancer (42). In support of this finding, we
use a rigorous method to prove that MDA-MB-231 cells can
switch between OXPHOS and glycolysis to adapt to the
environment (22) and had stronger migration and invasion
potential in the condition of OXPHOS metabolism.

OXPHOS can promote metastatic seeding in a variety of
ways. OXPHOS may induce epithelial–mesenchymal transition
progression of cancer cells (43, 44). The increase of ATP
production by OXPHOS can provide energy for the movement
of cytoskeleton and survive in the process of cell detachment and
migration (45, 46). What is exciting is that there are already
drugs targeting mitochondrial metabolism that can penetrate the
BBB in clinical trials [e.g., IACS-010759 (47, 48)]. Moreover,
studies have shown that metformin can affect the immune
microenvironment of tumor and increase the activity and
infiltration of CD8 + cytotoxic T lymphocytes and the
production of immune cytokines (49, 50), which implied that
the OXPHOS inhibitor can be combined with immune
checkpoint inhibitors. Others have already reported that the
combination of IACS-010759, XRT, and anti-PD-1 drugs can
improve the efficacy of anti-PD-1 drugs and prolonged survival
time of patients with anti-PD-1 tolerance (51).

In conclusion, our study identified immunosuppression in
BCBMs compared with BCs and extracranial metastases using
RNA sequence and an IM-metagene that can be used as a
prognostic indicator of breast cancer patients in the KM plotter
[Breast cancer] database. We also identified OXPHOS enrichment
in BCBMs compared with nonmetastatic primary tumors using
RNA sequence and an OP-metagene that can better predict the
prognosis of patients with breast cancer than IM-metagene, as it can
predict the prognosis of patients with various subtypes of breast
cancer in the KM plotter [Breast cancer] database. However, we did
not identify a significant difference in OXPHOS utilization in
BCBMs compared with extracranial metastases, which may be
because the increased utilization of OXPHOS not only is unique
to BCBMs, but also plays an important role in extracranial
metastases (38, 39, 45). We confirmed that strictly human breast
cancer cell line MDA-MB-231 cells can switch between OXPHOS
and glycolysis to adapt to the environment and had stronger
migration and invasion potential in the condition of OXPHOS
metabolism in vitro assays. Together, we identified
immunosuppression and enrichment of OXPHOS in BCBMs
compared with BCs, which provides ideas for the development of
more reasonable treatment strategies for patients with BCBMs. Our
Frontiers in Oncology | www.frontiersin.org 11250
results suggest that immunotherapy combined with chemotherapy,
radiotherapy, and/or OXPHOS inhibitors may improve the
prognosis of patients with BCBMs.

However, our study has some limitations. We did not verify
our findings in animal experiments. We did not further link our
findings to DNA alterations, which play a pivotal role in the
clinical administration of BC patients, because we are unable to
collect valid DNA sequence at present. We did not clarify
whether immunosuppression simply represents a response to
the brain microenvironment or is involved in the whole cascade
process of brain metastases. We did not clarify the relationship
between OXPHOS and immunosuppression in BCBMs. That
will be the focus of our future efforts.
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Supplementary Table 1 | 539 differentially expressed genes (DEGs) between
BCBMs and BCs. Differential expression analysis of BCBMs (n = 19) and BCs (n =
19) was performed using edgeR package. P values were determined by the exact
test in edgeR. Adjusted P values were determined by the default Benjamini-
Hochberg (BH) correction in edgeR.

Supplementary Table 2 | GO and KEGG terms for the 539 DEGs between
BCBMs and BCs. P values are determined by the Fisher’s exact test in DAVID.
Adjusted P values were determined by Benjamini-Hochberg (BH) correction in
DAVID.
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Supplementary Table 3 | Genes of the turquoise module that was significantly
correlated with immune infiltration of the sample.

Supplementary Table 4 | The results of DEGs crossed with genes in turquoise.

Supplementary Table 5 | The results of gene set enrichment analysis in BCBMs
compared with BCs (GSE43837). The normalized enrichment score (NES)
represented the degree of enrichment of the KEGG pathway in BCBMs compared
with BCs. P values corresponding to each NES were determined by the Fisher’s
exact test (1000 permutation) in GSEA. Adjusted P values corresponding to each
NES were determined by Benjamini-Hochberg (BH) correction in GSEA.
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Supplementary Table 6 | The core genes of oxidative phosphorylation pathway
enriched in BCBMs compared with BCs.

Supplementary Table 7 | The results of DEGs crossed with core genes in
oxidative phosphorylation pathway enriched in BCBMs compared with BCs.

Supplementary Table 8 | The results of gene set enrichment analysis in BCBMs
compared with BCEMs (GSE14017 and GSE14018). The normalized enrichment
score (NES) represented the degree of enrichment of the KEGG pathway in BCBMs
compared with BCs. P values corresponding to each NES were determined by the
Fisher’s exact test (1000 permutation) in GSEA. Adjusted P values corresponding to
each NES were determined by Benjamini-Hochberg (BH) correction in GSEA.
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Background: At present, patients with metastatic breast cancer (MBC) have few
treatment options after receiving anthracyclines and taxanes. Studies have shown that
irinotecan has modest systemic activity in some patients previously treated with
anthracyclines and taxanes. This study aimed to evaluate the efficacy of irinotecan-
based chemotherapy for breast cancer patients in a metastatic setting.

Methods: We retrospectively collected the clinical information and survival data of 51
patients with MBC who received irinotecan at West China Hospital of Sichuan University.
The primary endpoints were the progression free survival (PFS) and overall survival (OS),
and the secondary endpoint was the objective response rate (ORR). To minimize potential
confounding factors, we matched 51 patients who received third-line chemotherapy
without irinotecan through propensity score matching (PSM) based on age, hormone
receptor (HR), and human epidermal growth factor receptor 2 (HER2), compared their OS
and PFS rates to those treated with irinotecan.

Results: From July 2012 to October 2020, 51 patients were treated with an irinotecan-
containing regimen. The median number of previous treatment lines was 4, and a median
of two previous chemotherapy cycles (ranging from 1–14 cycles) were given in a salvage
line setting. The ORR was 15.7%, and the disease control rate (DCR) was 37.3%. For the
irinotecan group, the median PFS was 3.2 months (95% CI 2.7–3.7), while the median OS
was 33.1 months (95% CI 27.9–38.3). Univariate analysis results suggested that
irinotecan could improve PFS in patients with visceral metastasis (P=0.031), which was
0.7 months longer than patients without visceral metastasis (3.5 months vs. 2.8 months).
Compared to the patients who received third-line non-irinotecan chemotherapy, the
irinotecan group showed a longer trend of PFS without statistical significance (3.2 months
vs 2.1 months, P = 0.052). Similarly, the OS of the irinotecan group was longer than the
third-line survival without irinotecan, but it was not statistically significant (33.1 months vs
18.0 months, P = 0.072).
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Conclusions: For MBC patients who were previously treated with anthracyclines and/or
taxanes, an irinotecan-containing regimen achieved moderate objective response and
showed a trend of survival benefit, which deserves further study.
Keywords: irinotecan, metastatic breast cancer, efficacy, chemotherapy, palliative therapy
INTRODUCTION

Globally, breast cancer is the most common cancer and the leading
cause of cancer death in women (1). The incidence of breast cancer
has been rising, and this trend is expected to continue. Long-term
survival mainly depends on tumor stage and molecular subtype.
Early detection and early treatment are important strategies for
improving prognosis. The 5-year survival rate of those diagnosed
with early breast cancer is 99%, while that of those diagnosed with
metastatic breast cancer (MBC) is 25% (2, 3). In the past few
decades, significant progress has been made in improving the
survival rate of patients with MBC, but most cannot be cured by
existing treatment methods (4, 5). In patients with rapid tumor
progression or life-threatening visceral metastasis, or those who
need to quickly control tumor progression or relieve symptoms,
combination chemotherapy is usually appropriate (6).There is
currently no standard chemotherapy regimen for MBC (7). The
available treatment options include anthracyclines, taxanes, 5-
fluorouracil, vinorelbine, gemcitabine (5, 8). Those breast cancer
patients with relatively long survival time often face the dilemma
that no effective drugs are available. Irinotecan is a topoisomerase I
inhibitor, which is widely used in clinical treatment of advanced
colorectal cancer, lung cancer, gastric cancer (9–11). A few clinical
trials have shown that irinotecan had modest systemic activity in
some patients previously treated with anthracyclines and taxanes.
The objective response rate (ORR) of patients with MBC who
received irinotecan monotherapy was 5%–23%, while the ORR of
patients with MBC who received a combination of irinotecan and
various chemotherapy drugs ranged from 14%–64%, usually
including patients who had been heavily pretreated (5, 12, 13).
Irinotecan has not been regarded as a routine treatment option for
patients with MBC, and the outcome of subsequent therapy with
irinotecan in patients with MBC was not clear. The aim of the
present study was to evaluate the efficacy of irinotecan as a salvage
line therapy for patients with MBC.
PATIENTS AND METHODS

We enrolled patients with MBC who were admitted to West
China Hospital from July 1, 2012 to October 30, 2020 and were
registered in the Breast Cancer Information Management System
(BCIMS). The BCIMS prospectively records patient clinical and
pathological characteristics, medical history, diagnoses,
laboratory results, treatments, and follow-up data (14).

