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Breast cancer is the most frequently diagnosed cancer type
and the second leading cause of cancer-related deaths among
women worldwide. $e causes of breast cancer are not yet
fully known, although a number of risk factors have been
identified. Tumor biomarker is a term used to describe
potential markers of cancer development and progression.
As we explore these biomarkers further, we must try to
understand the underlying mechanisms of tumor develop-
ment, as we move along the path to discovery of novel
therapies that will increase our ability to offer personalized
patient care in the future. With the migration of advanced
high throughput technologies, such as Next Generation
Sequencing from clinical practice, biomarker research and
discovery are poised to explode once again. Translation of
novel biomarkers into clinical practice and diagnostic lab-
oratories is coupled with regulatory and administrative
requirements that must be met, while collaboration between
research institutions, industry, and the private sector drives
further advancements in the field of breast cancer biomarker
discovery and application.

$e aim of this special issue is to provide new findings
regarding molecular pathways and biomarkers that could
improve the diagnosis and the prognostic classification of
breast cancers, their application in the clinical setting, and
their potential utility in personalized patient therapy. $e
total of submissions is 50. After single-blind peer review by
at least two reviewers, 14 papers were finally accepted to be
published. $e accepted rate is 28%. $e average number of
authors for each accepted paper is 7. $e affiliated institutes

of the authors are from Brazil, China, Italy, Iraq, Jordan,
Portugal, Spain, Saudi Arabia, Taiwan, the UK, and the USA.
$ese accepted papers can be organized in different groups.
$e focus of the first group of articles is on prognosis and
therapy in breast cancer. $e findings of the paper titled
“Exploring the Role of Breast Density on Cancer Prognosis
among Women Attending Population-Based Screening
Programmes” by Domingo et al. reveal that increased breast
density was associated with worse survival outcomes among
women participating in breast cancer screening. $e paper
titled “Attenuated Total Reflection-Fourier Transform In-
frared (ATR-FTIR) Spectroscopy Analysis of Saliva for
Breast Cancer Diagnosis” by Ferreira et al. showed ATR-
FTIR spectroscopy can be used in saliva samples to dis-
criminate breast cancer patients from benign patients and
healthy subjects. $e paper titled “Dovitinib Triggers Ap-
optosis and Autophagic Cell Death by Targeting SHP-1/p-
STAT3 Signaling in Human Breast Cancers” by Chiu et al.
has provided the evidence for anticancer effect of dovitinib
to suggest it as a potential target for breast cancer therapy.
$e focus of the second group of articles is on biomarkers in
breast cancer.$e paper titled “A Novel Role for Cathepsin S
as a Potential Biomarker in Triple Negative Breast Cancer”
by Wilkinson et al. investigated the expression profile of
Cathepsin S in breast cancer patients. $e paper titled
“Identification of Cell-Free Circulating MicroRNAs for the
Detection of Early Breast Cancer and Molecular Subtyping”
by Souza et al. identified the molecular signature miRNA as
noninvasive biomarkers in patients with breast cancer. $e
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paper titled “CD133 in Breast Cancer Cells: More $an a
Stem Cell Marker” by Brugnoli et al. reviewed the value of
CD133 as prognostic factor of malignant progression of
breast cancer. $e other four papers titled “N-Acetyl-
transferase 1 Knockout Elevates Acetyl Coenzyme A Levels
and Reduces Anchorage-Independent Growth in Human
Breast Cancer Cell Lines” by Stepp et al., “Overexpression of
Kynurenine 3-Monooxygenase Correlates with Cancer
Malignancy and Predicts Poor Prognosis in Canine Mam-
mary Gland Tumors” by Chiu et al., “Notch Signaling Ac-
tivation as a Hallmark for Triple Negative Breast Cancer
Subtype” by Giuli et al., and “Human Mitotic Centromere-
Associated Kinesin is Targeted by MicroRNA 485-5p/181c
and Prognosticates Poor Survivability of Breast Cancer” by
Lu et al. contributed different biomarkers of breast cancer
which may help to assess prognosis or predictive indicators.
$e focus of the third group of articles is on genetic mu-
tations in breast cancer. $e paper titled “Association of
ESR1 Mutations and Visceral Metastasis in Patients with
Estrogen Receptor-Positive Advanced Breast Cancer from
Brazil” by Reinert et al. observed an association of ESR1
mutations with metastasis. $e paper titled “Role of Four
ABC Transporter Genes in Pharmacogenetic Susceptibility
to Breast Cancer in Jordanian Patients” by AL-Eitan et al.
proposed the ABCB1mutation associated with breast cancer
in Jordanian Arabs. $e paper titled “A Review of the
Hereditary Component of Triple Negative Breast Cancer:
High- and Moderate-Penetrance Breast Cancer Genes, Low-
Penetrance Loci and the Role of Nontraditional Genetic
Elements” by Ellsworth et al. described genes and genetic
elements, which have been associated with increased risk of
triple negative breast cancer. $e paper titled “Pregnancy
Hypertension and a Commonly Inherited IGF1R Variant
(rs2016347) Reduce Breast Cancer Risk by Enhancing
Mammary Gland Involution” by Powell et al. observed that
statistically significant decrease in terminal duct lobular unit
counts signifies increased breast epithelial involution in
women with prior hypertension who inherited the TT ge-
notype of IGF1R SNP (rs2016347).

In summary, the research papers cover a wide range of
applications including potential diagnostics, predictions,
and treatment. Furthermore, this special issue also includes
regional genetic mutation, breast density on cancer prog-
nosis, small RNA as a biomarker, surface marker of cancer
stem cells, potential marker of cancer metastasis, and
spectroscopy predicting the rate of cancer. $is may be
helpful in assessing prognostic or predictive indicators, as
well as developing new therapies and new insights aimed at
improving breast cancer.
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Saliva biomarkers using reagent-free biophotonic technology have not been investigated as a strategy for early detection of breast
cancer (BC). 0e attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy has been proposed as a
promising tool for disease diagnosis. However, its utilization in cancer is still incipient, and currently saliva has not been used for
BC screening. We have applied ATR-FTIR onto saliva from patients with breast cancer, benign breast disease, and healthy
matched controls to investigate its potential use in BC diagnosis. Several salivary vibrational modes have been identified in original
and second-derivative spectra. 0e absorbance levels at wavenumber 1041 cm− 1 were significantly higher (p< 0.05) in saliva of
breast cancer patients compared with those of benign patients, and the ROC curve analysis of this peak showed a reasonable
accuracy to discriminate breast cancer from benign and control patients.0e 1433–1302.9 cm− 1 band area was significantly higher
(p< 0.05) in saliva of breast cancer patients than in control and benign patients. 0is salivary ATR-FTIR spectral area was
prevalidated as a potential diagnostic biomarker of BC.0is spectral biomarker was able to discriminate human BC from controls
with sensitivity and specificity of 90% and 80%, respectively. Besides, it was able to differentiate BC from benign disease with
sensitivity and specificity of 90% and 70%, respectively. Briefly, for the first time, saliva analysis by ATR-FTIR spectroscopy has
demonstrated the potential use of salivary spectral biomarkers (1041 cm− 1 and 1433–1302.9 cm− 1) as a novel alternative for
noninvasive BC diagnosis, which could be used for screening purposes.

1. Introduction

Breast cancer is a complex and heterogeneous disease caused by
several factors, and its dissemination involves a succession of
clinical and pathological stages beginning with carcinoma in
situ, progressing to invasive lesion and culminating in meta-
static disease [1, 2]. According to the World Cancer Report
2014 from the World Health Organization (WHO), breast
cancer was the type with the highest incidence and highest

mortality in the female population worldwide (1.7 million) in
both developing and developed countries [3]. Early diagnosis
and proper treatment are the main advantages of breast cancer
screening tests. Basically, breast cancer diagnostic comprises
four conventional techniques: histopathology, mammography,
ultrasonography, and magnetic resonance imaging (MRI).
However, in general these techniques have critical limitations
related to efficacy and production of false positive or false
negative results [4, 5].
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0erefore, the increasing worldwide incidence of breast
cancer and the absence of sufficient reliable, cost-effective,
and high-throughput methods for detection requires a
search for other diagnostic tools. 0e attenuated total re-
flection-Fourier transform infrared (ATR-FTIR) spectros-
copy is a fast, nondestructive, noninvasive, label- and
reagent-free, inexpensive, sensitive, and highly reproducible
physicochemical tool for characterization of biological
molecules in fluids. FTIR requires only a small amount of
sample for analysis with easy and quick preparation if
necessary, and it allows automated and repetitive analyses,
leading to nonsubjective evaluation of the sample [4, 6, 7].
Furthermore, ATR, the experimental configuration for FTIR
spectra acquisition utilized in this study, presents high
signal-to-noise ratio (SNR), does not present unwanted
spectral contributions, and enables a sample to be analyzed
without further preparation simply by placing it in direct
contact with a crystal with a refractive index higher than the
sample [8–11].

FTIR can effectively provide information concerning the
structure and chemical composition of biological samples at
the molecular level and then the characterization of proteins,
lipids, nucleic acids, and carbohydrates. FTIR is also sen-
sitive to detect changes in molecular compositions according
to diseased state, providing fingerprints of biological sam-
ples, like tissues, cells, and biological fluids. 0e generation
and progression of malignancy at the molecular level in cells
occur before morphological alterations in cancer. FTIR
spectroscopy is capable to show changes in carcinogenesis-
related vibrational modes to several human cancers
[8, 12–14]. Specifically for breast cancer, FTIR spectroscopy
has been used for many purposes [15–24], mainly for de-
tection [4, 25–28]. Most FTIR spectroscopy studies in breast
cancer used normal breast tissue and breast tumors
[4, 29–31], breast cell lines [11, 32, 33], and blood of breast
cancer patients [25, 27]. To our knowledge, there are no
studies using ATR-FTIR spectroscopy for breast cancer
diagnosis using saliva as the biological sample.

Saliva is a complex and dynamic biological fluid com-
posed of 98% water and 2% of other important compounds,
such as electrolytes, mucus, enzymes, proteins/peptides,
nucleic acids, and hormones. Most of the organic com-
pounds of saliva are produced in the salivary glands;
however, somemolecules originated from a diseased process
may be transported from the blood to acinar cells via
transcellular or paracellular fluxes into the acinar lumen
[34–36]. 0en, salivary biomarkers can be exploited for the
early diagnosis of some systemic diseases [36–39]. Among
the advantages, saliva may reflect several physiological states
of the body; is simple, fast and safe to collect; is convenient to
store; is noninvasive and, compared to blood, is painless to
the patient, and requires less handling during diagnostic
proceeding [38, 40, 41].

Here, we tested the hypothesis that specific salivary vi-
brational modes can be used to discriminate patients with
breast cancer from benign patients and matched healthy
controls, which may prove that salivary spectral biomarkers
are suitable in diagnosing breast cancer. In this manner, the
aim of the present study was to establish specific salivary

vibrational modes, analyzed by ATR-FTIR spectroscopy, to
detect breast cancer fingerprints that are suitable for
diagnosis.

2. Materials and Methods

2.1. Ethical Aspects and Study Subjects. 0e study was
conducted at the Clinics’ Hospital of the Federal University
of Uberlandia (HC-UFU, Uberlandia, Minas Gerais, Brazil)
under the approval of the UFU Research Ethics Committee
(protocol number 064/2008) and based on the standards of
the Declaration of Helsinki. All research were performed in
accordance with the relevant guidelines and regulations.
Written informed consent was obtained from all the par-
ticipants of this study including controls and patients. 0e
subjects were randomly selected from the population before
performing routine breast cancer screening and/or surgery.
Exclusion criteria were age below 18 years, primary tumor
site other than the breast, and physical and/or mental in-
ability to respond to the tools necessary for data collection.
0e study group included 30 subjects: 10 with confirmed
breast cancer by clinical, histological, and pathologic ex-
amination; 10 with some benign breast disease, like
fibroadenomas, atypical ductal hyperplasia, papilloma, or
others; and 10 without pathological findings, the control
group. In this study was used the tumor-node-metastasis
(TNM) cancer classification, which is according to the
American Joint Committee on Cancer (AJCC) and the
International Union for Cancer Control (UICC). 0is
classification evaluates the extent of the primary tumor (T),
regional lymph nodes (N), and distant metastases (M) and
provides staging based on T, N, and M [42].

2.2. SampleCollectionandPreparation. For each participant,
saliva samples were collected before surgery in Salivette®tubes (Sarstedt, Germany), consisting of a neutral cotton
swab and a conical tube. 0e patient chewed the swab for
three minutes, which was then returned to the tube that was
covered with a lid. 0en, the saliva from the swab was re-
covered by centrifugation for 2 minutes at 1000 ×g and
stored at − 20°C. 0en, the saliva samples (200 μL) were
lyophilized overnight. 0is freeze-drying of the samples
removes the strong water infrared light absorption from
spectra which may mask the signal from the sample and may
reduce the intensity of the compounds under investigation
[25, 43].

2.3. ATR-FTIR Spectroscopy. 0e spectra were measured in
the 4000 to 400 cm− 1 wavenumber region using a FTIR
spectrometer VERTEX 70/70v (Bruker Corporation, Ger-
many) coupled with Platinum Diamond ATR, which con-
sists of a diamond disc as an internal reflection element. 0e
lyophilized sample was placed on the ATR crystal, and then
the spectrumwas recorded.0e spectrum of air was used as a
background before each sample analysis. Background and
sample spectra were taken in a room with a temperature
around 21–23°C, at a spectral resolution of 4 cm− 1, and to
each measurement 32 scans were performed.
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2.4. Spectral Data Preprocessing. 0e original FTIR spectra
were normalized, and the baseline was corrected using
OPUS software. 0is software was also used to calculate
absorbance of area under spectral regions that correspond to
specific saliva components, applying parameters already
described [43]. Second differentiation spectra from the
original were carried out using the Savitzky–Golay method
in Origin 9.1 software in order to accentuate the bands,
resolve overlapped bands, and increase the accuracy of
analysis by revealing the genuine biochemical characteristics
[25, 44]. In the smoothing pretreatment, the parameters of
the Savitzky–Golay filter such as the polynomial order and
points of window were chosen in order to find the relatively
optimum smoothing effect. 0e parameters were set as 2 for
polynomial order and 20 for points of window examined.
0e second derivative gives negative peaks (valleys) instead
of bands from the original absorption spectrum. 0erefore,
the analyzed wavenumbers in the second derivative are the
height of valleys.

2.5. Statistical Analysis. After the spectral preprocessing, the
original and derivative values were used on the statistical
analysis. First, values of absorbance at specific wavenumbers
and spectral regions were submitted to the normality test.
According to the results, parametric tests for variables with
normal distribution or nonparametric tests for variables
without normal distribution were performed. 0e specific
tests applied are indicated on the legend of the figures. A
confidence interval (CI) of 0.95 and an alpha level of 0.05
were assumed, so a P value less than 0.05 was considered
statistically significant. All the tests utilized were two-tailed.
Statistical analyses were carried out using GraphPad Prism
versions 5.00 and 7.03 (GraphPad Software, USA).

3. Results

3.1. Patient’s Characterization. Demography characteristics
of the subjects are demonstrated in Table 1. 0e breast
cancer, benign breast disease, and control patients consisted
of 10 women, each one with a mean age± standard deviation
(SD) of 53.3± 11.2, 41.5± 4.2, and 43.2± 16.0 years, re-
spectively. 0e smoking and alcoholism patterns were
similar (P> 0.05) in breast cancer, benign breast disease, and
control patients. History of smoking had a frequency of 30%
in breast cancer, 40% in benign, and 30% in control. Family
history of breast cancer was reported only in cancer patients
(40%). 0e clinical, hormonal, diagnostic, and therapy
characteristics of patients with breast cancer are summarized
in Table 2.

3.2. FTIR Analysis of Saliva Spectra between Breast Cancer,
Benign, and Control Patients. 0e averages of the infrared
original spectrum of whole saliva of breast cancer, benign,
and control patients are represented in Figure 1 with a
superposition of several salivary components as proteins,
nucleic acids, lipids, and carbohydrates. 0e protein content
is mainly attributed to wavenumbers at 1636 cm− 1 and
1549 cm− 1 that corresponds to amide I and amide II,

respectively. CH3 asymmetric bending and ]s (COO− ) are
related with wavenumbers 1447 cm− 1 and 1404 cm− 1, re-
spectively. 0e wavenumbers 1350 cm− 1 and 1244 cm− 1

indicate amide III. 0e 1045 cm− 1 and 995 cm− 1 bands in-
dicate ]s (PO2

− ) and C-O ribose/C-C, respectively. A resume
of the assignments of main vibrational modes and their
respective salivary component is shown in Table 3.

0e second-derivative infrared spectra of whole saliva of
breast cancer, benign, and control patients were analyzed in
detail to identify specific spectral components. 0e averages of
the second-derivative infrared spectra of saliva for each group
of patients are presented in Figure 2. 0e major wavenumbers
detected in whole saliva were found at ∼2964, 2929, 2875, 2659,
2358, 2322, and 2285 (3000 cm− 1—2200 cm− 1 region,
Figure 2(a)), 2059, 1635, 1544, 1450, 1404, and 1313
(2200 cm− 1—1300 cm− 1 region, Figure 2(b)), and 1242, 1159,
1120, 1041, 987, 877, and 613 cm− 1 (1300 cm− 1—600 cm− 1

region, Figure 2(c)). 0e vibrational modes and related mo-
lecular sources of these wavenumbers are presented in Table 4.

3.3. Prevalidation as Diagnostic Potential by ROC Curve and
Pearson Correlation. Considering that sensitivity and
specificity are basic characteristics to determine the accuracy
of a diagnostic test, ROC analysis were used to ascertain the
potential diagnosis of each vibrational modes of the original
and second-derivative spectrum. A resume of statistical
analysis (mean± SD; t-test; ROC curve P value, sensitivity,
and specificity) of all FTIR vibrational modes of the second-
derivative spectra (described in Figure 2) are presented as
supplementary material in Table S1. Here, we show our
results with more potential diagnosis between all bands
analyzed, peak 1041 cm− 1, and region between 1433 cm− 1

and 1302.9 cm− 1. 0e comparison of the 1041 cm− 1 salivary
vibrational mode in the second derivative of breast cancer,
benign, and control patients is presented in Figure 3. 0is
salivary vibrational mode was increased (P< 0.05) in breast
cancer than in benign patients. However, this vibrational
mode was similar (P> 0.05) in breast cancer patients and
matched controls. Specifically, the vibrational mode showed
higher absorption in breast cancer than in benign patients
(P � 0.039), and no matched significant difference com-
pared with the controls (P � 0.094). As expected, the
1041 cm− 1 salivary vibrational mode was similar (P � 0.740)
in control and benign patients (Figure 3(a)). Since the
1041 cm− 1 salivary vibrational mode can be used to dis-
criminate breast cancer and benign patients, we evaluated
the ROC curve and calculated the area under the curve

Table 1: Demography characteristics of breast cancer, benign
breast disease, and control patients.

Characteristics Breast cancer
n� 10

Benign
n� 10

Control
n� 10

Age (years)
Range 42.0–75.0 33.0–49.0 22.0–63.0
Average± SD 53.3± 11.2 41.5± 4.2 43.2± 16.0

History of smoking (%) 30 40 30
Family history of breast
cancer (%) 40 0 0
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Table 2: Clinical, hormonal, diagnostic, and therapy characteristics of breast cancer patients.

Variable
Patients (n� 10)

N %
Histological subtype
Invasive ductal carcinoma 6 60
In situ ductal carcinoma 3 30
Mucinous carcinoma 1 10

Histological grade
G2 5 50
G3 2 20
NR 3 30

Primary tumor
ptx 1 10
pTis 3 30
pT1 4 40
pT2 2 20

Regional lymph nodes
pNX 2 20
pN0 5 50
pN1 1 10
pN2 1 10
NR 1 10

Distant metastases
pM0 7 70
NR 3 30

TNM staging
0 2 20
I 1 10
II 2 20
NR 5 50

Status ER
Positive 8 80
NR 2 20

Status PR
Positive 8 80
NR 2 20

Status HER2
Positive 2 20
Negative 6 60
NR 2 20

p53
Positive 8 80
NR 2 20

Ki67
≤14% 5 50
>14% 3 30
NR 2 20

Molecular phenotype
Luminal A 4 40
Luminal B 4 40
NR 2 20

0erapy
Surgery (S) 1 10
S+ radiotherapy (RT) 1 10
S+RT+hormone therapy (HT) 3 30
S+RT+HT+ chemotherapy (CT) 5 50

G1, grade 1; G2, grade 2; G3, grade 3; NR, not reported; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2;
p53, tumor protein p53; ki67, antigen ki67.
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Figure 1: FTIR spectra for breast cancer, benign breast disease, and control saliva. Average original spectra with the absorbance bands of the
major functional groups in biomolecules indicated between wavenumbers 1800 cm− 1 and 800 cm− 1 for breast cancer (red line), benign
breast disease (black line), and control saliva (blue line).

Table 3: Assignments of main wavenumbers indicated in the average original saliva ATR-FTIR spectra of Figure 1 and assignments based
on different references [45–48].

Peak (cm− 1) Proposed vibrational mode Molecular source
1636 Amide I [] (C�O), ] (C–N), δ (N–H)] Protein
1549 Amide II [] (N–H), ] (C–N)] Protein
1447 CH3 asymmetric bending [δas (CH3)] Protein (methyl groups)
1404 COO− symmetric stretching []s (COO− )] Lipid (fatty acids)/Protein (amino acids)
1350 Amide III [] (C–N)] Protein1244

1045 C-O stretching, C-O bending of the C-OH groups []
(C-O), δ (C-O)] Carbohydrates (glycogen glucose, fructose)

995 C-O ribose/C-C; RNA uracil ring stretching Nucleic acid (RNA)
]� stretching vibrations, δ � bending vibrations, s� symmetric vibrations, as� asymmetric vibrations.
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Figure 2: Continued.
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(AUC) (Figures 3(b) and 3(c)). 0e ROC curve analysis
shows a reasonable accuracy of ATR-FTIR tool to dis-
criminate breast cancer from benign and control patients,
with an AUC of 0.770 for breast cancer vs. control and an
AUC of 0.765 for breast cancer vs. benign patients. Using the
ROC curve, it was possible to select the optimal cutoff that
distinguished breast cancer patients. 0is yielded a sensi-
tivity of 80% and a specificity of 70% for breast cancer vs.
control and a sensitivity of 70% and a specificity of 70% for
breast cancer vs. benign patients.

Considering the difference of the salivary original spectra
in the region between 1433 cm− 1 and 1302.9 cm− 1, we
performed quantitative analysis in breast cancer, benign, and
control patients (Figure 4). 0e 1433–1302.9 cm− 1 salivary
wavenumber range was higher in breast cancer than in
benign patients (P � 0.0451) and matched control
(P � 0.0123) patients. It is important to note that the vi-
brational mode was similar in benign patients and control
(P � 0.5656) (Figure 4(a)). Since 1433–1302.9 salivary band
area seems to be important for the discrimination of breast
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Figure 2: Detailed average second-derivative spectra and major wavenumbers. Average spectra between (a) 3000 cm− 1 and 2200 cm− 1, (b)
2200 cm− 1 and 1300 cm− 1, and (c) 1300 cm− 1 and 600 cm− 1 for breast cancer (red line), benign breast disease (black line), and control saliva
(blue line).

Table 4: Assignments of FTIR peaks of the average second-derivative spectra and assignments based on different references [45–51].
2nd derivative peak (cm− 1) Proposed vibrational mode Molecular source
2964 CH3 asymmetric stretching (]as (CH3)) Lipid
2929 CH2 asymmetric stretching (]as (CH2)) Nucleic acid/Lipid
2875 CH3 symmetric stretching (]s (CH3)) Lipid
2659 Unassigned band
2358 O�C�O stretching Carbon dioxide
2322 Unassigned band
2285 N�C�O stretching Nitrile
2059 C-N stretching of thiocyanate anions (SCN− ) 0iocyanate
1635 Amide I (β-sheet structure) Protein
1544 Amide II Protein

1450 CH2 symmetric bending (δs (CH2))
Methylene bending Lipid and protein

1404 CH3 symmetric bending (δs (CH3)) Protein (methyl groups)
1313 Amide III Protein

1242 Amide III
PO2

− asymmetric stretching (]as (PO2
− ))

Protein
Nucleic acid

1159 C-O stretching (] (C-O))
CO–O–C asymmetric stretching (]as (CO-O-C))

Protein/CarbohydrateLipid

1120 Phosphorylated saccharide residue
Mannose-6-phosphate

Carbohydrate
Protein (glycoprotein)

1041 PO2
− symmetric stretching (]s (PO2

− )) Nucleic acid (RNA/DNA) and glycogen
987 C�C bending Monosaccharides and polysaccharides
877 C3’ endo/anti A-form helix Nucleic acid
613 C-H out-of-plane bending Cell membranes
]� stretching vibrations, δ � bending vibrations, s� symmetric vibrations, as� asymmetric vibrations.
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cancer from benign and control patients, we also evaluated
the ROC curve between breast cancer and controls
(Figure 4(b)) and between breast cancer and benign patients
(Figure 4(c)).0e ROC curve analysis shows a good accuracy
of the ATR-FTIR tool to discriminate between breast cancer
and the other groups of patients. 0e AUC of 1433–1302.9
salivary band area was 0.835 for breast cancer vs. control and
0.770 for breast cancer vs. benign patients. Using the ROC
curve, it was possible to select the optimal cutoff that dis-
tinguished the groups of patients.0is yielded a sensitivity of
90% and a specificity of 80% for breast cancer vs. control and
a sensitivity of 90% and a specificity of 70% for breast cancer
vs. benign patients.

4. Discussion

Our present data support our hypothesis that ATR-FTIR
vibrational modes of saliva may discriminate breast cancer

from benign and matched-control patients. Here, we have
identified new salivary ATR-FTIR spectral biomarkers for
breast cancer screening. 0e 1041 cm− 1 salivary vibrational
mode in the second-derivative spectra and the 1433–
1302.9 cm− 1 wavenumber region in the original spectra
could potentially be used as salivary biomarkers to dis-
criminate breast cancer from benign and matched-control
patients with very good accuracy.