Eligibility criteria included (1) Patients with MBC, that is
pathologically diagnosed breast cancer with metastasis sites,
including skin, lymph node (non-breast lymphatic drainage
area),bone and other visceral metastasis and (2) Patients
2254
received systemic chemotherapy with or without irinotecan in
a salvage line. The prior treatment regimens and lines for
metastatic disease were not limited. Of the 1607 patients in the
database, fifty-one patients treated with irinotecan met the
inclusion criteria of the irinotecan group. Patients with no
irinotecan medication record (1556 cases) in the database were
matched through propensity score matching (PSM) in a 1:1 ratio
as the control group, and the matching factor was age ( ± 5years),
hormone receptor (HR), human epidermal growth factor
receptor 2 (HER2) and the number of treatment lines was
three lines or above. Then, two matched cohorts of 51 patients
were created. Their data, including basic information, diagnosis,
molecular subtypes, chemotherapy regimens, evaluation of
efficacy, were exported from BCIMS.

Therapeutic Schedule
Patients were treated with intravenous irinotecan 125 mg/m2

weekly for 4 weeks followed by a 2-week break. This regime was
based on one randomized Phase II trial with irinotecan in MBC,
which showed that weekly treatment schedules, compared with
every 3 weeks, had better response rates (15). Irinotecan was
combined with a variety of other chemotherapeutics, including
5-FU analogs, vinorelbine, gemcitabine, and platinum, as well as
being combined with various biologic agents, such as
trastuzumab, apatinib (Table 1).

Efficacy Evaluation
The ORR was defined as the objective response rate—that is, the
ratio of patients with complete response (CR) plus partial
response (PR) to all patients. The disease control rate (DCR)
was defined as the ratio of CR+PR+SD (stable disease) patients to
all patients. Progression free survival (PFS) was defined as the
time from initiation of irinotecan to the presence of objective
evidence of disease progression (or death for any reason). Overall
survival (OS) was defined as the time from initiation of
irinotecan until death, or loss of follow-up or reaching the
study observation deadline. Follow-up was conducted via
telephone or medical visit until death. Lost to follow-up was
T

T

Ir
Ir
Ir
Ir
Ir
Ir
ABLE 1 | Summary of treatment options in this study.

reatment regimen N = 51, %

inotecan monotherapy 4 (7.8)
inotecan+ anti-angiogenesis+/-target therapy 3 (5.9)
inotecan +5-FU analogs+/-anti-angiogenesis 33 (64.7)
inotecan +platinum+/-anti-angiogenesis 5 (9.8)
inotecan + vinorelbine +/- anti-angiogenesis 3 (5.9)
inotecan + gemcitabine 2 (3.9)

Irinotecan + docetaxel 1 (2.0)
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defined as failure to make contact with the patient on > 2
consecutive occasions (16). The longest follow-up time was 40
months. According to response evaluation criteria in solid
tumors 1.1 (RECIST 1.1), the therapeutic effect should be
evaluated through imaging examination about 2 cycles. The
primary endpoints were PFS and OS, and the secondary
endpoint was ORR.
Analysis Methods
Survival analysis was performed using SPSS version 25.0. A
survival curve was created using the Kaplan–Meier method. A
log-rank test was used for univariate analysis of PFS and OS.
Categorical variables were compared with the c2 test or Fisher’s
exact test. PSM was conducted using R software (version 4.0.3),
employing a 1:1 nearest neighbor with a caliper of 0.02. Subgroup
analysis was performed with R software (version 4.0.3). P < 0.05
was considered statistically significant.
RESULTS

Baseline Characteristics of Subjects
A total of 51 patients with MBC entered the irinotecan group and
the control group, respectively. The characteristics of the two
groups were roughly similar. Almost all patients in both groups
were female. The median patient age was 43 years, and
premenopausal patients accounted for more than 60% of the
patients. The biological subtype included estrogen receptor (ER)-
positive and/or progesterone receptor (PR)-positive (74.5%),
HER2-positive (35.3%), and triple negative (13.7%). Visceral
metastasis had occurred in more than 85% of the patients,
more than 85% of the patients had previously received
Frontiers in Oncology | www.frontiersin.org 3255
anthracyclines, and more than 95% had been treated with
taxanes. The median number of previous treatment lines was
4, and a median of two previous chemotherapy cycles (ranging
from 1–14 cycles) were given in a salvage line setting. Demographic
and clinical characteristics between the irinotecan and control
groups are shown in Table 2.

Efficacy
At the cutoff of October 30, 2020, the best overall response of the
irinotecan group was: CR (n =1), PR (n =7), SD (n = 11),
progression disease (PD) (n = 32), an ORR of 15.7%, and a DCR
of 37.3%. The median PFS for the irinotecan group was 3.2
months (95% CI 2.7–3.7) (Figure 1), the median OS was 33.1
months (95% CI 27.9–38.3), and the 2-year OS rate was
70.0% (Figure 2).

Results of the univariate analysis indicated that the PFS of the
irinotecan group was significantly prolonged in patients with
visceral metastasis (P = 0.031) compared with those without
visceral metastases. Age (< 45 years, ≥ 45 years), menopausal
status (pre-menopause, post-menopause), triple negative
(positive/negative), HER2 status (positive/negative), HR status
(positive/negative), and number of previous chemotherapy lines
(≤ 3, >3) were not associated with the PFS of irinotecan
(Table 3). With regard to OS, the univariate analysis found no
clinicopathological factors affecting OS (Table 3).

After PSM, the baseline characteristics were relatively
comparable. The PFS of the irinotecan group showed a longer
trend of PFS without statistical significance at 3.2 months (95%
CI 2.7–3.7) vs 2.1 months (95% CI 1.4–2.8), (P = 0.052)
(Figure 1). Similarly, the OS of the irinotecan group was
longer than the third-line survival without irinotecan, but it
was not statistically significant at 33.1 months (95% CI 27.4–
38.8) vs 18.0 months (95% CI 3.2–32.8), (P = 0.072) (Figure 2).
TABLE 2 | The baseline patient characteristics.