Our most potential spectral biomarker at 1433–
1302.9 cm− 1 was able to discriminate human BC from
controls with sensitivity and specificity of 90% and 80%,
respectively. Besides, it was able to differentiate BC from
benign disease with sensitivity and specificity of 90% and
70%, respectively. Considering that mammography, ultra-
sound, and MRI, the conventional techniques used in
clinical practice, show sensitivities of 67.8%, 83%, and 94.4%
and specificities of 75%, 34%, and 26.4%, respectively [52],
we believe that our results could improve the accuracy
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Figure 3: Comparison of the second-derivative absorbance of the statistically significant peak 1041 cm− 1 between the three study groups. (a)
Average second-derivative spectra between 1060–1020 cm− 1 highlighting the wavenumber 1041 cm− 1 for breast cancer (red line), benign
breast disease (black line), and control saliva (blue line). (b) Scatter plot of the statistically significant wavenumber 1041 cm− 1 for breast
cancer (red), benign breast disease (black), and control saliva (blue). 0e line represents the mean, and the error bars (whiskers) represent
the standard error of the mean (SEM) (∗P< 0.05, comparison of groups via the unpaired t-test with Welch’s correction). ROC curves made
from the wavenumber 1041 cm− 1 for (c) breast cancer vs. control and (d) breast cancer vs. benign breast disease. Results about area under the
curve (AUC), P value, cutoff, sensitivity, and specificity are being shown near the ROC curve. Statistically significant differences are
represented by ∗ (∗P< 0.05).
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obtained for breast cancer diagnosis. However, in order to
perform the conventional diagnosis, high-end equipments
and facilities are required with significant clinical costs.
Furthermore, circulating biomarkers have also been used as
indicators of breast cancer; however, none of them has
reached adequate sensitivity and specificity, limiting their
clinical applicability in breast cancer diagnosis [53]. Infrared
spectroscopy allows analyzing the entire biochemical sig-
nature (including proteins, lipids, nucleic acids, and car-
bohydrates) of a biological sample rather than focusing on a
single specific protein as a biomarker [25]. 0erefore, the
salivary ATR-FTIR spectra are highly desirable due to their
speed, convenience, and cost effectiveness, strongly sug-
gesting this diagnostic platform for breast cancer screening.

ROC curve analysis is widely considered to be the most
objective and statistically valid method for biomarker per-
formance evaluation. In the current study, the ROC curve

analysis showed reasonable accuracy for the salivary
1041 cm− 1 level of second-derivative ATR-FTIR spectra and
good accuracy for the 1433–1302.9 band area. 0e salivary
1041 cm− 1 level of second-derivative ATR-FTIR spectra was
increased in breast cancer patients compared with benign
patients. Surprisingly, despite the absence of significant
difference between breast cancer patients and controls, this
spectral biomarker candidate exhibited significant di-
agnostic value with an AUC of 0.7700 comparing breast
cancer patients than controls. Additionally, it also exhibited
significant diagnostic value with similar AUC to compare
breast cancer and benign patients. 0erefore, this salivary
spectral ATR-FTIR biomarker is a compatible comple-
mentary alternative to improve diagnosis of breast cancer.
0e 1433–1302.9 band area was elevated in saliva of breast
cancer patients as compared with control and benign pa-
tients, and this band area showed a high sensitivity and
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Figure 4: Comparison of the area under the 1433 cm− 1 and 1302.9 cm− 1 wavenumber region between the three study groups. (a) Average
original spectra highlighting the 1433–1302.9 cm− 1 region for breast cancer (red line), benign breast disease (black line), and control saliva
(blue line). (b) Scatter plot of the 1433 cm− 1 and 1302.9 cm− 1 region for breast cancer (red), benign breast disease (black), and control saliva
(blue). 0e line represents the mean, and the error bars (whiskers) represent the standard error of the mean (SEM) (∗P< 0.05, pairwise
comparison of groups via the Mann–Whitney test). ROC curves made from area under the 1433 cm− 1 and 1302.9 cm− 1 region for (c) breast
cancer vs. control and (d) breast cancer vs. benign breast disease. Results about area under the curve (AUC), P value, cutoff, sensitivity, and
specificity are being shown near the ROC curve. Statistically significant differences are represented by ∗ (∗P< 0.05).

8 Journal of Oncology



specificity to discriminate breast cancer from both controls
and benign patients, being prevalidated as a salivary ATR-
FTIR biomarker of breast cancer by ROC curve analysis. 0e
discriminatory power of this biomarker candidate for breast
cancer reached 90% of specificity and 80% of sensitivity from
matched controls and 90% of specificity and 70% of sen-
sitivity from benign patients. As to potential for clinic ap-
plication, these data strongly indicate that the salivary band
area of the 1433–1302.9 cm− 1 region had a high capacity do
discriminate patients with breast cancer from healthy and
benign patients. It is important to note that the salivary band
area of the 1433–1302.9 cm− 1 region was similar between
benign and control, which is in concordance with blood test
analysis [25].

It is known that increase in absorbance in each specific
spectral vibrational mode represents increase in the presence
of a specific biomolecule [44]. 0e increase in absorbance
levels of breast cancer patients at the 1041 cm− 1 vibrational
mode is due to increased levels of PO2

− symmetric stretching
[]s (PO2

− )], which is present in nucleic acids and glycogen.
Previous studies on cancer cells and tissues using FTIR
spectroscopy also reported many changes in the phosphate
region, which corresponds mainly to nucleic acids and
carbohydrates [25]. 0e increased level in the 1433–
1302.9 cm− 1 region is due to increased levels of COO−

symmetric stretching []s (COO− )], which is present in
proteins and lipids.

Considering the higher expression of PO2 symmetric
stretching (]s (PO2

− )) and COO− symmetric stretching (]s
(COO− )) in saliva of breast cancer patients, we suggest that
these molecules are originated from blood and access saliva
by passive diffusion of lipophilic molecules (e.g., steroid
hormones) or active transport of proteins via ligand-re-
ceptor binding [35]. Hence, saliva may present biomarkers
that reflect the pathophysiological state of the body, such as,
breast cancer. 0ere are numerous putative salivary mo-
lecular biomarkers that are probably altered in the presence
of breast cancer. Higher levels of some proteins [54–56],
carbohydrates [52], and nucleic acids [47] have already been
found in the saliva of breast cancer patients in comparison
with normal controls, which corroborates with the results
found in this study. In general, these biomarkers were
evaluated by proteomic, immunological, and biomolecular
techniques.

Higher levels of many proteins were observed in the
saliva of breast cancer patients, such as (a) vascular endo-
thelial growth factor (VEGF) and epidermal growth factor
(EGF), which are potent angiogenic factors; (b) carci-
noembryonic antigen (CEA) that is a glycoprotein and well-
established serum tumor marker for breast cancer [54]; (c)
soluble form of HER2 protein, that is a receptor tyrosine
kinase, product of c-erbB-2 oncogene, and marker of poor
prognosis [55]; and (d) p53 that is a tumor suppressor
protein product of oncogene p53, it regulates target genes
that induce cell cycle arrest, apoptosis, senescence, DNA
repair, or changes in metabolism, and it is the indicator of
poor clinical outcome [56].

One limitation of our study is the relatively small
number of patients and the need for larger multicenter

studies to confirm our results. Another limitation of this
study is the lack of information about the specificity of this
salivary ATR-FTIR spectral biomarker in breast cancer,
especially considering that other cancers may also exhibit
similar changes. 0erefore, further studies are needed to
evaluate the diagnostic performance of these spectral ATR-
FTIR biomarkers of saliva in other cancers.

5. Conclusions

In conclusion, the present study showed for the first time
that ATR-FTIR spectroscopy can be used in saliva samples
to discriminate breast cancer patients than benign pa-
tients and healthy subjects. It was found absorbance levels
significantly higher in saliva of breast cancer patients
compared with benign patients at wavenumber 1041 cm− 1

and the ROC curve analysis of this peak showed a rea-
sonable accuracy to discriminate breast cancer from be-
nign and control patients. In addition, we demonstrated
that the 1433–1302.9 cm− 1 wavenumber region was ele-
vated in saliva of breast cancer patients as compared with
control and benign patients. Our study highlighted this
salivary spectral region as a biomarker with high accuracy
to differentiate breast cancer from both control and be-
nign patients. In summary, these innovative results
suggest that salivary analysis by ATR-FTIR spectroscopy
is a promising tool for breast cancer diagnosis.
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Background. Our aim was to assess the role of breast density on breast cancer mortality and recurrences, considering patient and
tumour characteristics and the treatments received among women attending population-based screening programmes.Methods.
We conducted a retrospective cohort study among women aged 50–69 years attending population-based screening programmes,
diagnosed with invasive breast cancer between 2000 and 2009, and followed up to 2014. Breast density was categorised as low
density (≤25% dense tissue), intermediate density (25–50%), and high density (≥50%). Cox proportional hazards regression
models were fitted to estimate the adjusted hazard ratios (aHR) and 95% confidence intervals (95% CI) for death and recurrences,
adjusting by patient characteristics, mode of detection (screen-detected vs. interval cancer), and tumour features. Results. *e
percentage of deaths and recurrences was higher among women with intermediate- and high-density breasts than among women
with low-density breasts (p � 0.011 for death; p � 0.037 for recurrences). Adjusted Cox proportional hazards regression models
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being statistically significant for intermediate densities (aHR� 2.19 [95% CI: 1.16–4.13], aHR� 1.44 [95% CI: 0.67–3.1], re-
spectively). No association was found between breast density and recurrences. Conclusions. Breast density was associated with a
higher risk of death, but not of recurrences, among women participating in breast cancer screening. *ese findings reinforce the
need to improve screening sensitivity among women with dense breasts and to routinely assess breast density, not only for its role
as a risk factor for breast cancer but also for its potential influence on cancer prognosis.
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1. Introduction

Mammographic breast density is defined as the relative
amount of radiolucent elements (fatty tissue) and radi-
opaque elements of the breast (fibroglandular tissue). It has
become a key element in breast cancer screening because of
its dual effect on breast cancer risk: high breast density
impairs the detection of abnormalities in the breast, de-
creasing the sensitivity of mammography [1], and is also an
independent risk factor for breast cancer, as most cancers
develop in the glandular parenchyma [2]. More recently,
breast density has been postulated as a robust candidate for
tailoring screening intervals, suggesting that annual
screening may be more effective than biennial screening for
women at high risk due to dense breasts in combination with
other risk factors [3]. However, such an approach has not
been implemented in any screening programme, since it
requires more individual-level data, among many other
unresolved issues and challenges [4].

Variations in breast density during a woman’s lifetime
may be influenced by several internal and external factors
related to the hormonal environment. Breast density is
inversely associated with age, with premenopausal women
younger than 50 years being more likely to have dense
breasts [5, 6].*e use of hormone replacement therapy slows
the age-related trend to fatty tissue, especially for those
women taking a combination of oestrogen and progestin
components [7]. In addition, some studies have reported
that tumours developing in dense breasts are more likely to
express hormone receptors such as oestrogen receptor (ER)
and progesterone receptor (PR) [8, 9], suggesting a positive
association with stromal composition and the oestrogenic
microenvironment.

However, whereas increased breast density is a well-
recognised risk factor for breast cancer, the relationship
between breast density and breast cancer prognosis is still
controversial. Some studies have reported an increased risk
of death for women with dense breasts [10, 11], while others
have found an inverse association [12] or no relationship
[13]. In addition, only few studies have been restricted to the
context of mammography screening [14–16], also with
contradictory results. Because this population has particular
characteristics (e.g., average-risk women, women over 45/50
years, mostly postmenopausal), performing studies focused
on this population may provide useful information to better
understand the relationship between breast density and
cancer prognosis and to eventually provide individually
tailored screening strategies.

Our aim was to assess the role of breast density on
mortality and recurrences, taking into account patient and
tumour characteristics and the treatments received among
women attending population-based screening programmes.

2. Materials and Methods

2.1. Setting and Study Population. *is study was carried out
among a retrospective cohort of 1,086 women with breast
cancer, aged between 50 and 69 years, who underwent breast
cancer screening in two Spanish regions (Catalonia and the

Canary Islands; CAMISS retrospective cohort). All of them
were diagnosed with breast cancer between 2000 and 2009
and were followed up until June 2014. *e study included
asymptomatic women with cancers detected in routine
screening mammograms and symptomatic women with
cancers detected between two screening mammograms
(interval cancers).

Mammography screening in Spain follows the recom-
mendations of the European Guidelines for quality assur-
ance in breast cancer screening and diagnosis [17], offering
all women aged 50 to 69 years free biennial screening. Two
mammographic projections (mediolateral oblique and cra-
niocaudal views) are made, using the BI-RADS (Breast
Imaging Reporting and Data System) classification for
mammogram reading [18].

As breast density is not routinely recorded by all par-
ticipating screening programmes, we determined breast
density for a subsample of cases. Sample size was calculated
to estimate a hazard ratio of 2.5 [15], with a mortality rate of
14.5% (from the whole CAMISS cohort). With 5% signifi-
cance level and 80% power, 55 subjects were needed in the
high-density group. *e subsample included all interval
cancers with available screening and diagnostic mammo-
grams and a random sample of screen-detected cancers,
matched by screening programme and year of cancer di-
agnosis. After the breast density assessment, this resulted in
375 invasive breast cancers, 79 of them assigned to the high-
density group, thus assuring enough sample size for the
analysis.

*e study protocol was approved by the Ethics Com-
mittee of Parc de Salut Mar, Barcelona (CEIC Parc de Salut
Mar). Specific patient consent was not required.

2.2.BreastDensityAssessment. For the purpose of this study,
breast density was retrospectively evaluated by three expe-
rienced radiologists who followed a consensus-based pro-
tocol, as detailed elsewhere [19]. In brief, each radiologist
determined the breast density of the cancer-free breast at the
moment of diagnosis using Boyd’s scale, a semiquantitative
score of six categories using percentages of density: A: 0%; B:
1–10%; C: 10–25%; D: 25–50%; E: 50–75%; F: 75–100% [20].
For statistical purposes, breast density was collapsed into low
(≤25% density), intermediate (25–50% density), and high
density (≥50% density).

2.3. Study Variables. Patient information, including age at
diagnosis, menopausal status, hormone replacement therapy
(ever/never), and first-degree family history of breast cancer,
was obtained from the databases of the screening pro-
grammes. To obtain information on the burden of disease at
diagnosis, we manually reviewed clinical records to identify
the presence of comorbidities and construct the Charlson
comorbidity index (CCI) [21]. *e CCI was stratified into
three categories: CCI� 0, CCI� 1, and CCI≥ 2.

Information onmode of detection was obtained from the
screening programme databases and by merging data with
population-based cancer registries, the hospital minimum
basic dataset, and hospital-based cancer registries. We
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differentiated between breast cancers detected by routine
screening mammograms (i.e., screen-detected cancers) and
cancers detected between 2 screening mammograms, or
within 24 months for women who reached the upper age
limit (i.e., interval cancers). Further details on the identi-
fication of interval cancers are explained elsewhere [19].
Tumour-related information, including tumour size, lymph
node involvement, focality, histological type, histological
grade, and biomarker expression, was retrieved from the
cancer registries, hospital-based registries, and clinical
records. Biomarker expression included information on ER,
PR, human epidermal growth factor receptor 2 (Her2), p53,
and Ki67 status. *e positivity criteria for biomarker ex-
pression followed international recommendations and their
updates throughout the study period [22, 23]. Tumours were
classified into the following four phenotypes based on the
expression of ER, PR, and Her2: (1) luminal A: ER+/Her2−

or PR+/Her2− ; (2) luminal B: ER+/Her2+ or PR+/Her2+;
(3) Her2: ER− /PR− /Her2+; and (4) triple-negative: ER− ,
PR− , Her2− [24].

From the review of the clinical records, we obtained
information on the treatments received. We considered two
types of surgery: radical (including all the mastectomies
performed, whether radical or simple) and conservative.
Information on breast surgery and axillary lymph node
dissection (ALND) treatments was collapsed into a single
explicative variable. Information on adjuvant treatment was
categorised as follows: chemotherapy, radiotherapy, and
hormonal therapy; radiotherapy and hormonal therapy; and
other treatments.

2.4. Follow-Up Information. Information on recurrences
(including locoregional and distant recurrences), second
breast neoplasms, and vital status at the end of follow-up
(alive or dead) was obtained from the cancer registries and
clinical records. Locoregional recurrence was defined as
disease recurrence within the ipsilateral breast or chest wall,
in the ipsilateral axillary nodes, internal mammary nodes, or
supraclavicular nodes. Distant recurrence was defined as
disease recurrence in sites other than the breast or regional
lymph nodes (bone, skin, or visceral metastasis). A second
neoplasm was considered as a second primary carcinoma
developing in the ipsilateral or contralateral breast.

Overall survival was computed from the date of breast
cancer diagnosis to death from any cause. Patients were
censored at the date of their last hospital visit. Recurrence-
free survival was computed from the date of breast cancer
diagnosis to the first locoregional or distant recurrence,
whichever occurred first. Women lost to follow-up or those
who died were censored either at the last visit or at death.
*e median follow-up period was 8.7 years (interquartile
range (IQR): 7.2–10.6).

2.5. Statistical Analyses. Descriptive analyses of patient and
tumour characteristics and the treatments received
according to breast density categories were explored using
contingency tables.

Survival curves for overall mortality and for recurrences
were generated by using the Kaplan–Meier method and were
compared by the log-rank test. Recurrence-free survival and
overall survival were plotted by breast density categories. 5-
year and 10-year survival rates and their 95% confidence
intervals (95% CI) were computed.

We fitted two multivariate Cox proportional hazards
regression models to estimate the hazard ratios (HR) and
their 95% CI for death and recurrences using a stepwise
backward variable selection approach. *e initial model
included all predictors. In the final models, we forced to
include age, screening programme, and CCI as adjusting
variables, although they were not statistically significant.*e
proportional hazards assumption was ascertained by as-
sessment of log-log survival plots. To test the statistical
significance of breast density variable as a whole, we per-
formed a Wald test in both models.

All statistical tests were two-sided. p values <0.05 were
considered statistically significant. Analyses were performed
using the statistical software IBM SPSS Statistics version 23.0
(Armonk, NY, USA) and R statistical software version 3.3.2
(http://www.r-project.org).

3. Results

A total of 375 invasive breast cancers were included in this
study, most of them detected among women with low-
density breasts (51.2%, 27.7%, and 21.1% of tumours de-
tected in women with low-, intermediate-, and high-density
breasts).

Patient characteristics by breast density categories are
summarized in Table 1. Percentages of women with low
breast density were highest among older and post-
menopausal women. No differences were observed between
a family history of breast cancer, the use of hormone re-
placement therapy or comorbidities, and breast density
categories.

Tumour characteristics according to breast density
categories are shown in Table 2. Screen-detected cancers
were more common among women with low-density
breasts, whereas interval cancers were more frequent in
intermediate- and high-density breasts. Tumours detected in
low-density breasts showed a trend to be smaller, node-
negative, unifocal, and triple-negative. No differences were
observed among the treatments received, although the
percentage of radical surgery tended to be higher among
women with dense breasts.

Kaplan–Meier curves revealed poorer overall survival
(p � 0.010) and poorer relapse-free survival (p � 0.032)
among women with high-density breasts (Figure 1). 5-year
overall survival rate for women with low breast density was
0.97 (95% CI: 0.94–1.00), whereas figures for women with
high breast density were 0.83 (95% CI: 0.72–0.96). *e same
pattern was observed at 10 years of follow-up. Recurrence-
free survival rate at 5 years was 0.97 (0.94–1.00) for women
with low breast density and 0.81 (0.69–0.95) for women with
high breast density (Table 3).

Adjusted Cox proportional hazards regression models
revealed that breast density was statistically significant for
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predicting mortality (Wald test p value� 0.050) but not for
predicting recurrences (Wald test p value� 0.499). Women
with intermediate- and high-density breasts had a higher
risk of death than women with low-density breasts, reaching
statistical significance for intermediate densities (Table 4)
(aHR� 2.19 [95% CI: 1.16–4.13], aHR� 1.44 [95% CI:
0.67–3.10], for intermediate and high densities, re-
spectively). Tumours arising as interval cancers (aHR� 1.96
[95% CI: 1.09–3.52] and node-positive tumours were also
associated with a higher risk of death (aHR� 2.73 [95% CI:
1.55–4.81]) in the adjusted model (data not shown).

Breast density showed no association with the risk of
recurrences (aHR� 1.43 [95% CI: 0.71–2.89]; aHR� 1.47
[95% CI: 0.71–3.08], for intermediate and high densities,
respectively) (Table 5). Node-positive tumours showed an
increased risk of recurrences in the adjusted analysis
(aHR� 3.96 [95% CI: 2.12–7.39]) (data not shown).

4. Discussion

*e results of the current study suggest that higher breast
density is associated with a greater risk of death in women
participating in breast cancer screening, while breast density
showed no association with the risk of recurrences.

*e positive association between dense tissue and risk of
death is consistent with some [14, 15], but not all [16, 25],
prior studies conducted among screened women. Based on
the data of Swedish women, Chiu et al. found that dense
tissue increased mortality from breast cancer in addition to
increasing breast cancer risk and the likelihood of more
aggressive tumours [14]. Based on Danish data, Olsen et al.
also found a positive association between dense tissue and
death, although they reported lower case fatality among
tumours developing in dense breasts [15]. By contrast, a
study carried out in the UK [25] reported no relationship
between breast density and survival. In that study, however,

the screening interval was 3 years, and the survival analyses
were not adjusted. A recent study carried out among the
Dutch population also reported no relationship between
breast density and survival [16]. In this study, as pointed out
by the authors, the lack of tumour-related information may
confound the results shown. In addition, the definition for
high density includes ≥25% of dense tissue, differing from
most of the published studies. Other works conducted in
nonscreening populations have also found contradictory
results, some of them reporting positive associations between
breast density and mortality [10, 11] and others finding no
association [13] or even a negative association [12].

Some authors have hypothesized that the association
between higher density and worse survival would be
explained by the diagnosis delay due to themasking effect. In
that sense, we do observe a higher percentage of larger,
node-positive, and interval cancers among women with
high-density breasts in the descriptive data. In the adjusted
analyses, lymph node involvement and detection as an in-
terval cancer were also associated with mortality, along with
intermediate breast densities so that the current results
would support this hypothesis, since breast density as well as
other factors related to diagnostic delay remained associated
with the risk of death. *ese findings reinforce the need to
improve screening sensitivity among women with dense
breasts, which is currently been proposed by means of
shifting the conventional one-size-fits-all screening ap-
proach towards more personalized screening strategies
based on the individual risk of breast cancer.

Other authors have postulated that the relationship be-
tween breast density and survival may be explained by the
tumour characteristics of cancers arising in epithelial tissue. It
has been suggested an increased proliferation and growth
factors in dense tissue [26, 27] that may be involved in
pathways that lead to more aggressive tumours. Nevertheless,
the evidence supporting this hypothesis is not conclusive and

Table 1: Patient-related characteristics by breast density categories.

Total n� 375
(%)

Low breast density (<25%)
n� 192 (%)

Intermediate breast density (25–50%)
n� 104 (%)

High breast density (>50%)
n� 79 (%)

Age groups (years)
50–54 106 (28.3) 34 (17.7) 33 (31.7)a 39 (49.4)
55–59 102 (27.2) 50 (26) 33 (31.7) 19 (24.1)
60–64 103 (27.5) 64 (33.3) 24 (23.1) 15 (19)
65–70 64 (17.1) 44 (22.9) 14 (13.5) 6 (7.6)

Menopausal status
Premenopause 31 (13.3) 5 (4.7) 9 (12.3) 17 (32.1)
Menopause 202 (86.7) 102 (95.3) 64 (87.7) 36 (67.9)

Hormone replacement therapy
No 192 (85) 86 (84.3) 60 (84.5) 46 (86.8)
Yes 34 (15) 16 (15.7) 11 (15.5) 7 (13.2)

Family history of breast cancer
No 200 (86.6) 90 (85.7) 63 (86.3) 47 (88.7)
Yes 31 (13.4) 15 (14.3) 10 (13.7) 6 (11.3)

Charlson comorbidity index
0 285 (76) 143 (74.5) 79 (76) 63 (79.7)
1 53 (14.1) 31 (16.1) 13 (12.5) 9 (11.4)
2 37 (9.9) 18 (9.4) 12 (11.5) 7 (8.9)
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seems contradictory to the overrepresentation (although
nonsignificant) of triple-negative cancers in low-density
breasts, observed in the current descriptive data and in
previous works [19, 28]. Further studies conducted in larger
cohorts, with information on breast density, tumour

characteristics, and clinical outcomes, are warranted to elu-
cidate the mechanisms through which breast density and
prognosis are associated.

Contrasting with prior series, we did not find association
between breast density and the risk of recurrences [29–31].

Table 2: Tumour characteristics by breast density categories.

Total
n� 375 (%)

Low breast density
(<25%) n� 192 (%)

Intermediate breast density
(25–50%) n� 104 (%)

High breast density
(>50%) n� 79 (%)

Mode of detection
Screen-detected cancers 195 (52) 113 (58.9) 45 (43.3) 37 (46.8)
Interval cancer 180 (48) 79 (41.1) 59 (56.7) 42 (53.2)

Tumour size
<20mm 199 (61.8) 108 (56.3) 53 (51) 38 (48.1)
≥20mm 123 (38.2) 58 (30.2) 33 (31.7) 32 (40.5)

Lymph node involvement
Negative 218 (66.1) 117 (60.9) 60 (57.7) 41 (51.9)
Positive 112 (33.9) 51 (26.6) 30 (28.8) 31 (39.2)

Focality
Unifocal 301 (84.6) 155 (87.1) 80 (80) 66 (84.6)
Multifocal and/or multicentric 55 (15.4) 23 (12.9) 20 (20) 12 (15.4)

Histological type
Ductal 303 (80.8) 152 (79.2) 86 (82.7) 65 (82.3)
Lobular 39 (10.4) 22 (11.5) 8 (7.7) 9 (11.4)
Others 33 (8.8) 18 (9.4) 10 (9.6) 5 (6.3)

Histological grade
I 83 (23.9) 44 (22.9) 18 (17.3) 21 (26.6)
II 134 (38.5) 64 (33.3) 40 (38.5) 30 (38)
III 116 (33.3) 60 (31.3) 35 (33.7) 21 (26.6)
NA 15 (4.3) 9 (4.7) 3 (2.9) 3 (3.8)

Oestrogen receptor
Negative 88 (23.5) 46 (24) 28 (26.9) 14 (17.7)
Positive 287 (76.5) 146 (76) 76 (73.1) 65 (82.3)

Progesterone receptor
Negative 150 (40.1) 70 (36.5) 45 (43.3) 35 (44.3)
Positive 224 (59.9) 121 (63) 59 (56.7) 44 (55.7)

HER2
Negative 261 (79.1) 133 (69.3) 70 (67.3) 58 (73.4)
Positive 69 (20.9) 35 (18.2) 21 (20.2) 13 (16.5)

Ki67
Negative 114 (60.3) 62 (32.3) 29 (27.9) 23 (29.1)
Positive 75 (39.7) 49 (25.5) 15 (14.4) 11 (13.9)

Tumour phenotype
Luminal A 155 (48) 79 (41.1) 38 (36.5) 38 (48.1)
Luminal B 93 (28.8) 46 (24) 26 (25) 21 (26.6)
HER2 31 (9.6) 11 (5.7) 12 (11.5) 8 (10.1)
Triple-negative 44 (13.6) 29 (15.1) 11 (10.6) 4 (5.1)

Treatment
Conservative surgery only or

with sentinel lymph node biopsy 97 (26.4) 50 (26.4) 28 (28) 19 (24.1)

Conservative surgery with
axillary lymph node dissection 182 (49.5) 100 (52.9) 44 (44) 38 (48.1)

Radical surgery with or without
lymphadenectomy 79 (21.5) 35 (18.5) 24 (24) 20 (25.3)

No surgery and/or adjuvant
treatment 10 (2.7) 4 (2.1) 4 (4) 2 (2.5)

Adjuvant treatment after surgery
Chemotherapy, radiotherapy,

and hormonal therapy 122 (32.5) 54 (28.1) 36 (34.6) 32 (40.5)

Radiotherapy and hormonal
therapy 123 (32.8) 68 (35.4) 35 (33.7) 20 (25.3)

Other treatments 130 (34.7) 70 (36.5) 33 (31.7) 27 (34.2)
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*ose studies reported an increased risk of locoregional
recurrences, but not for distant metastasis or death. Un-
fortunately, our study sample was not large enough to
replicate the analysis for different types of recurrence. Be-
sides, the populations considered in these works differed
from ours, since they included study periods prior to ours,
which could involve different treatment schemes. In addi-
tion, the study by Park et al. [30] only included patients
undergoing breast-conserving surgery and radiotherapy,
whereas we included both patients receiving and not re-
ceiving radiotherapy, which is strongly related to the risk of
recurrences [29]. Our adjusted analyses revealed that the
only factor associated with recurrences was the lymph node
involvement at diagnosis.