Characteristics Irinotecan group (N, %) Control group (N, %) P value

Gender 1.000
female 50 (98.0) 51 (100)
male 1 (2.0) 0 (0)
Age, median (range, year) 43 (27-70) 43 (22-70) 0.839
<45 32 (62.7) 31 (60.8)
≥45 19 (37.3) 20 (39.2)
Menopausal status 0.532
Pre-menopause 32 (62.7) 35 (68.6)
Post-menopause 19 (37.3) 16 (31.4)
Biological subtype 0.873
HR(+) 38 (74.5) 38 (74.5)
HER2(+) 18 (35.3) 17 (33.3)
Triple negative 7 (13.7) 9 (17.6)
Visceral metastasis 0.767
Yes 44 (86.3) 46 (88.2)
No 7 (13.7) 5 (11.8)
Prior anthracycline therapy 0.799
Yes 42 (82.4) 41 (80.4)
No 9 (17.6) 10 (19.6)
Prior taxane therapy 0.495
Yes 51 (100) 49 (96.1)
No 0 (0) 2 (3.9)
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Subgroup analysis found that patients younger than 45 years
(P=0.039), premenopausal (P=0.004), HR positive (P=0.021),
non-triple negative (P=0.039), with visceral metastases
(P=0,028), and prior anthracycline therapy (P=0.025) had a
longer PFS in patients treated with irinotecan. Premenopausal
patients (P=0.029) with irinotecan had a longer OS. Other factors
were not found to be significantly associated with patients’ PFS
and OS (Figures 3, 4).
Subsequent Treatment
The large majority of patients received further therapy after
irinotecan progression: 52 patients (86.7%) received systemic
treatment (see specific treatment status in Table 4). As the higher
proportion of patients receiving subsequent treatment would
have inevitably affected OS, indicators such as the 2-year OS rate
may more reliably reflect the efficacy of irinotecan in treating
patients with MBC.
Frontiers in Oncology | www.frontiersin.org 4256
DISCUSSION

This study retrospectively analyzed the efficacy of irinotecan in
patients with MBC who had been heavily pretreated in the real
world. Based on the limited available data in our database, we
found that after failure of multi-line treatment of MBC patients,
an irinotecan-containing regimen achieved an ORR of 15.7%, a
DCR of 37.3%, and a median PFS of 3.2 months, achieving a
median OS of 33.1 months.

The efficacy of irinotecan varies greatly among previous
studies. A systemic analysis that enrolled 217 patients with
refractory MBC in 5 irinotecan-based clinical studies
confirmed a pooled RR of 48.8% (17). Other Phase I/II studies
enrolled patients (n = 18–64) with MBC previously exposed to
anthracycline and/or taxane-containing therapy using an
irinotecan combination with other drugs such as cetuximab,
temozolomide, docetaxel, gemcitabine, or etoposide. Those
studies demonstrated an ORR of 5.6%–58.3%, a clinical benefit
FIGURE 2 | Comparison of overall survival in irinotecan group and third-line overall survival in control group.
FIGURE 1 | Comparison of progression-free survival in irinotecan group and third-line progression-free survival in control group.
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rate of 16%–97%, a median time to progression (TTP) of 1.4–14
months, and a median OS of 4.9–26 months (3, 18–27). There
are few findings from large-scale, prospective, randomized
studies on the use of irinotecan for MBC. We found only one
Phase III randomized controlled trial comparing capecitabine with
Frontiers in Oncology | www.frontiersin.org 5257
or without irinotecan in patients with MBC previously treated with
anthracycline and taxane. The results suggest that for PFS, OS, and
ORR, capecitabine plus irinotecan therapy is not significantly better
than capecitabine. Until now, irinotecan’s position in breast cancer
treatment regimens has not been established.
TABLE 3 | Univariate analysis of PFS and OS (Kaplan-Meier).

Variable PFS 95% CI P value OS 95% CI P value

Age 0.905 0.156
<45 3.0 2.2-3.8 30.0 16.7-43.3
≥45 3.3 2.8-3.8 – –

Menopausal status 0.101 0.455
Pre-menopause 3.5 3.1-3.9 – –

Post-Menopause 2.8 2.7-2.9 27.9 12.2-43.6
HR status 0.064 0.382
HR (+) 3.5 3.0-4.0 30.0 24.6-35.5
HR (-) 2.8 2.6-3.0 – –

Triple negative 0.066 0.648
Yes 1.3 0.0-3.3 – –

No 3.5 3.0-4.0 30.0 23.9-36.1
HER2 status 0.522 0.170
Yes 3.0 2.0-4.0 – –

No 3.2 2.6-3.8 29.9 26.7-33.1
Visceral metastasis 0.031 0.660
Yes 3.5 2.9-4.0 33.1 27.9-38.3
No 2.8 2.7-2.9 27.9 0.0-64.6
No. of previous therapy lines 0.121 0.504
< 3 2.8 2.5-3.1 – –

≥3 3.5 2.1-4.9 33.1 17.7-48.5
November 2
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FIGURE 3 | Forest plot of PFS by subgroup.
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Compared to the current approved drugs for anthracycline
and taxane-pretreated MBC such as capecitabine or eribulin, the
PFS of our study was similar to those of eribulin or capecitabine,
in which eribulin showed an ORR of 14.9%–20%, a clinical
benefit rate of 30%, and a PFS of 3.9–4.0 months (28), while
capecitabine’s ORR ranged from 14%–29% and exhibited a
median TTP range from 3.1–5.9 months (29). After balancing
age and molecular subtypes through PSM, the OS and PFS of
MBC patients after the progression of anthracycline and
paclitaxel with irinotecan may be better than those without
irinotecan in third-line treatment, but it is not statistically
significant. For patients with advanced MBC after failure of
multi-line therapy, despite anthracycline and taxane having
been used in the prior line, irinotecan may be considered as a
treatment option when no better choice is available.

A handful of reports have suggested that irinotecan showed
potentially promising results in triple negative breast cancer (3,
9), but unlike those studies, we found HR positive or non-triple
Frontiers in Oncology | www.frontiersin.org 6258
negative patients had longer PFS treated with irinotecan
compared with hormone receptor-negative patients. Second,
we noticed that patients with younger than 45 years,
premenopausal , with visceral metastasis , and prior
anthracycline therapy had longer PFS. In particular, we
observed a certain extension in PFS in patients with visceral
metastasis with irinotecan (Previous treatment line of irinotecan
was 4, indicating a possible drug-resistant population),
suggesting that irinotecan is a posterior option for patients
with visceral metastasis. Large-sample studies are needed to
further identify patients with the highest likelihood of
responding to treatment with irinotecan (13).

Given the dose-limiting toxicity of irinotecan and its
inactivity in a large proportion of patients, it is more desirable
to identify a biomarker to predict irinotecan’s activity. Some
researchers have explored whether the increased topoisomerase 1
gene copy number or UGT1A1 polymorphisms can predict the
response of the topoisomerase inhibitor irinotecan (3, 12). Due
to the limited number of cases, no significant correlation has
been found to be related to irinotecan’s response. Similarly,
Cinzia Tesauro et al. investigated the relationship between CPT
efficacy and TOP1 activity (including gene and protein levels) in
BC cell lines (Luminal, HER2, and TNBC) in vitro, and found
that TOP1 activity was not a marker for camptothecin sensitivity
in breast cancer (9). Furthermore, researchers are also exploring
several delivery strategies of SN-38, an active metabolite of
irinotecan, showing a 100- to 1000-fold greater potency than
irinotecan (30). Some preclinical work found liposomal
FIGURE 4 | Forest plot of OS by subgroup.
TABLE 4 | Summary of subsequent line therapy.

Total cases N = 51, %

Any subsequent treatment 46 (90.2)
Chemotherapy 43 (84.3)
Endocrine therapy 21 (41.2)
Anti-HER2 treatments 11(21.6)
Anti-angiogenesis treatments 6 (11.8)
Anti-PD-1 monoclonal antibody 2 (3.9)
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irinotecan preferentially accumulates in metastatic lesions and
acted as a reservoir for the release of irinotecan, improving anti-
tumor activity with decreased toxicity in a number of animal
models of human cancer (31, 32). And in a recent study(n=30),
liposomal irinotecan showed favorable antitumor activity in
heavily pretreated patients with or without brain metastasis,
the reported objective response rate of 30%-34.5% with single
drug and disease control rate 34.5%-50% (33).

Other evidence suggests that combining the topoisomerase I
inhibitor deruxtecan with HER2-targeting antibody had
excellent effects in breast cancer patients with HER2-positive
and low-level HER2 expression. A Phase 2 study that enrolled
184 patients who received a median of 6 previous treatments
followed by DS8201, a HER2-targeting antibody drug conjugate,
found an RR of 60.9%, while the median duration of PFS was
16.4 months (34). From the above, we may see that it is possible
to improve the efficacy of drugs by developing novel dosage
formulations such as nanoparticles, liposomes, or pegylation;
using drugs in combination with targeted agents; or using novel
linker payload technology (compared with TDM1) (35).

Limitations
This was a retrospective analysis of data collected at a single
center. The sample size was limited. Several subtypes of breast
cancers were mixed and irinotecan schedules were heterogenous.
CONCLUSION

Irinotecan-containing regimens may achieve moderate objective
response and showed a trend of survival benefit as a salvage
treatment in MBC. The role of the topoisomerase 1 inhibitors in
MBC still needs to be further validated in large-sample,
prospective studies.
Frontiers in Oncology | www.frontiersin.org 7259
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MicroRNA (miR)-1246 is abnormally expressed and has pro-oncogenic functions in
multiple types of cancer. In the present study, its functions in breast cancer and the
underlying mechanisms were further elucidated. The clinical relevance of miR-1246 was
analyzed and its expression in clinical specimens and cell lines was examined by reverse
transcription-quantitat000000ive PCR analysis. FACS was used to detect cell apoptosis
and mitochondrial transmembrane potential. A Transwell system was used to detect cell
migration and invasion. Luciferase assay was used to confirm the target gene of miR-
1246. Xenograft and metastasis mouse models were constructed to determine the
function of miR-1246 in vivo. miR-1246 was found to be negatively associated with
overall survival in breast cancer. miR-1246 inhibitor could effectively increase the
cytotoxicity of docetaxel (Doc) by inducing apoptosis, and impair cell migration and
invasion by suppressing epithelial-to-mesenchymal transition. Nuclear factor (erythroid 2)-
like factor 3 (NFE2L3) was confirmed as a new target gene of miR-1246, and its
overexpression was shown to reduce drug resistance and migration of MDA-MB-231
cells. More importantly, NFE2L3-silencing attenuated the effect of miR-1246 inhibitor.
Finally, the inhibition of miR-1246 effectively enhanced the cytotoxicity of Doc in xenografts
and impaired breast cancer metastasis. Therefore, miR-1246 may promote drug
resistance and metastasis in breast cancer by targeting NFE2L3.

Keywords: breast cancer, miR-1246, drug resistance, metastasis, NFE2L3, epithelial-to-mesenchymal transition 3
INTRODUCTION

Breast cancer is the second most common cause of cancer mortality among women (1).
Chemotherapy is a critical therapeutic approach for breast cancer, and various chemotherapeutic
agents are used for this purpose. However, almost all patients with breast cancer can develop drug
resistance, which comprises one of the most serious challenges in cancer treatment (2). It is believed
that the overall survival of cancer patients could be effectively improved if drug resistance could be
overcome (3). Furthermore, metastasis, another unique characteristic of cancer progression, is the
primary cause of breast cancer morbidity and mortality (4). Therefore, elucidating the molecular
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mechanisms underlying metastasis and chemotherapy resistance
is urgently required to develop more effective therapeutic
strategies and agents for the treatment of patients with late-
stage breast cancer.

Recently, an increasing number of studies have focused on
non-coding RNAs, such as microRNAs (miRNAs) and long non-
coding RNAs (lncRNAs). miRNAs are small non-coding RNAs
containing ~22 nucleotides, which can negatively regulate the
expression of genes by binding to the 3’-untranslated region (3’-
UTR) of their target mRNAs (5). Accumulating evidences have
indicated that miRNAs played important roles in the regulation
of cell proliferation, apoptosis, migration, invasion, and
metabolism (6). An increasing number of miRNAs has been
reported to be abnormally expressed in human breast cancer.
miRNAs are also intricately involved in the development and
progression of breast cancer. For example, miR-346 may
promote docetaxel (Doc) resistance in breast cancer cells by
downregulating SRCIN1 (7), and miR-3646 causes Doc
resistance in human breast cancer cells via the Wnt signaling
pathway (8). The expression of miR-34c has been reported to be
significantly suppressed in the metastatic lesions of breast cancer,
and its mimics may inhibit cancer cell migration and invasion by
impairing GIT1 expression (9). Recently, miR-125a-5p was
found to be significantly reduced in human breast cancer
specimens, and may exhibit an anticancer function during
carcinogenesis by targeting breast cancer susceptibility gene 1-
associated protein 1 translation (10).

Our previous study revealed that an elevated miR-1246 levels
were detected in the serum of patients with breast cancer, as
compared with those in healthy controls (11). Recently,
increasing evidences prove miR-1246 plays important
oncogenic roles in multiple cancer types such as colorectal
cancer (12, 13), and lung cancer (14). However, its biological
function and the underlying mechanism in breast cancer remain
poorly understood. In the present study, the pro-oncogenic
effects of miR-1246 in human breast cancer cells and
underlying mechanism were investigated. The expression of
miR-1246 in breast cancer tissues and whether its functions on
drug resistance and migration ability of human breast cancer
cells in vitro and in vivo was examined. It was also investigated
whether nuclear factor (erythroid 2)-like factor 3 (NFE2L3) is a
novel target gene of miR-1246 in human breast cancer cells, and
whether its overexpression or silence could affect Doc resistance,
cell migration and invasion of breast cancer cells, and the role of
miR-1246. These findings may uncover whether targeting miR-
1246/NFE2L3 axis could be a potential strategy for overcoming
drug resistance and metastasis in human breast cancer.
MATERIALS AND METHODS

Cell Culture and Clinical Specimens
The MCF-7, MDA-MB-231, MDA-MB-468 and SKBR3 human
breast cancer cell lines were obtained from the American Type
Culture Collection and cultured in DMEM (Thermo Fisher
Scientific, Inc.) supplemented with 10% fetal bovine serum
Frontiers in Oncology | www.frontiersin.org 2262
(FBS; Cytiva), 100 U/ml penicillin and 100 g/ml streptomycin.
All cell lines were cultured in a humidified incubator in an
atmosphere of 5% (v/v) CO2 at 37°C.

Paired primary breast cancer specimens and paracancerous
tissues were collected from 20 patients who underwent surgery at
the TaizhouCentralHospital (Taizhou, China) between September
2016 and March 2017, and immediately stored in liquid nitrogen
until further use. Written informed consent for the use of these
clinical materials in the present study were provided by all patients,
and the study protocol was approved by the Institutional Ethics
Committee of the Taizhou Central Hospital.

Chemicals and Antibodies
Antibodies against caspase-3 (#56053) and compound ABT-737
were purchased from Santa Cruz Biotechnology, Inc.; antibodies
against AKT (#4691), p-AKT (#4060), ERK (#4695), p-ERK
(#4370), NF-kB (#8242), p-NF-kB (#3033), E-cadherin (#3195),
vimentin (#5741), N-cadherin (#4068), caspase-8 (#4790), caspase-
9 (#9504) and IAP family proteinsc-IAP1 (#7065), c-IAP2 (#3130),
survivin (#2808), XIAP (#2045) and livin (#5471) were obtained
from Cell Signaling Technology, Inc. Antibodies against b-actin
(#A2228) and NFE2L3(#HPA055889) were obtained from Merck
KGaA. Antibodies against Bcl-2 (#32124), Mcl-1 (#32087), Bad
(#32245), and Bak (#32371) were purchased from Abcam. All
antibodies were diluted at 1:1000. Annexin V-FITC was
purchased from BD Biosciences. JC-1 was obtained from
ThermoFisher Scientific, Inc. Doc was purchased from Selleck
Chemicals. All other reagents were from Sigma-Aldrich; Merck
KGaA. All drugs were dissolved in DMSO and stocked at -80°C.

Plasmid Construction and Transfection
The coding sequence of human NFE2L3 mRNA was synthesized,
digested, and linked into the overexpression pcDNA3.1 vector.
The integrity of the respective plasmid constructs was confirmed
by DNA sequencing. After cells were seeded in 6cm dish
overnight, 2 mg pcDNA3.1-NFE2L3 plasmid or pcDNA3.1
vector was transfected using Lipofectamine® 3000 (Thermo
Fisher Scientific, Inc.), according to the manufacturer’s
instructions. Western blotting was used to determine the
efficiency of pcDNA3.1-NFE2L3 plasmid transfection.