Our study is limited by the relatively small number of
events in some categories, which prevented us from in-
cluding all breast density categories of Boyd’s scale in the
adjusted model. Nevertheless, most studies assessing the
effect of breast density onmortality outcomes collapse breast
density data into two or three categories, making our data
more comparable with those of previous works. Second, we
were not able to explore breast-specific cancer mortality.
Previous studies exploring both breast-specific cancer

Table 3: 5-year and 10-year survival rates for overall survival and recurrence-free survival.

5-year survival rate (95% CI) 10-year survival rate (95% CI)
Overall survival
Low breast density (<25%) 0.97 (0.94–1.00) 0.95 (0.91–0.99)
Intermediate breast density (25–50%) 0.89 (0.80–0.99) 0.82 (0.71–0.96)
High breast density (>50%) 0.83 (0.72–0.96) 0.78 (0.65–0.93)

Recurrence-free survival
Low breast density (<25%) 0.97 (0.94–1.00) 0.92 (0.85–0.98)
Intermediate breast density (25–50%) 0.93 (0.86–1.00) 0.88 (0.79–0.99)
High breast density (>50%) 0.81 (0.69–0.95) 0.78 (0.65–0.93)
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Figure 1: Survival and recurrence-free survival by breast density. (a) Overall survival; log-rank test� 0.010. (b) Recurrence-free survival; log-
rank test� 0.032.

Table 4: Unadjusted and adjusted hazard ratios for death.

Number of deaths Unadjusted HR Adjusted HR∗

Breast density
<25% 20 Ref. Ref.
25–50% 24 2.48 (1.37–4.49) 2.19 (1.16–4.13)
>50% 15 1.89 (0.97–3.7) 1.44 (0.67–3.10)
∗*e final model included breast density, mode of detection, lymph node
involvement, age, Charlson comorbidity index, and screening programme.
HR: hazard ratio; aHR: adjusted hazard ratio.

Table 5: Unadjusted and adjusted hazard ratios for recurrences.

Number of
recurrences

Unadjusted
HR Adjusted HR∗

Breast density
≤25% 19 Ref. Ref.

25–50% 16 1.72
(0.89–3.35)

1.43
(0.71–2.89)

≥50% 17 2.34 (1.21–4.5) 1.47
(0.71–3.08)

∗Adjusted by breast density, progesterone receptor, lymph node in-
volvement, age, Charlson comorbidity index, and screening programme.
HR: hazard ratio; aHR: adjusted hazard ratio.
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mortality and mortality from other causes found that the
latter was not associated with breast density [11]. *erefore,
the impact of analysing all causes of death together may lead
to underestimation of the effect of breast density on mor-
tality. Finally, we used a qualitative classification for breast
density assessment, which is known to have moderate in-
terobserver concordance [32]. However, to minimise mis-
classification, breast density assessment was centralised and
performed by a panel of experienced radiologists, specially
trained for the study [19].

*e current study is strengthened by the homogeneity of
the study population included. Restricting the study to
screening participants allowed us to explore the effect of
breast density on a relatively homogeneous group of patients
in terms of age range and tumour stage. *us, the con-
clusions drawn from the current work are robust and in-
formative within the framework of population-based
screening and are of interest for tailored screening strategies.
In addition, the availability of data on comorbidities, patient
and tumour characteristics, and the treatments received
allowed us to control for important prognostic factors and to
explore—for the first time among women participating in
breast cancer screening—the effect of breast density on
mortality considering both patient and tumour character-
istics and treatments received.

5. Conclusion

In conclusion, our findings reveal that increased breast
density was associated with worse survival outcomes among
women participating in breast cancer screening. *is as-
sociation seems to be mainly explained as a result of the
masking effect of dense tissue, although an underlying bi-
ological mechanism in the stroma composition may also
play a role. *ese findings reinforce the need to improve
screening sensitivity among women with dense breasts by
means of more personalized screening approaches as well as
the importance to routinely assess and record information
on breast density during the screening process, both because
of its utility as a predictive factor for breast cancer and
because of its role in breast cancer prognosis.
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Initially correlated with hematopoietic precursors, the surface expression of CD133 was also found in epithelial and nonepithelial
cells from adult tissues in which it has been associated with a number of biological events. CD133 is expressed in solid tumors as
well, including breast cancer, in whichmost of the studies have been focused on its use as a surface marker for the detection of cells
with stem-like properties (i.e., cancer stem cells (CSCs)). Differently with other solid tumors, very limited and in part controversial
are the information about the significance of CD133 in breast cancer, the most common malignancy among women in in-
dustrialized countries. In this review, we summarize the latest findings about the implication of CD133 in breast tumors,
highlighting its role in tumor cells with a triple negative phenotype in which it directly regulates the expression of proteins
involved in metastasis and drug resistance. We provide updates about the prognostic role of CD133, underlining its value as an
indicator of increased malignancy of both noninvasive and invasive breast tumor cells. )e molecular mechanisms at the basis of
the regulation of CD133 levels in breast tumors have also been reviewed, highlighting experimental strategies capable to restrain
its level that could be taken into account to reduce malignancy and/or to prevent the progression of breast tumors.

1. Introduction

CD133/prominin 1 (PROM1) is a pentaspan trans-
membrane single-chain glycoprotein (Figure 1(a)) mainly
localized into protrusions of cellular plasma membrane and
particularly in the cholesterol-based lipid microdomains,
indicative of its involvement in membrane organization [1].
Transcription of human CD133 is driven by five tissue-
specific promoters, three of which located in CpG islands
and partially regulated by methylation (Figure 1(b)), leading
to spliced mRNAs which results in CD133 isoforms with
possibly distinct roles [2].

CD133 was firstly revealed as the target of a monoclonal
antibody directed against the AC133 epitope expressed by a
subpopulation of CD34+ hematopoietic stem cells from the
human fetal liver and bone marrow [3]. Despite the initial
correlation of CD133 expression with progenitor cells [4, 5],
accumulating evidence demonstrated that this surface

antigen also characterizes adult tissues, including mammary
gland [6–10]. In normal breast tissue, CD133 is not a stem
cell marker and plays a role in morphogenesis, regulating
ductal branching and the ratio of luminal to basal cells [10].
Even though CD133 has been variously associated with
proliferation, cell survival, and autophagy, in precursors
and/or mature cells [11], its exact role is not well defined and
a specific ligand was not discovered.

)e expression of CD133 is deregulated in various solid
tumors; however, despite numerous studies, the role of this
surface antigen in tumorigenesis and tumor progression is
largely unknown [12]. In particular, it is not clear, and in part
controversial, the role of CD133 in breast tumors, the most
common malignancy and the second cause of cancer-related
death among women in industrialized countries. )e aim of
this review is to summarize the latest findings about the
meaning of CD133 in breast cancer, focusing on its re-
lationship with the malignant evolution of the neoplasia.
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2. CD133 as a Cancer Stem Cell Marker

Most of the studies in solid tumors have been focused on its
use as a surface marker for the detection of cells with stem-
like properties (i.e., cancer stem cells (CSCs)) [2, 13]. Due to
its more restricted expression compared with other CSC
markers such as CD44 and aldehyde dehydrogenase
(ALDH), CD133 has long been considered the most rigorous
indicator of malignant precursors in different solid tumors,
including breast cancer [14].

In breast tumors, the role of CD133 as a CSCmarker was
firstly demonstrated in cell lines derived from BRCA1-as-
sociated murine mammary tumors, in which CD133+ cells
were shown to have a greater colony-forming efficiency,
higher proliferative rate, and greater capability to form
tumors in NOD/SCID mice [15]. In human invasive breast
cancer cell lines, Croker et al. [16] firstly identified sub-
populations of cells expressing CD133 together with the
putative CSC markers CD44/CD24 and ALDH. When
isolated by fluorescence-activated cell sorting and subjected

to functional assays, these subpopulations showed increased
growth, colony formation ability, migration, invasion, and
induced tumorigenesis and metastasis in mice. In particular,
ALDHhighCD44+CD133+ cells isolated from MDA-MB-231
and MDA-MB-468 cell lines, displaying a triple negative
phenotype (ER-, PR-, and HER2-), showed enhanced ma-
lignant/metastatic behavior both in vitro and in vivo [16].
Furthermore, a subpopulation of CD44+CD49highCD133/
2high cells isolated from ER-negative tumors was demon-
strated to be enriched for xenograft-initiating cells capable of
giving rise to triple negative and ER-negative/HER2-positive
tumors [17], endorsing CD133 as a suitable molecule for the
identification of CSCs in the most aggressive subtypes of
breast cancer. Indeed, when the expression of CD133 was
evaluated in breast tumor cell lines with different pheno-
types, a strong variability was found. In fact, the number of
CD133+ cells ranged between 1 and 10% in claudin-low cells,
reached 80% in basal-like cell lines, and were between 1 and
2% in both luminal and HER2+ cells, questioning the
equivalence between CD133 levels and stem-like properties

NH2

COOH

TM TM TM

IN

EX EX

TMTM

IN Y828

Src, Fyn

Region modified by splicing 
Tyrosine phosphorylation consensus site

Intracellular cysteine-rich domainINGlycosylation site
EX Extracellular domain
TM Transmembrane domain

Y852

(a)

P5 P1 P4P3P2

Notch1 HIF-1α SOX2 OCT4 p53 

PROM1

CpG islands RBP-Jk 

(b)

Figure 1: Structure and regulation of CD133. (a) CD133 protein structure in which the C-terminal tyrosine-phosphorylation consensus site,
which comprises 5 tyrosine residues including Y828 and Y852, and the splice variants regions are indicated. (b) Schematic representation of
the 5′ untranslated region of the CD133 gene. Transcription factors that positively (green circles) or negatively (red circles) regulate CD133
expression by direct binding to the different promoters are reported. )e direct binding of Notch1 to the site for RBP-Jk located upstream
P1–P5 promoters is also indicated.
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in breast tumor cells [18]. For this reason, although also
recently it was used as the sole marker of CSCs [19], CD133
belongs to a well-known panel of molecules that, when
properly combined, can actually identify cells with a stem-
like phenotype in breast cancer cell lines and primary tumors
with different phenotypes [13, 20].

3. CD133 as a Prognostic Marker

Although the data concerning the use of the only CD133 to
identify CSCs are contradictory, the majority of the studies
so far report for CD133 a significant predictive value [21].
Anyway, since CSCs generally express CD133, the prog-
nostic significance of this surface antigen is generally cor-
related with the stem-like properties of CD133+ cells [13].

)e role for CD133 as a prognostic marker in breast
cancer was firstly demonstrated by Liu et al., who revealed
that high PROM1 expression in invasive ductal carcinoma
positively correlates with adverse clinic-pathological factors,
as tumor size and lymph node metastasis [22]. More re-
cently, it was demonstrated that both CD133 mRNA and
protein expression are important biomarkers for prognosis
as they positively correlate with higher tumor grade, oc-
currence of lymph node metastasis, negative PR and ER and
positive HER2 status, advanced TNM stage, and poor overall
survival (OS) [23–25]. While both cytoplasmic and mem-
brane CD133 were linked to shorter survival, membrane
positivity only seems to confer the worst patient outcome.
Furthermore, high membrane expression of CD133 was
significantly associated with younger age at diagnosis and
premenopausal status [26].

Despite the general relationship between CD133 and
breast tumor malignancy, some controversies concern the
significance of CD133 in tumors with a triple negative
phenotype (TNBC), in which CD133 is strongly hypo-
methylated with respect to other breast cancer subtypes
[27]. A strong negative correlation of CD133 levels with
clinical stage of TNBC tumors was firstly observed by Zhao
et al. [28], and the use of CD133 to detect circulating tumor
cells in TNBC patients ratified its role in prognosis of this
breast cancer subtype [29]. Still in TNBC, Cantile et al.
suggested that poor prognosis is possibly due to a nuclear
mislocalization of CD133, which normally shows a
membrane, and more sporadically cytoplasmic, localiza-
tion [30]. In contrast to all the previous experimental
evidences, Collina et al., who described a prevalent cyto-
plasmic expression of CD133, failed to reveal statistical
association of CD133 expression with TNBCs patients’
survival [31]. )is discordance may be at least in part
ascribed to the well-known problem that concerns the
different antibodies used to detect CD133 by cytofluori-
metrical and immunohistochemical investigations [21], as
well as to the absence of standardized criteria to define the
scores used for the quantification of the glycoprotein at
membrane, cytoplasm, and nuclear level.