The potential binding site of miR-1246 on NFE2L3 mRNA
3’UTR was predicted by the databases of TargetScan,
ENCORI, and Mirtarbase, and the 200 bp fragments up-
and downstream of the binding site were synthesized to
construct the PGL3-NFE2L3 wild-type (WT) and PGL3-
NFE2L3 mutant (MUT) plasmids for 3’UTR reporter assays.
Briefly, 1 mg PGL3-NFE2L3 WT and PGL3-NFE2L3 MUT
plasmids were used to perform the transfection with
Lipofectamine® 3000, and PGL3 empty vector was used as a
negative control (NC). PRL-CMV plasmid (24 ng) encoding
Renilla luciferase was included in all transfections to
normalize transfection efficiency.

Oligonucleotide Transfection
Inhibitor and mimics for miR1246, as well as their NC, were
purchased from Shanghai GenePharma Co., Ltd. Following
seeding in a 6-well plate overnight, the cells were transfected
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with miR1246 inhibitor (mimics) or NC inhibitor (mimics; 50
nM) using Lipofectamine® 3000.

The s iRNA sequence aga in s t NFE2L3 was 5 ’ -
GCACGAAGCUGUGGAUAUTT-3’ and was obtained from
Genepharma. siRNA (100 nmol) was used to perform the
silencing experiment using Lipofectamine® 3000, and NC
siRNA was used as the control. Western blotting was used to
determine the silencing efficiency.

MTT Assay
Following seeding in 96-well plates overnight, cells were
incubated with various concentrations of anticancer agents for
24 h, and then the medium was discarded. Next, 50 ml of 1 mg/ml
MTT was added to each well and incubated at 37°C for up to 4 h.
The purple formazan formed was then solubilized by DMSO and
a microplate reader (Molecular Devices, LLC) was used to detect
the absorbance at 570 nm.

Apoptosis Analysis
Following treatment, cell apoptosis was analyzed by flow
cytometry (FASCanto; BD Biosciences) by staining with FITC-
labeled Annexin V and propidium iodide (PI). MinWID 2.9 (BD
Biosciences) was used for data acquisition and analysis. The
summation of both early (Annexin V+ and PI-) and late
(Annexin-V+ and PI+) apoptotic cells was used to determine
the percentage of cells undergoing apoptotic death.

Measurement of Mitochondrial
Transmembrane Potential (DYm)
The fluorescent cationic dye JC-1 was used to analyzed the DYm.
Following washing with PBS, cells were resuspended in 500 ml
PBS and stained with 10 mM JC-1 at 37°C in the dark for 15 min.
Flow cytometry was then performed. MinWID 2.9 (BD
Biosciences) was used for data acquisition and analysis.

Transwell Assays for Cell Migration
and Invasion
CellmigrationwasdeterminedusingaTranswell system(8-mMpore;
Corning Life Sciences) according to the manufacturer’s instructions.
Following suspension in serum-free DMEM, cells were seeded into
the upper Transwell chambers. The lower compartment was placed
into 24-well plates and filled with DMEM with 10% FBS as a
chemoattractant. The cells located in the upper chamber were
removed with a cotton swab after 24 h incubation. Following fixing
with methanol and staining with 0.5% crystal violet solution for 30
min at room temperature, a microscope (CKX53, Olympus
Corporation) was used to count the number of cells on the lower
surface of the polycarbonatemembrane at 200Xmagnification. Data
from three independent experiments were used to determine the
mean number of migrated cells. Cell invasion potential was
determined using a Matrigel-coated transwell chamber followed
the same protocol as cell migration detection assay.

Western Blot Analysis
Lysis buffer containing 2.1 mg/ml aprotinin, 0.5 mg/ml leupeptin,
4.9 mM MgCl2, 1 mM orthovanadate, 1% Triton X 100 and 1
mM PMSF was used for protein extraction from the cells. 20 mg
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protein was uploaded for each sample and separated with 12%
denaturing SDS-PAGE and transferred to a PVDF membrane
(EMD Millipore). The membranes were first blocked with 5%
fat-free dry milk for 2 hours at room temperature, and then
washed with PBS containing 0.1% Tween-20. Subsequently, the
membrane was incubated with primary antibodies and respective
secondary antibodies. Enhanced chemiluminescence detection
reagents (GE Healthcare) and X-ray film (Fujifilm) were used to
visualized the signal. b-Actin was used as the loading control.

Reverse Transcription-Quantitative
(RT-qPCR) Analysis
Total RNA was extracted by TRIzol® reagent (Thermo Fisher
Scientific, Inc.) and then used to synthesize the first-strand cDNA
by M-MLV reverse transcriptase (Promega Corporation). qPCR
amplification was performed in an ABI 7300 Real-Time PCR
system (Thermo Fisher Scientific, Inc.), according to the
manufacturer’s instructions for relative quantification. 2X Power
SYBR Green PCRMaster Mix (Thermo Fisher Scientific, Inc.) was
used to carry out the amplification reactions. The standard RT-
qPCR protocol included initial denaturation at 95°C for 10 min,
followed by 40 cycles of denaturation at 95°C for 15 sec, annealing
and extension at 60°C for 1 min. A DNA dissociation curve was
generated to confirm the specificity of the amplification. The
relative mRNA expression was determined by the 2-DDCq method
using b-actin or U6 as controls.

The primer sequences for RT-qPCR were as follows: miR-
1246, 5 ’-GTCGTATCCAGTGCAGGGTCCGAGGTAT
TCGCACTGGATACGACCCTGC-3’ reverse transcription, 5’-
AATGGATTTTTGG-3’ forward and 5’-CACTGGATACGAC-3’
reverse; NFE2L3, 5’-GGGAAAAATAAAGTTGCTGCG-3’
forward and 5’-GGTTGGGATTGACTGGCCTA-3’ reverse;
E-cadherin, 5’-GCTCACATTTCCCAA CTC-3’ forward and 5’-
GTGGCAATGCGTTCTCTA-3’ reverse; N-cadherin, 5’-
GCACCCCTTCACCCAACA-3’ forward and 5’-GGCGA
ACCGTCCAGTAGG-3’ reverse; vimentin, 5’-TGCGTGA
AATGGAAGAGAACTT-3’ forward and 5’-TGGGTATCAAC
CAGAGGGAGTG-3’ reverse; b-actin, 5’-AGCACAGAGCCTCG
CCTTTGC-3’ forward and 5’-CTGTAGCCGCGCTCGGTGAG-
3’ reverse; U6, 5’-CTCGCTTCGGCAGCACA-3’ forward and
5’-AACGCTTCACGAATTTGCGT-3’ reverse.

Luciferase Reporter Activity Assay
After MDA-MB-231 cells were seeded in 24 well plate for 24 h,
cells were transfected with 1.2 mg luciferase-reporter PGL3-
NFE2L3 WT or PGL3-NFE2L3 MUT plasmids using
Lipofectamine® 3000 (Thermo Fisher Scientific, Inc.), and
PGL3 empty vector was used as a NC. pRL-CMV plasmid (24
ng) was co-transfected to normalize transfection efficiency. After
24 h incubation, cells were washed with PBS and lysed with the
passive lysis buffer from the Dual-Luciferase Reporter Assay
System kit (Promega Corporation). Luciferase assay was performed
using a FLUOstar Galaxy plate reader (Promega Corporation).

Assessment of Reactive Oxygen Species
Cell were harvested and single cell suspension was prepared by
gently pipetting up and down. Cells were stained in culture
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media with 20 mM DCFDA for 30 minutes at 37°C. After
staining, cells were analyzed on flow cytometer, DCFDA
should be excited by the 488 nm laser and detected at 535 nm
(typically FL1).

Xenograft Experiment
MDA-MB-231 cell-derived xenografts were established by
injecting 5x106 cells subcutaneously into nude mice. After the
solid tumor grew to ~100 mm3, the tumor-bearing mice were
randomized into two groups, each with 5 mice. The mice in the
treatment group were injected intravenously with miR-1246
antagomir every 2 days (50 nM for each mouse, obtained from
Shanghai GenePharma Co.). The control mice were given NC
antagomir intravenously at the same dose. Both groups were
given Doc (30 mg/kg) intravenously twice every week. A
micrometer caliper was used to measure the 3 diameters of the
tumor every 2 days to calculate the tumor volume. Data are
expressed as the mean ± SEM.