A recent study performed with the Gene Expression-
Based Outcome for Breast Cancer Online (GOBO) algo-
rithm confirmed that CD133 mRNA is associated with
distant metastasis-free survival (DMFS) in patients with all

the subtypes of breast cancer [24]. More recently, the
overexpression of both CD133 mRNA and protein were
investigated in large well-characterized BC cohorts, resulting
particularly high in TNBC and HER2+ tumors and con-
firming the negative prognostic value of CD133 in all breast
tumor subtypes [26].

In breast cancer, CD133 is also useful in predicting
chemosensitivity to neoadjuvant chemotherapy (NAC) [32].
Interestingly, the treatment with NAC resulted in the en-
richment of CD133+ cells and in the positive correlation of
the surface antigen with prognosis, contrarily to its negative
significance in pre-NAC tumors [32]. )e potential role of
CD133 as a marker of chemoresistance in nonluminal breast
cancer subtypes was also proposed, on the basis of the
relative enrichment of CSCs expressing the surface antigen
after systemic therapy [29].

3.1. CD133 Regulates Invasive Potential of TNBC-Derived
Cells. Various signaling pathways, all directly involved in
the acquisition of malignant properties, have been correlated
with CD133 levels in solid tumors, supporting its role in
different stages of cancer development, including initiation,
progression, and metastasis [12]. )e identification of
CD133 as a substrate for Src and Fyn families of tyrosine
kinases suggests that its cytoplasmic domain could play an
important role in the regulation of its functions
(Figure 1(a)). In particular, the phosphorylation of tyrosine-
828 and tyrosine-852 may regulate interaction of CD133
with SH2-domain containing proteins, which may be in-
volved in a number of intracellular signaling events [33],
including the activation of PI3K/Akt pathway [34–37].

At variance with other solid tumors, little is known about
the signaling associated to CD133 in breast cancer cells
(Figure 2). Interestingly, the almost totality of the data on
breast tumors correlate CD133 with molecules involved in
cell motility and invasion, suggesting a direct role of PROM1
in modulating the potential malignancy of breast tumors. A
role of CD133 in regulating the migration rate of breast
cancer cells was firstly revealed in a murine model and
involved c-Met and STAT3, both downstream to the Wnt
signaling and responsible of cancer invasion and metastasis
[38]. A peculiar role of CD133 in the direct modulation of
motility and invasive potential of breast tumor cells was
demonstrated in the TNBC-derived MDA-MB-231 cell line
that comprises a small cellular subset expressing high levels
of CD133 at both membrane and cytoplasm levels. Re-
markably, the CD133 high cells showed lower proliferation
[39], in accordance with the evidence of Di Bonito et al.,
indicating that only in TNBC, both CD133 mRNA and
protein positively correlate with geminin, an inhibitor of cell
cycle progression [40]. CD133 high cells also showed a larger
adhesion area, consistent with a more differentiated phe-
notype [39], according to the described role of CD133 in
regulating differentiation of normal mammary gland [10].
On the other hand, CD133 high cells exhibited greater in-
vasion capability, suggestive of higher metastatic potential,
in accordance with the positive correlation between CD133
and poor prognosis in breast cancer. At variance with other
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studies, these data highlight the value of both the number of
CD133+ cells and the expression levels of the surface antigen,
which at least in part may justify some discrepancies on the
described prognostic role of CD133 in breast tumors.

When MDA-MB-231 subpopulations expressing dif-
ferent levels of CD133 were subjected to two-dimensional
electrophoresis followed by mass spectrometry, specific
protein signatures were found, including proteins known to
be deregulated and to play crucial roles in breast cancer [39].
As expected, the fastest CD133 low cells expressed lower
levels of proteins involved in cell cycle and apoptosis, and the
most invasive CD133 high cells showed higher expression of
proteins with an oncogenic/metastatic role. )e CD133-
related proteins included the actin-binding protein tropo-
myosin4 (Tm4), upregulated in highly metastatic breast
cancer cell lines and associated with lymph node metastasis
of breast tumors [41] and AdoHcyase (Figure 2), known to
play a key role in the control of DNAmethylation [42] and in
the regulation of cell cycle, apoptosis, and cellular differ-
entiation of breast tumor cells [43]. Of note, the silencing of
CD133 in CD133 high cells reduced invasiveness and ex-
pression of Tm4, ascertaining the existence of direct
mechanisms by which CD133 can promote invasiveness of
TNBC-derived cells [39].

A relationship between CD133 and EMT markers was
demonstrated in tumors cells from metastatic breast cancer
patients. In particular, the concomitant overexpression of
N-cadherin and CD133 was revealed in both circulating
tumor cells [44, 45] and breast cancer specimens [46], even if
a significant correlation between the two molecules and
patient’s prognosis was not fully demonstrated.

4. CD133 as a Marker of Malignant Progression
Induced by Low Oxygen Availability

A crucial driving force in the progression towards a more
aggressive and resistant tumor phenotype is the adaptation
of neoplastic cells to a state of reduced oxygen availability
defined as hypoxia [47–52]. At least half of all solid tumors,
including breast cancer, enclose hypoxic regions varying in
amount and size, and recurring tumors often exhibit a
hypoxic fraction higher than primary tumors [53]. Intra-
tumoral hypoxia has been identified as an adverse prognostic
indicator independent of all the histopathological parame-
ters and, in breast cancer, as in many other solid cancers, low
oxygen availability has been reported as associated with a
clinically aggressive tumor behavior [54].

In solid tumors, including breast cancer, CD133 is
generally induced by low oxygen availability via upregula-
tion HIF-1α (Figures 1(b) and 2), even though only in colon
cancer cells a physical interaction of HIF-1α with the CD133
promoter was demonstrated [55–58]. Once again, the almost
totality of the studies correlating CD133 with low oxygen
availability looked at PROM1 as a marker of CSCs, known to
increase under hypoxia [50].

In breast tumors, Currie et al. firstly associated the ex-
pression of CD133 with markers of hypoxia and/or tumor
microvasculature in invasive and noninvasive breast carci-
noma [23] although most of the further studies correlating
CD133 to low oxygen availability were performed in TNBC.
In MDA-MB-231-derived xenografts, CD133+ cells with
cancer stem cell characteristics were related to vasculogenic
mimicry (VM) (Figure 2) and hypoxia induced by the
antiangiogenic agent sunitinib [59]. In the same cell model,
only CD133+ cells formed VM channels in Matrigel after
reoxygenation, suggesting that hypoxia accelerates VM by
stimulating the CSC population [60]. Again in TNBCs,
chemoresistance was associated with higher numbers of
CD133/ALDH1 or CD133/CD146 coexpressing cells that
were in a quiescent autophagic state related to hypoxia [61].
A further correlation of CD133 with autophagy induced by
low oxygen availability was performed in patient-derived
TNBC xenografts, in which hypoxia increased drug re-
sistance of CD133+ cells, and the inhibition of the auto-
phagic pathway reversed chemoresistance [61].

More recent in vitro studies suggest that the effects of
hypoxia on the expression of CD133 in breast tumor cells are
closely related to their phenotype, and particularly to their
ER status. In fact, low oxygen availability seems to induce
CD133 only in ER+ cells and mostly in cells belonging to the
luminal A subtype [62]. At variance with experiments in
which hypoxia was pharmacologically induced in xenografts
[60], no significant modifications of CD133 were revealed in
TNBC-derived cells cultured under low oxygen [62]. At the
basis of this discrepancy could be the change of the gly-
cosylation status of CD133 induced by hypoxia, in turn
responsible of abnormal detection of the extracellular gly-
cosylated AC133 epitope, as observed in glioma cells [63].

Since hypoxia improves both the number of cells
expressing high levels of CD133 and the malignant potential
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Figure 2: Regulation and functional roles of CD133 in breast
cancer. Schematic summary of the main mechanisms regulating
CD133 gene expression in breast cancer cells (green circles: positive
regulators; red circles: negative regulators) and of cellular events
directly targeted by CD133 and involved in breast cancer
progression.
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of the noninvasive MCF10DCIS cells [64], the increase of
CD133 was considered a marker of malignant evolution
induced by low oxygen availability in both noninvasive and
low-invasive breast tumors.

5. Regulation of CD133 Levels

)e expression of CD133 is controlled by many extracellular
and intracellular agents, and hypoxic tumor microenvi-
ronment and mitochondria dysfunctions seem to be the
main events modulating CD133 levels [2, 11]. In particular,
hypoxia can improve the levels of the CD133 mRNA by
acting at transcriptional level and can increase the recovery
of the AC133 epitope, by regulating its glycosylation status
[58, 63].

Apart from the hypoxia-related role of HIF-1α, there is a
general agreement that the transcription factors that interact
with CD133 promoters are tumor dependent [12]. For this
reason, although substantial evidence assigns to the increase
of CD133 levels a crucial role in the malignant potential of
various solid tumors, the regulatory mechanisms that pro-
mote CD133 expression are still largely unknown in breast
cancer. )e relationship between CD133+ cancer stem cells
and the Notch signaling was shown in several tumors, in-
cluding breast cancer [65, 66], but only in gastric cancer
cells, the direct binding of Notch 1 with the promoter region
of CD133 was demonstrated [67]. In colon cancer and os-
teosarcoma, CD133 expression is negatively regulated by
direct binding of p53 to a noncanonical p53-binding se-
quence in the CD133 promoter [68]. Moreover, TGFβ1 is
able to regulate CD133 expression in hepatocellular carci-
noma through inhibition of DNMT1 and DNMT3β ex-
pression [69] (Figure 1(b)).

Abnormal DNA methylation, usually reported in many
human cancers, seems to play a critical role in CD133 ex-
pression, and deregulation of the methylation status was
proposed to be at the basis of increased CD133 expression in
breast cancer. In particular, D’Anello and colleagues [70]
reported that IL-6 induced loss of methylation at CD133
promoter enhancing CD133 gene transcription in basal-like
breast cancer via an autocrine loop triggered by the in-
activation of p53. Moreover, in cells with a luminal A
phenotype, but not in TNBC-derived cells, the expression of
CD133 was linked to MALAT1, one of the most widely
studied long coding RNA in cancer development and
progression, and to the RNA binding protein HuR
(Figure 1(b)). HuR/MALAT1 impact on CD133 gene ex-
pression can regulate EMT features, suggesting that the
specific regulation of these molecules could control, at least
in part, the CD133-related tumor progression [71].

5.1. PLC-β2 Regulates CD133 in Breast Cancer Cells. An
unexpected role in the regulation of CD133 mRNA in breast
tumor cells was reported for the beta-2 isoform of PLC
(PLC-β2) (Figure 2), poorly expressed in normal breast
tissues and upregulated in tumor cells, in which sustains
motility of invasive cells [72, 73]. )e first evidence of a
direct regulation of CD133 by PLC-β2 was obtained in

MDA-MB-231 cells, in which overexpression of the PLC
significantly reduced both membrane-associated and cyto-
plasmic levels of CD133, in parallel with the CD133-related
invasion capability [46]. In the same cell model, PLC-β2
regulates the amount of CD133+ cells with stem-like fea-
tures. In particular, overexpression of PLC-β2 reduced the
number of CD44+/CD133+/EpCAM+ cells and proliferation
and invasion capability of the CD133+/EpCAM+ cellular
subset [74].

A role of PLC-β2 in modulating CD133 expression was
also demonstrated in breast tumor derived cells under
hypoxia. In particular, culture at low oxygen availability
reduced PLC-β2 amount and increased CD133 expression in
ER+ breast tumor cells. Counteracting the decrease of PLC-
β2 prevented the increase of CD133 induced by hypoxia and
significantly reduced the hypoxia-related accumulation of
HIF-1α (Figure 2), a putative regulator of CD133 in this cell
model [62].)e same study demonstrated that PLC-β2 is not
modified by hypoxia in TNBC-derived cells, in which low
oxygen availability fails to induce CD133. On the other hand,
its forced expression induced a decrease of the number of
CD133+ cells, confirming, also in this breast tumor subtype,
the role of PLC-β2 in downregulating CD133 [62].

PLC-β2 is ectopically expressed and regulates the
number of cells expressing CD133 also in the noninvasive
MCF10DCIS cells [75]. In the same cell model, the ad-
ministration of all trans retinoic acid (ATRA), currently
used in the management of acute promyelocytic leukemia
[76] in which it induces the expression of PLC-β2 [77],
counteracts the effects of hypoxia on CD133 expression by
up-modulating the PLC isozyme [64]. )ese data constitute
the first evidence that CD133 levels can be modulated by
acting on specific signaling molecules and suggest that ag-
onists able to upmodulate PLC-β2 could counteract the
CD133-related malignant properties in noninvasive and
invasive breast tumor cells.

6. Conclusion

)is review collects the data concerning the expression of
CD133 in breast cancer in which this surface antigen is
generally associated with a stem cell-like phenotype. In
parallel with the role as a cancer stem cell marker, we
reviewed the value of CD133 as a prognostic factor and
indicator of malignant progression of breast tumors,
highlighting its direct role in modulating invasive potential
of breast tumor cells with a triple negative phenotype. We
also revised the mechanisms regulating CD133 gene ex-
pression in both noninvasive and invasive breast tumor cells,
underlining experimental strategies capable to limit its ex-
pression level that could constitute the basis for new ther-
apeutic approaches to reduce malignancy and/or to prevent
progression of breast tumors.
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Elevated expression ofN-acetyltransferase 1 (NAT1) is associated with invasive and lobular breast carcinomas as well as with bone
metastasis following an epithelial-to-mesenchymal transition. We investigated the effect of NAT1 gene deletion in three different
human breast cancer cell lines, MDA-MB-231, MCF-7, and ZR-75-1. Human NAT1 was knocked out using CRISPR/Cas9
technology and two different guide RNAs. None of the NAT1 knockout (KO) cell lines exhibited detectable NAT1 activity when
measured using its selective substrate p-aminobenzoic acid (PABA). Endogenous acetyl coenzyme A levels (cofactor for
acetylation pathways) in NAT1 KO cell lines were significantly elevated in the MDA-MB-231 (p< 0.001) andMCF-7 (p � 0.0127)
but not the ZR-75-1 (p> 0.05). Although the effects of NAT1 KO on cell-doubling time were inconsistent across the three breast
cancer cell lines, the ability of the NAT1 KO cell lines to form anchorage-independent colonies in soft agar was dramatically and
consistently reduced in each of the breast cancer cell lines. +e NAT1 KO clones for MDA-MB-231, MCF-7, and ZR-75-1 had a
reduction greater than 20-, 6-, and 7- folds in anchorage-independent cell growth, respectively, compared to their parental cell
lines (p< 0.0001, p< 0.0001, and p< 0.05, respectively). +e results indicate that NAT1 may be an important regulator of cellular
acetyl coenzyme A levels and strongly suggest that elevated NAT1 expression in breast cancers contribute to their anchorage-
independent growth properties and ultimately metastatic potential.

1. Introduction

Human arylamine N-acetyltransferase 1 (NAT1) catalyzes
the transfer of an acetyl group from acetyl coenzyme A
(AcCoA) to arylamine and hydrazine substrates [1, 2].
Human NAT1 also catalyzes hydrolysis of AcCoA in the
presence of folate [3, 4]. NAT1 has a ubiquitous expression
regulated by multiple mechanisms [5]. Elevated NAT1 ex-
pression is associated with invasive and lobular breast
carcinomas [6]. Additional studies have reported elevated
NAT1 expression in estrogen receptor-positive tumors [7–9]
as well as with bone metastasis following an epithelial-to-
mesenchymal transition (EMT) [10, 11].

A recent report demonstrated that congenic rats
expressing high levels of rat N-acetyltransferase 2 (NAT2;

ortholog to human NAT1) activity exhibited more mam-
mary tumors, and this finding was independent of carcin-
ogen metabolism [12]. +e effects of inhibition or
overexpression of human NAT1 has been the focus of
previous studies [13–17]. Interestingly, MDA-MB-231 cells
with increased NAT1 activity showed lower endogenous
AcCoA levels, compared to the parental cell line [17]. +ese
observations, together with the wide-spread tissue distri-
bution of NAT1 and its presence in almost all species [18]
and its ability to catalyze the hydrolysis of AcCoA, suggest
the role of NAT1 in carcinogenesis might be related to the
regulation of AcCoA.

In the present study, we utilized CRISPR/Cas9 to in-
vestigate the effects of NAT1 knockout (KO) on endogenous
AcCoA levels and the cell growth properties in three human
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breast cancer cell lines that originate from separate pleural
effusions of different malignant breast cancer patients fre-
quently used in breast cancer research.

2. Materials and Methods

2.1. Construction of NAT1 KO Cell Lines. MDA-MB-231,
MCF-7, and ZR-75-1 breast cancer cell lines were obtained
from ATCC (Manassas, Virginia, USA). MDA-MB-231 is
estrogen receptor-negative, progesterone receptor-negative,
and HER2-negative. MCF-7 is estrogen receptor-positive,
progesterone receptor-positive, and HER2-negative. ZR-75-
1 is estrogen receptor-positive, progesterone receptor-pos-
itive, and HER2-positive. A MDA-MB-231 breast cancer cell
line with a single FRT site (Life Technologies, Grand Island,
NY) and a nonspecific scrambled shRNA inserted in the FRT
site was used as the parent MDA-MB-231 cell line. +e
construction of this cell line was described previously [16].
MDA-MB-231 and MCF-7 cells were cultured in DMEM
media, high glucose (4.5 g/L) with the addition of fetal
bovine serum (10%), glutamine (2mM), and Pen/Strep (1%).
ZR-75-1 cells were cultured in RPMI-1640 with the addition
of fetal bovine serum (10%), glutamine (2mM), and Pen/
Strep (1%). +e cell lines were grown in a humidified in-
cubator set at 37°C with 5% CO2. Horizon Discovery Group
(Cambridge, UK) designed 5 different gRNAs for NAT1, and
DNA 2.0 Inc (Menio Park, CA, USA) cloned the gRNAs into
a Cas9 expressing vector expressing a dasher-GFP tag.
Initially, each of the 5 gRNA/Cas9 vectors was transiently
transfected in each cell line using the Amaxa Nucleofector II
(Lonza, Allendale, NJ, USA). After forty-eight hours,
transfection cells were harvested and DNA isolated. +e
SURVEYOR Mutation Detection Kit (Transgenomics,
Omaha, NE, USA) was used to determine the effectiveness of
each gRNA’s ability to induce DNA strand breaks effectively.
+e gRNAs #2 and #5 were the most effective at inducing
DNA strand breaks and were chosen to separately KONAT1
as described below. +e selected gRNA sequences were the
following: gRNA #2, CCA GATCCGAGCTGTTCCCTTTG
(protospacer adjacent motif is shown in bold face font;
positions 93–112 from start shown in italic font) or gRNA
#5, GAAAGAATTGGCTATAAGAAGTCTAGG (proto-
spacer adjacent motif is shown in bold face font; positions
26–45 from start shown in italic font).

+e parent MDA-MB-231 cell line described above was
transfected with either #2 or #5 gRNA/Cas9 vectors sepa-
rately as above and 48 hr after transfection cells were sorted
for GFP fluorescence (MoFlo XDP, Beckman Coulter Inc.
Kendall, FL, USA). MCF-7 and ZR-75-1 cells were trans-
fected with #2 or #5 gRNA/Cas9 separately with Lipofect-
amine 3000 (Invitrogen, CA, USA), and 48 hr after
transfection cells were sorted for GFP fluorescence as pre-
viously described. +e GFP-positive cells were collected and
plated at a low cell density so that individual unique clones
could be isolated. After several weeks, individual cells grew
into large enough colonies to utilize cloning cylinders to
trypsin cells off the plate and transfer to a 96-well culture
plate. Approximately 25 to 50 separate clones, chosen at
random, for each cell gRNA, were passaged until nearly

confluent in a 6-well plate and then were tested for PABA
NAT1 activity. GFP-positive clones with undetectable PABA
NAT1 activity were selected for further characterization.+e
NAT1 open reading frame was sequenced. We chose
transient transfection of the gRNA/Cas9 protein to mini-
mize off-target effects; thus; the gRNA/Cas9 plasmid was
only present in the cell for a short time (48–96 hr) as op-
posed to stable long-term expression of gRNA/Cas9 where
the editing machinery would be present indefinitely.

2.2. Sequencing of the NAT1 Gene in the gRNAs #2 and #5 KO
Clones. Genomic DNA was isolated from MDA-MB-231,
MCF-7, and ZR-75-1 NAT1 KO cell lines. +e NAT1 open
reading frame was amplified by PCR and cloned into
pcDNA™3.1/V5-His-TOPO® (Invitrogen, CA, USA) fol-
lowing manufacturer’s recommendations. TOPO cloning
reaction for the individual cell lines was transformed into
One Shot TOP10 chemically competent E. coli. For each
NAT1 KO cell line, five transformed E. coli colonies were
selected and grown overnight. Cultures of bacteria were then
harvested for plasmid purification. Purified plasmids and
primers were sent for DNA sequencing (Eurofins, Louisville,
KY, USA) to determine base changes caused by gRNA/Cas9.

2.3. Cell Line Authentication. +e genetically engineered
MDA-MB-231 MCF-7 and ZR-75-1 cell lines described
above were authenticated by the ATCC Short Tandem
Repeat (STR) profiling authentication service.

2.4. InVitro and In SituN-Acetylation. In vitro N-acetylation
assays using the NAT1-selective substrate PABA were
conducted, and N-acetyl-PABA was separated and quanti-
tated by high-performance liquid chromatography (HPLC)
as previously described [16]. Briefly, enzymatic reactions
containing 50 μL suitably diluted cell lysate, PABA (300 μM),
and AcCoA (1mM)were incubated at 37°C for 10min.+ree
independent measurements (n� 3) performed in triplicate
were completed for each cell line. In vitro N-acetylation
assays using the NAT2-selective substrate sulfamethazine
enzymatic assays were conducted as described previously
[19]. Briefly, reactions containing lysate from parental and
NAT1 KO cells lines for all cell lines, 300 μM sulfamethazine,
and 1mM AcCoA were incubated at 37°C for 120min.
Reactions were terminated by the addition of 1/10 volume of
1M acetic acid. +e reaction tubes were centrifuged to
remove precipitated protein. Sulfamethazine and N-acetyl-
sulfamethazine were separated and quantified by reverse-
phase HPLC. +ree independent measurements (n� 3)
performed in triplicate were completed for each cell line.
Under the conditions of this assay, the limit of detection was
0.005 nmoles/min/mg protein.

Measurement of NAT1-catalyzed N-acetylation in situ
was determined by spiking media with a known concen-
tration of PABA as previously described [20]. Briefly, the
cells were incubated at 37°C for 48 hr with media containing
500 μM PABA. N-acetyl-PABA was separated and quanti-
tated by HPLC as previously described [16]. +e number of
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separate determinations forMDA-MB-231,MCF-7, and ZR-
75-1 was 3, 4, and 4, respectively.

2.5. NAT1 and NAT2 In-Cell Western Staining. Cells
(1.5×105) were plated into 96-well black/clear bottom
plates (+ermo Fisher Scientific, Waltham, MA, USA) and
incubated overnight at 37°C and 5% CO2. Once attached to
the plate, cells were washed with PBS and then fixed to the
plate with 3.7% formaldehyde in PBS for 20min at room
temperature. After fixing, cells were permeabilized using
0.1% Triton-X100 in PBS for 5min with constant agitation,
and the process was repeated 4 times. Cells were blocked
with Odyssey® Blocking Buffer in PBS (LI-COR Bio-
sciences, Lincoln, NE, USA) for 1.5 hours with constant
agitation. After blocking, cells were incubated with rabbit
anti-NAT1 (ab109114 (1:200), Abcam, Cambridge, UK) or
rabbit NAT2 (ab194114 (1:100) Abcam) and β-actin (A2228
(1:200), Sigma-Aldrich, St. Louis, MO, USA) overnight at
4°C with constant agitation. Due to the high similarity
between human NAT1 and NAT2, we evaluated the
specificity of the primary antibodies against human NAT1
and NAT2. +e specificity of ab109114 was about 4-fold
greater for human NAT1 than NAT2, and the specificity of
ab194114 was about 7-fold greater for human NAT2 than
NAT1 (manuscript in preparation). After primary anti-
bodies incubation, plates were washed 5 times with 0.1%
Tween 20 in PBS for 5min. Secondary detection was carried
out using IRDye® 800CW Goat anti-Rabbit IgG (1:1200) or
IRDye® 680RD Goat anti-Mouse IgG (1:1200), (LI-COR
Biosciences, Lincoln, NE, USA) by incubation for 60min.
Finally, cells were washed with 0.1% Tween 20 in PBS.
NAT1 or NAT2 and β-actin were simultaneously visualized
using an Odyssey infrared imaging Scanner (LI-COR
Biosciences) using the 680 nm channel and 800 nm
channel. Relative fluorescence units (RFUs) allowed a
quantitative analysis. Relative protein expression was cal-
culated by dividing RFU for NAT1 or NAT2 (800 nm
channel) by the RFU of β-actin (680 nm channel). Protein
expression in NAT1 KO cells was divided by the protein
expression in the parental cell line to determine fold
change. +e data was generated from 4 independent
measurements for MDA-MB-231, MCF-7, and ZR-75-1
parental and their NAT1 KO cell lines.

2.6. Endogenous AcCoA Levels. Endogenous AcCoA levels
within MDA-MB-231, MCF-7, and ZR-75-1 parental and
NAT1 KO cell lines were measured by HPLC as previously
described [16] with minor modifications. MDA-MB-231,
MCF-7, and ZR-75-1 cell lines were plated in triplicate at a
density of 1× 106 cells per 10 cm plate and allowed to grow.
After seventy-two hr, plating cells were washed once with 1X
PBS and dissociated from the plate with 1.0mL trypsin. Cells
from 3, 10 cm plates were combined, resuspended in
complete media, and counted. In the subsequent steps all
cells and lysates were kept on ice. Collected cells were
washed once in ice-cold PBS and transferred to a 1.5ml
microcentrifuge tubes.+e suspended cells were collected by
centrifugation and the supernatants discarded. Having

removed any residual PBS, the cells were completely
resuspended in 50 μL of ice-cold 1X PBS and then imme-
diately lysed by addition of 50 μL of cold 10% 5-sulfosalicylic
acid with vortexing for 15 sec. Lysed cells were incubated on
ice for 10min before centrifugation at 13,000×g for 10min.
Supernatant was injected on a C18 reverse-phase HPLC
column (250mm× 4mm; 5 μm pore size) (Merck, Darm-
stadt, GER). HPLC separation and quantitation of AcCoA
were achieved as previously described [16]. +e data was
generated from 8, 12, and 3 independent measurements for
MDA-MB-231, MCF-7, and ZR-75-1 parental and NAT1
KO cell lines, respectively.