Experimental Lung Metastasis
Mouse Model
The experimental lung metastasis mouse model was established
as previously described (15). All animal experiments in the
present study were approved by the Animal Experimentation
Ethics Committee of Taizhou University (Taizhou, China).

Immunohistochemistry
and TUNEL Staining
Following the completion of all treatments, mice were sacrificed by
cervical dislocation and their tumors were removed before their
volume had exceeded 2,000 mm3. Tumors were fixed using 10%
formaldehyde overnight at room temperature. Following
dehydration with various concentrations of ethanol and washing
with xylene, tumors were embedded in paraffin and cut into
5-mm sections. Subsequently, sections were subjected to
immunohistochemistry to detect the NFE2L3 expression
following deparaffinization with xylene, washing and rehydration
in graded ethanol. A commercially available kit (TUNEL Assay
Kit - BrdU-Red, Abcam) was used to perform the TUNEL assay,
according to the manufacturer’s instructions. Apoptotic cells were
stained red. DAPI was used as a counterstain.

Dataset and Statistical Analysis
Survival analysis was performed for miRNAs (excluding putative
miRNAs) using the METABRIC miRNA-expression dataset.
Kaplan-Meier analyses (www.KMplot.com) was applied to
obtain survival curves and log-rank test was applied to evaluate
the significance of group differences in survival rates.

All results are expressed as the mean ± standard deviation
from at least three independent experiments. GraphPad Prism
5.0 (GraphPad Software, Inc.) was used to perform all statistical
analyses. Statistical significance was assessed using a two-sided
Student’s t-test for datasets containing two groups, or two-way
ANOVA (parametric) with a Bonferroni post-test for the
comparison of multiple groups, and P<0.05 was considered to
indicate a statistically significant difference.
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RESULTS

MiR-1246 Is Negatively Correlated
With Overall Survival in Patients
With Breast Cancer
Our previous study revealed that serum miR-1246 levels in
patients with breast cancer were elevated, as compared with
those in healthy controls (11). An increasing number of studies
have indicated that miR-1246 exerted pro-oncogenic activity in
various types of human cancer (16–18). Bott et al. analyzed the
data from a METABRIC miRNA-expression dataset (19) to
screen the miRNAs those were significantly correlated with the
overall survival of patients with breast cancer (18). The top 10
miRNAs correlated with breast cancer patient survival are listed
in Figure 1A, with miR-1246 ranking 6th (P<0.01). We also
analyzed the clinical relevance of miR-1246 in patients with
breast cancer in a public dataset (www.KMplot.com), and a
negative association between miR-1246 levels and overall
survival was observed (log-rank P<0.01; Figure 1B). Finally,
miR-1246 levels in 20 pairs of breast cancer tissues and
corresponding paracancerous tissues were compared using RT-
qPCR analysis, and the data indicated that the expression level of
miR-1246 was significantly elevated in tumor specimens
(P<0.01; Figure 1C).

MiR-1246 Promotes Resistance of Breast
Cancer Cells to Anticancer Agents
The genotype of estrogen receptor (ER) is a critical predictor of
overall survival in breast cancer (20). Therefore, the miR-1246
levels in 4 human breast cancer cell lines with different ER
genotypes were detected. As shown in Figure 1D, the levels of
miR-1246 were higher in ER- (MDA-MB-231, MDA-MB-468
and SKBR3) compared with that in ER+ (MCF-7) breast cancer
cells. MTT assay was used to confirm the cytotoxicity of different
anticancer drugs in two ER-negative breast cancer cell lines
(MDA-MB-231 and SKBR3). It appeared that cells with a
higher miR-1246 level exhibited stronger resistance to multiple
antitumor drugs, including ABT-737 (Figure 1E), paclitaxel
(Figure 1F), Doc (Figure 1G) and fenofibrate (Figure 1H).

MiR-1246 Inhibition May Reverse Drug
Resistance in Human Breast Cancer Cells
by Inducing Apoptosis
To further validate the function of miR-1246 in the drug
resistance of human breast cancer cells, inhibitor against miR-
1246 and NC were synthesized. After MDA-MB-231 cells were
transfected with the miR-1246 or NC inhibitor for 24 h, the
inhibitory effect was determined by RT-qPCR analysis
(Figure 2A). MTT assay was performed to determine whether
miR-1246 inhibition could increase the Doc sensitivity of
MDA-MB-231 cells. As expected, the same dose of Doc (1
nM) was more cytotoxic to cells transfected with miR-1246
inhibitor compared with the NC group cells (Figure 2B). Next,
the flow cytometry data demonstrated that miR-1246
suppression significantly increased Doc-induced apoptosis in
MDA-MB-231 cells (Figure 2C, P<0.01), which was also
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supported by the increased cleavage of caspase-3 and
PARP (Figure 2D).

The present data also revealed that caspase-8 and -9 were
cleaved more effectively after cells were treated with Doc in
combined with miR-1246 inhibition (Figure 2D). These findings
suggested that both the extrinsic and intrinsic apoptotic pathways
were activated, which was also supported by mitochondrial
membrane permeability data (Figure 2E). Furthermore, the
expression of IAP family members, such as c-IAP1, c-IAP2,
survivin, XIAP and livin, and Bcl-2 family members, such as
Bcl-2, Mcl-1, Bak, and Bad, which play critical roles in cancer cells
apoptosis regulation, was examined by western blotting. Of note,
as shown in Figure 2F, the suppression of miR-1246 effectively
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downregulated the expression of almost all IAP proteins indicated
and Bcl-2, and elevated the expression of Bak and Bad in MDA-
MB-231 cells.
MiR-1246 Inhibition Significantly Impairs
Cell Migration and Invasion in Breast
Cancer Cells With Epithelial-To-
Mesenchymal Transition Reversal
Next, the effect of miR-1246 on the migration and invasion
abilities of breast cancer cells was further elucidated. The
migration and invasion potentials of both MDA-MB-231 and
SKBR3 cells treated with miR-1246 or NC inhibitor was
A B C

D E F

G H

FIGURE 1 | miR-1246 is correlated with survival of breast cancer patients and drug resistance of breast cancer cells. (A) Top 10 miRNAs were listed according to
their significance of correlating with overall breast cancer patient survival. (B) Correlation between expression of miR-1246 and overall survival of breast cancer
patients. Data were obtained from the Kaplan Meier Plotter. (C) miR-1246 levels in 20 paired human breast cancer tissues and paracancerous tissues were
determined by RT-qPCR. P, paracancerous tissues; C, breast cancer tissues. (D) miR-1246 levels expressed in human breast cancer cell lines were examined by
RT-qPCR. (E to H) The cytotoxicity of ABT-737 (E), Paclitaxel (F), Docetaxel (G) and Fenofibrate (H) in the indicated cells were determined by MTT analysis. Data are
presented as mean ± SD, n=3. **P < 0.01 vs. control.
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compared by Transwell assay. The present data indicated that
miR-1246 inhibitor effectively suppressed the cell migration and
invasion of both MDA-MB-231 (P<0.01; Figure 3A) and SKBR3
(P<0.01; Figure 3B) cells. In addition, the EMT biomarker
proteins were measured in these cell lines following miR-1246
inhibitor transfection, as EMT is a critical step for cancer cell
metastasis (21). Of note, the inhibition of miR-1246 effectively
elevated the expression level of epithelial marker E-cadherin,
while suppressing the expression level of mesenchymal markers
N-cadherin and vimentin at both the protein (Figure 3C) and
mRNA (Figure 3D) levels. In conclusion, the EMT of MDA-
MB-231 and SBBR3 cells was reversed when miR-1246 was
inhibited (22).

NFE2L3 Is a New Target Gene of MiR-1246
in Human Breast Cancer Cells
To further elucidate the mechanisms underlying the biological
functions of miR-1246, the datasets of TargetScan, ENCORI, and
Mirtarbase was used to screen the potential target mRNA. In this
study, NEF2L3 (NRF3) was identified as a new potential target
gene of miR-1246. As expected, both the protein and mRNA
levels of NFE2L3 were elevated in MDA-MB-231 and SKBR3
cells when miR-1246 was suppressed (Figures 4A, B). To further
confirm the regulatory association between NFE2L3 and miR-
1246, WT and MUT pGL3-NFE2L3 3’UTR plasmids were
constructed for 3’UTR reporter assays. The transfection
Frontiers in Oncology | www.frontiersin.org 6266
efficiency of miR-1246 mimics was determined using qPCR
(Figure 4C). The results indicated that miR-1246 mimics
inhibited, while miR-1246 inhibitor upregulated the luciferase
activity of the WT, but not the MUT pGL3-NFE2L3 3’UTR
plasmid (Figure 4D). In conclusion, NFE2L3 was confirmed as a
direct downstream target gene of miR-1246 in human breast
cancer cells.

NFE2L3 belongs to the Cap’n’collar (CNC) protein family,
which includes NFE2L1 (NRF1) and NFE2L2 (NRF2) (23).
Evidence has emerged supporting that the members of this
family play an important role in oxidative stress regulation by
promoting the transcription of genes with an antioxidant
responsive element in their promoter (24). However, the
functions of NFE2L3 in human breast cancer remain poorly
understood to date.

NFE2L3 May Regulate Drug Resistance
and Migration in Breast Cancer Cells by
Inhibiting Oxidative Stress-Related
Downstream Signaling Pathways
It is well known that oxidative stress can promote several aspects
of carcinogenesis and tumor progression by activating multiple
signaling pathways, including PI3K/AKT, ERK and NF-kB, to
promote cellular proliferation, resistance to apoptosis,
angiogenesis and metastasis (25). Therefore, the activation of
the signaling pathways mentioned above was next detected in
A B C

D E F

FIGURE 2 | miR-1246 inhibition effectively increase the sensitivity of MDA-MB-231 cells to docetaxel by inducing apoptosis. (A) MDA-MB-231 cells were
transfected with specific inhibitor against miR-1246 or negative control (NC) and the silence efficiency was confirmed by RT-PCR. (B) The cytotoxicity of 1nM DOC in
MDA-MBA-231 cells transfected with miR-1246 inhibitor or NC were determined by MTT assay. (C) After transfection of miR-1246 inhibitor or NC, Doc induced
apoptosis in MDA-MB-231 cells were detected by flow cytometry. (D) The cleavage of caspase 3, 8, 9 and PARP were also determined by western blotting in MDA-
MB-231 cells treated with Doc in combination with miR-1246 inhibitor or NC. (E) The mitochondrial membrane permeability was tested by flow cytometry after JC-1
staining in cells from (D). (F) The IAPs and Bcl-2 family members expression was determined by western blot assay in MDA-MB-231 cells transfected with miR-1246
inhibitor or NC. Data are presented as mean ± SD, n=3. **P < 0.01 vs. control.
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MDA-MB-231 cells. As expected, the phosphorylation of AKT,
ERK and NF-kB were obviously repressed following NFE2L3
overexpression in MDA-MB-231 cells (Figure 5A). However,
our data also indicated that the ectopic expression of NFE2L3
effectively promoted the ROS accumulation in MDA-MB-231
cells (Figure 5B).

Furthermore, our data also revealed that the ectopic
expression of NFE2L3 significantly sensitized the MDA-MB-
231 cell to Doc exposure (P<0.01; Figure 5C) and impaired cell
migration ability of MDA-MB-231 cells (P<0.01; Figure 5D). On
the other hand, NFE2L3 silencing using siRNA not only decrease
the NFF2L3 mRNA expression (P<0.01; Figure 5E), but also
significantly attenuated the function of the miR-1246 inhibitor,
suppressing DOC-induced apoptosis by ~50% (P<0.01;
Figures 5F, G). In combination, the present data revealed that
the miR-1246/NFE2L3 axis critically affected the malignant
properties of human breast cancer cells, at least partially
through regulating the activation of several signaling pathways.

Inhibition of MiR-1246 Can Effectively
Enhance the Cytotoxicity of Doc in a
Breast Cancer Xenograft Model
To further characterize the pro-oncogenic effect of miR-1246
in vivo, the effect of the combination of miR-1246 antagomir and
Doc on xenograft tumor growth was analyzed in an MDA-MB-
Frontiers in Oncology | www.frontiersin.org 7267
231 cell xenograft model in nude mice. It was indicated that the
combined application of miR-1246 antagomir (50 nM) and Doc
(30 mg/kg) can inhibit xenograft growth more effectively
compared with the combination of NC antagomir and Doc
(Figure 6A) by ~50% (Figure 6B). Meanwhile, miR-1246
expression was inhibited significantly (Figure 6C) in tumors of
miR-1246 antagomir treated group. Of note, IHC data showed
that miR-1246 antagomir significantly upregulated the
expression of the NFE2L3 protein in xenografts (Figure 6D).
The TUNEL assay data also indicated that more cells underwent
apoptosis in the group treated with miR-1246 antagomir and
Doc, as compared with those in the control (3.36 vs. 1.22%,
respectively; Figure 6E). In combination, the present data
strongly demonstrated that the suppression of miR-1246 can
enhance the antitumor effect of Doc, not only in vitro but also
in vivo, likely through the involvement of NFE2L3.

MiR-1246 Suppression Significantly
Impairs the Metastatic Potential of Breast
Cancer Cells In Vivo
To further determine the pro-metastasis function of miR-1246
in vivo, an experimental metastasis mouse model was
established. miR-1246 antagomir (50 nM for each mouse) was
injected into the lateral tail vein every 2 days, and NC antagomir
was used as the control. Of note, the number of the metastatic
A

B

C D

FIGURE 3 | miR-1246 inhibitor impairs the migration and invasion activities of breast cancer cells by repressing EMT. (A, B) Migration and invasion abilities of MDA-
MB-231 (A) and SKBR3 (B) cells were determined using a Transwell assay. A total of 2x104 cells were seeded in Transwell chambers and incubated for 24 (h)
Magnification: 200X. (C) After cells were transfected with miR-1246 inhibitor or NC, the protein levels of EMT biomarkers E-cadherin, N-cadherin and Vimentin were
determined using western blotting. (D) After cells were transfected with miR-1246 inhibitor or NC, the mRNA levels of EMT biomarkers E-cadherin, N-cadherin and
Vimentin were determined using RT-PCR. Data are presented as mean ± SD, n=3. *P < 0.05 vs Control and **P < 0.01 vs. control.
December 2021 | Volume 11 | Article 677168

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


Dai et al. MicroRNA-1246 Mediates Drug Resistance and Metastasis
tumor foci in the lungs of mice treated with miR-1246 antagomir
was significantly reduced, as compared those in the NC
antagomir control group (~10 vs. 30, respectively; Figure 6F).
These data also confirmed that the inhibition of miR-1246 could
effectively repress the metastasis of breast cancer cells in vivo.
DISCUSSION

Drug resistance and metastasis are the twomain challenges in the
clinical treatment of human cancer, involving multiple factors
and signaling pathways (26, 27). Great efforts have been made to
identify the mechanisms underlying drug resistance and
metastasis of cancer cells. To the best of our knowledge, the
present study was the first report that miR-1246 played
important roles in drug resistance and metastasis in human
breast cancer by targeting NFE2L3.

Our previous data indicated that miR-1246 levels were
elevated in the serum of patients with breast cancer (11). Bott
et al. analyzed an available public dataset of breast cancer and
revealed that miR-1246 is not only strongly associated with poor
Frontiers in Oncology | www.frontiersin.org 8268
survival in patients with breast cancer, but also ranks 6th among
the most significantly differently expressed miRNAs (Figure 1A)
(18, 19). This is consistent with the results of the public dataset
(www.KMplot.com; Figure 1B). Furthermore, the present data
indicated that miR-1246 levels were markedly higher in breast
cancer tissues and ER-negative breast cancer cell lines, which also
supports that this miRNA may serve as a negative predictor of
breast cancer prognosis (Figures 1C, D).

To further determine the biological functions of miR-1246 in
human breast cancer cells, two cell lines MDA-MB-231 and
SKBR3 were selected to detect their sensitivity to several
anticancer drugs using MTT assay, and the data showed that
miR-1246 was positively correlated with the drug resistance of
breast cancer cells (Figures 1E–H). Next, specific inhibitor
against miR-1246 and the NC were synthesized and transfected
the MDA-MB-231 cells. The data of MTT and flow cytometry
revealed that miR-1246 inhibitor effectively reversed the
resistance of MDA-MB-231 cells to Doc by promoting
apoptosis (Figures 2B, C). Both extrinsic and intrinsic
apoptotic pathways were activated, which was supported by
the cleavage of caspase-8 and -9, as well as increase of the
A
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FIGURE 4 | NFE2L3 is a novel target gene of miR-1246 in breast cancer cells. (A, B) After MDA-MB-231 and SKBR3 cells were transfected with miR-1246 inhibitor
or NC, NFE2L3 mRNA levels were determined using RT-PCR (A) and NFE2L3 protein expression was examined using western blotting (B, C) After MDA-MB-231
cells were transfected with miR-1246 mimics or NC, miR-1246 expression levels were determined using RT-PCR. (D) 3’UTR assay was performed to confirm the
regulatory relationship between miR-1246 and NFE2L3 using wild-type or mutant plasmids. Data are presented as mean ± SD, n=3. **P < 0.01 vs. control.
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mitochondrial membrane permeability (Figures 2D, E). IAP
family members such as c-IAP1, c-IAP2, survivin, XIAP and
livin, as well as Bcl-2 family members such as Bcl-2, Mcl-1, Bak,
and Bad were detected during miR-1246 inhibition, due to their
critical functions in apoptosis regulation. Almost all of anti-
apoptotic proteins were downregulated by miR-1246 inhibitor,
which was consistent with previous findings indicating that miR-
1246 may promote NF-kB signaling pathway activation, as well
as that these IAP members and Bcl-2 family were the target genes
of the NF-kB transcription factor (Figure 2F) (18, 28). Of note,
the inhibition of miR-1246 may significantly repress the
migration and invasion activities of both MDA-MB-231 and
SKBR3 cells, and the level of EMT was also reversed (Figure 3).

In the present study, NFE2L3 was confirmed as a new target
gene for miR-1246 by 3’UTR luciferase assay. Both mRNA and
protein levels of NFE2L3 were downregulated when the miR-
1246 inhibitor was used (Figures 4A, B). NFE2L3 is a member of
the CNC protein family, which belongs to the basic leucine
Frontiers in Oncology | www.frontiersin.org 9269
zipper transcription factors that play a critical role in a number of
cellular processes by regulating mammalian gene expression
(29). In addition to NFE2L3, vertebrate CNC members also
include nuclear factor-erythroid derived 2, NRF1/NFE2L1 and
NRF2/NFE2L2, as well as BACH1 and BACH2 proteins
with a more distant relationship (30). It is well known that
CNC proteins play key roles in oxidative stress response,
carcinogenesis and cancer progression (31). Unlike NRF2, little
is known on the physiological role of NFE2L3, although several
relevant studies have been conducted. In a carcinogenesis-related
study, after Nfe2l3−/− mice were treated with the carcinogen
benzo[a]pyrene, an increased number of T-cell lymphoblastic
lymphomas developed (32). In addition, NFE2L3-deficient mice
were not protected from acute lung and adipose tissue damage
following treatment with antioxidant agents, such as butylated
hydroxytoluene (33). On the other hand, NFE2L3 was shown to
activate Pla2g7 expression to promote the differentiation of
smooth muscle from stem cells (34). However, the potential
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FIGURE 5 | NFE2L3 plays an important role in Doc resistance and migration in MDA-MB-231 cells. (A) After cells were transfected with NFE2L3 overexpression
plasmid or empty vector for 24h, NFE2L3 expression and the activation of indicated signaling pathways were measured by western blotting. (B) Cellular ROS levels
were determined by FACS with DCFDA staining in cells from (A). (C, D) After cells were transfected with NFE2L3 overexpression plasmid or empty vector for 24h, the
Doc induced apoptosis were determined by flow cytometry (C) and the migration ability was detected using a Transwell assay, magnification: 200X (D). (E) After cells
were transfected with NFE2L3 siRNA or NC for 24h, the silence efficiency of NFE2L3 siRNA was determined using qPCR. (F) MDA-MB-231 cells were transfected
with NFE2L3-siRNA, miR-1246 inhibitor alone or combined. NFE2L3 expression was detected by western blotting. (G) After cells were treated as indicated, the Doc
induced apoptosis were determined by flow cytometry. Data are presented as mean ± SD, n=3. *P < 0.05 vs. Control and **P < 0.01 vs. control.
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FIGURE 6 | Antagonist of miR-1246 suppressed the drug resistance and metastasis of breast cancer cells in animal model. (A) 5x106 MDA-MB-231 cells were
subcutaneously inoculated into each female athymic mouse. After tumors formed, the tumor-bearing mice were randomized into four groups, each with five mice.
The control mice were treated with 50 nM NC antagomir intravenously every two days for total 20 days. The treatment groups were injected intravenously with 50
nM miR-1246 antagomir for the same frequency and time. All mice were treated with Doc at dose of 30 mg/kg every 2 days for total 20 days. Tumor size was
measured in 3 diameters with micrometer caliper every two days to permit calculation of tumor volume. (B) Quantitative analysis of tumor size was performed. Data
are expressed as the mean ± S.E.M. n=5. *P < 0.05 vs. control. (C) The expression of miR-1246 in tumors were measured by qPCR, Data are expressed as the
mean ± SD. n=5. *P < 0.05 vs. control. (D) IHC assay was used to detect the NFE2L3 expression and the presentative images were shown. (E) TUNEL assay was
used to detect the cell apoptosis. The presentative pictures were shown (left panel) and quantitative analysis of cell apoptosis was performed (right panel). Data were
presented as mean ± S.D, **P < 0.01 versus control group. (F) 3x106 MDA-MB-231 cells were injected intravenously to constructed the metastasis mouse model.
The control mice were treated with 50 nM NC antagomir intravenously every two days for total 20 days. The treatment groups were injected intravenously with 50
nM miR-1246 antagomir for the same frequency and time. The lungs were obtained and fixed after the mice were sacrificed, and the tumor foci number was
counted. The pictures of the lungs were presented (left panel) and quantitative analysis of foci number was performed (right panel). Data were presented as mean ±
S.D. N=4. **P < 0.01 versus control group.
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roles of NFE2L3 in tumorigenesis and cancer progression remain
to be further elucidated.

As mentioned above, oxidative stress is closely associated with
carcinogenesis and tumor progression by promoting the
activation of multiple downstream signaling pathways,
including the PI3K/AKT, ERK and NF-kB pathways (25).
Therefore, the phosphorylation of AKT, ERK and NF-kB
under NFE2L3 overexpression was next detected. As expected,
the phosphorylation of AKT, ERK and NF-kB was effectively
inhibited by NFE2L3 (Figure 5A). However, and unexpectedly,
NFE2L3 obviously elevated the ROS levels in MDA-MB-231 cells
(Figure 5B). We supposed that excessive ROS in turn repressed
the activation of downstream signaling pathways, as modulate
levels of ROS is benefit for cancer cells while exorbitant
accumulation of ROS is cytotoxic (35). More importantly,
NFE2L3 not only increased drug resistance, but also inhibited
the migration of MDA-MB-231 cells, whereas NFE2L3 silencing
attenuated the function of miR-1246 inhibitor (Figures 5C–G).

Finally, the pro-oncogenic effect of miR-1246 was
investigated using xenograft and metastasis mouse models. The
present data revealed that the suppression of miR-1246 by a
specific antagomir could effectively enhance the antitumor effect
of Doc on xenograft growth by increasing cell apoptosis and
likely by inhibiting NFE2L3 expression (Figures 6A–E). In
addition, treatment with miR-1246 antagomir reduced the lung
metastasis of breast cancer cells, as compared with those in the
control (Figure 6F). Therefore, miR-1246 was shown to promote
drug resistance and metastasis in breast cancer, in vitro as well as
in vivo.
CONCLUSION

In conclusion, the present study provided novel insight into the
drug resistance and migration of human breast cancer cells via
the miR-1246/NFE2L3 axis. Although the detailed underlying
mechanisms must be further elucidated, it appears that NFE2L3
Frontiers in Oncology | www.frontiersin.org 11271
may play a key role in these processes. However, further studies
are required to verify these findings.
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