2.7.CellDoublingTime. Doubling time for each parental and
NAT1 KO cell line was determined by plating each cell line
to a confluence level that would give the cell lines ample
room to grow for at least 7 days or 168 hr. +e same number
of cells were plated for parental and NAT1 KO cell lines for
each cell line. Cells were plated in 6-well plates in triplicate
and allowed to grow for 7 days (168 hr). Cells were counted
and doubling time calculated using the online calculator
(http://www.doubling-time.com/compute.php). +e num-
ber of separate doubling time determinations for MDA-MB-
231, MCF-7, and ZR-75-1 cells was 3, 3, and 4, respectively.

2.8. Anchorage-Dependent and Anchorage-Independent
Growth Assays. Anchorage-dependent growth assays were
performed as described previously [16]. Briefly, cells
(300 cells/well) were plated in triplicate in 6-well plates and
allowed to grow for 2weeks. Visible colonies were counted
manually following staining with crystal violet. +e data
were generated from 6, 3, and 3 independent measurements
for MDA-MB-231, MCF-7, and ZR-75-1 parental and NAT1
KO cell lines, respectively. +e anchorage-independent
growth assays were performed as described previously [16].
Briefly, the anchorage-independent growth assays were
performed by plating the cells (6000 cells/well) in 1.5mL of
low-melting temperature agarose (0.3%) in complete media
over a base layer of 1.5mL noble agar (0.5%) in complete
media. +e total volume was 3mL in each well of a 6-well
plate. Cells were plated in triplicate and grown for 2weeks.
Colonies (containing >4 individual cells) were counted
manually following staining with crystal violet. +e data was
generated from 3 independent measurements for MDA-
MB-231, MCF-7, and ZR-75-1 parental and NAT1 KO cell
lines.

2.9. Statistical Analyses. Differences between the MDA-MB-
231 and MCF-7 parental and NAT1 KO cell lines were
analyzed for significance by ANOVA followed by Bonferroni
post hoc test. Differences between the ZR-75-1 parental and
NAT1 KO cell lines were analyzed for significance by Stu-
dent’s t-test. All statistical analyses were performed using
GraphPad Prism v6.0c (GraphPad Software, La Jolla, CA,
USA). +e results are expressed as the mean± the standard
error of the mean (SEM). Values of p< 0.05 were considered
statistically significant.
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3. Results

3.1. NAT1 Genomic and Amino Acid Sequences. Sequencing
the NAT1 gene of MDA-MB-231 gRNA #2 (clone 2–19)
KO cell line revealed a deletion of a single cytosine at 96
bases (bp) from the translation start codon (Table 1). +is
single-nucleotide deletion resulted in a frameshift muta-
tion causing a premature stop codon after amino acid 49 of
290 (Table 2). +e MDA-MB-231 gRNA #5 (clone 5–50)
KO cell line had two nucleotides deleted at 43 and 44 bp
from the translation start codon (Table 1). +is deletion
resulted in a premature stop codon after amino acid codon
14 of 290, which immediately terminates translation of
NAT1 (Table 2).

Sequencing the NAT1 gene of MCF-7 gRNA #2 (clone
2–4) KO cell line showed a 34 bp deletion in the open
reading frame, which spans from 95 to 129 bp (Table 1). +is
deleted segment of DNA resulted in a frameshift mutation
causing a premature stop codon after 38 amino acids (Ta-
ble 2). +e MCF-7 gRNA #5 (clone 5–20) KO cell line had
two different deletions (Table 1). +e first deletion was a
single nucleotide deletion at 42 bp, and the other was a
deletion of 43 to 48 bp with an additional adenosine in-
sertion in the same region. +ese deletions and insertions
resulted in a premature stop codon after amino acid codon
23 for both sequences (Table 2).

Sequencing the NAT1 gene of ZR-75-1 gRNA #2 (clone
2–10) KO cell line showed a single adenosine insertion at
95 bp in the open reading frame (Table 1). +is insertion
results in a frameshift mutation causing a premature stop
codon after 37 amino acids (Table 2).

3.2. InVitroand InSituPABAN-Acetylation. +e in vitro N-
acetylation of PABA in the parental cell line was
14.4 ± 2.8, 39.0 ± 5.9, and 121 ± 19 nmoles/min/mg for
MDA-MB-231, MCF-7, and ZR-75-1 cell lines, re-
spectively (Figure 1(a)). +e gRNA #2 and #5 clones for
all cell lines reduced levels of activity to below the limit of
detection (0.05 nmoles/min/mg; Figure 1(a)). +e N-
acetylation of PABA in situ followed the same pattern as
that for in vitro activity. N-acetylation activity of PABA in
the parental cell lines was 1.13 ± 0.01, 2.20 ± 0.35, and
6.56 ± 0.87 nmoles/hr/million cells for MDA-MB-231,
MCF-7, and ZR-75-1 cell lines, respectively (Figure 1(b)).
In the gRNA #2 and #5 clones, levels of PABA N-acet-
ylation in situ were reduced to below the limit of de-
tection (0.20 nmoles/hr/million cells Figure 1(b)).

3.3. Human NAT1 and NAT2 Protein Levels. Relative NAT1
and NAT2 protein expression was evaluated following an
in-cell western staining protocol as described in Mate-
rials and Methods. NAT1 protein expression was signifi-
cantly (ANOVA, p< 0.0001) decreased in the MDA-MB-
231 gRNA #2 and gRNA #5, the MCF-7 gRNA #2 and
gRNA #5, and the ZR-75-1 gRNA #2 NAT1 KO cells
compared to their respective parental cells (Figure 2(a)).
Relative NAT2 protein expression in MDA-MB-231 gRNA
#2 and gRNA #5 and in MCF-7 gRNA #2 and gRNA #5

NAT1 KO cells were increased significantly (ANOVA,
p< 0.0001) compared to their respective parental cell line
whereas no significant changes (p> 0.05) in NAT2 protein
expression were observed in ZR-75-1 gRNA #2 NAT1 KO
cells compared to the parental (Figure 2(b)). Following
detection of increased NAT2 protein, sulfamethazine
NAT2 enzymatic assays were conducted as described in
Materials and Methods, but NAT2 activity was below the
limit of detection (0.005 nmoles/min/mg protein) in all cell
lines tested.

3.4. Endogenous AcCoA Levels. +e endogenous level of
AcCoA within the MDA-MB-231 parental cell line was
17.8± 1.1 pmoles/million cells, whereas the endogenous level
of AcCoA within the cells of the gRNA #2 and #5 NAT1 KO
clones was 33.1± 1.8 and 35.5± 2.6 pmoles/million cells,
respectively, both of which were significantly elevated
compared to the MDA-MB-231 parental cell line (n� 8;
ANOVA, p< 0.0001) (Figure 3).

+eMCF-7 parental cell line had an endogenous AcCoA
level of 18.7± 0.9 pmoles/million cells, whereas the endog-
enous levels of AcCoA within the cells of the gRNA #2 and
#5 NAT1 KO clones were 27.6± 2.6 and 27.0± 2.7 pmoles/
million cells, respectively, both of which were significantly
elevated compared to their MCF-7 parental cell line (n� 12;
ANOVA, p< 0.05) (Figure 3).

+e ZR-75-1 parental cell line had an endogenous
AcCoA level of 43.2± 3.6 pmoles/million cells, whereas the
endogenous levels of AcCoA within the cells of the gRNA #2
NAT1 KO was 33.6± 8.4 pmoles/million cells (n� 3; Stu-
dent’s t-test, p> 0.05) (Figure 3).

3.5. Cell Doubling Time. +e doubling times for the MDA-
MB-231 parental and gRNA #2 and #5 NAT1 KO cell lines
were 24.8± 0.3, 30.3± 0.4, and 30.9± 0.3 hr, respectively
(n� 3). Both MDA-MB-231 NAT1 KO cell lines had a
significant (ANOVA, p< 0.0001) increase in doubling time
compared to the parental MDA-MB-231 cell line
(Figure 4(a)).

+e doubling times for the MCF-7 parental cell line and
gRNA #2 and #5 NAT1 KO cell lines were 41.4± 0.4,
45.3± 6.2, and 38.8± 8.5 hr, respectively (n� 3), which did
not differ significantly (ANOVA, p> 0.05) compared to the
parental MCF-7 cell line (Figure 4(a)).

+e doubling times for the ZR-75-1 parental cell line and
gRNA #2 NAT1 KO cell line were 37.0± 2.8, and
63.1± 2.9 hr, respectively (n� 4). +e doubling time of the
ZR-75-1 gRNA #2 NAT1 KO cell line was significantly
(Student’s t-test, p � 0.0006) elevated compared to the pa-
rental ZR-75-1 cell line (Figure 4(a)).

3.6. Anchorage-Dependent Colony Formation. Anchorage-
dependent colony formation assay allows the determination
of cancer cell ability to form colonies when attached to a
surface. Results of the anchorage-dependent colony forma-
tion assay showed the number of colonies formed for MDA-
MB-231 parental colonies, gRNA #2, and gRNA #5 NAT1
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KO cell lines was 40.7± 2.5, 51.3± 1.6, and 54.8± 6.8 colo-
nies, respectively. Anchorage-dependent colonies among the
MDA-MB-231 and NAT1 KO cell lines did not differ sta-
tistically from each other (ANOVA, p> 0.05; n� 6)
(Figure 4(b)).

MCF-7 parental and gRNA #2 and #5 NAT1 KO cell
line anchorage-dependent colony formation was 68.2± 8.6,
86.2± 9.9, and 96.7± 9.1 colonies, respectively, which did
not differ statistically from each other (ANOVA, p> 0.05;
n� 3) (Figure 4(b)).

ZR-75-1 parental and gRNA #2 NAT1 KO cell an-
chorage-dependent colony formation was 102± 5, and
39.4± 6.5 colonies, which differed statistically from each
other (Student’s t-test, p< 0.001; n� 3) (Figure 4(b)).

3.7. Anchorage-Independent Colony Formation. Anchorage-
independent colony formation assays (also known as “soft
agar assays”) allows the determination of cancer cell ability
to form colonies in the absence of cellular attachment to a
surface. +e MDA-MB-231 parental cell line formed an-
chorage-independent colonies at markedly higher levels than
the NAT1 KO clones (Figure 4(c)). +e number of colonies
formed by MDA-MB-231 parental and gRNA #2 and #5
NAT1 KO cell lines were 1070± 76, 48.3± 17.2, and
23.4± 7.0 colonies, respectively (ANOVA, p< 0.0001; n� 3).

+e number of colonies formed by the two NAT1 KO cell
lines were not statistically different from each other
(p> 0.05).

+e MCF-7 parental cell line formed anchorage-in-
dependent colonies at a higher level than the MCF-7 NAT1
KO clones (Figure 4(c)). +e number of colonies formed
by MCF-7 parental and gRNA #2 and #5 NAT1 KO cell
lines were 195± 9, 33.7± 6.8, and 13.8± 6.6, respectively.
Anchorage-independent colonies formed by the MCF-7
parental cell line were significantly higher than gRNA #2 and
#5 NAT1 KO clones (ANOVA p< 0.0001; n� 4).+eMCF-7
gRNA #2 and #5 NAT1 KO clones were not statistically
(p> 0.05) different from each other.

+e ZR-75-1 parental cell line formed anchorage-in-
dependent colonies at a higher level than the NAT1 KO cell
line clone (Figure 4(c)). +e number of colonies formed by
ZR-75-1 parental and gRNA #2 NAT1 KO cell line was
45.6± 13.4, and 6.00± 1.84, respectively. Anchorage-in-
dependent colonies formed by the ZR-75-1 parental cell line
were significantly higher than gRNA #2 NAT1 KO clone
(Student’s t-test, p< 0.05; n� 3).

4. Discussion

We investigated the effect of NAT1 gene deletion in three
different human breast cancer cell lines, MDA-MB-231,

Table 1: Genomic DNA sequences of the reference (NAT1∗4) and mutated NAT1 from each NAT1 KO clone.

Cell line KO clone No. of bp from
start codon Genomic sequence No. of bp from

start codon

Reference
(NAT1∗4)

1 ATGGACATTGAAGCATATCTTGAAAGAATTGGCTATAAGA
41 AGTCTAGGAACAAATTGGACTTGGAAACATTAACTGACAT
81 TCTTCAACACCAGATCCGAGCTGTTCCCTTTGAGAACCTT
121 AACATCCATTGTGGGGATGCCATGGACTTAGGCTTAGAGG
161 CCATTTTTGATCAAGTTGTGAGAAGAAATCGGGGTGGATG
201 GTGTCTCCAGGTCAATCATCTTCTGTACTGGGCTCTGACC
241 ACTATTGGTTTTGAGACCACGATGTTGGGAGGGTATGTTT
281 ACAGCACTCCAGCCAAAAAATACAGCACTGGCATGATTCA
321 CCTTCTCCTGCAGGTGACCATTGATGGCAGGAACTACATT
361 GTCGATGCTGGGTTTGGACGCTCATACCAGATGTGGCAGC
401 CTCTGGAGTTAATTTCTGGGAAGGATCAGCCTCAGGTGCC
441 TTGTGTCTTCCGTTTGACGGAAGAGAATGGATTCTGGTAT
481 CTAGACCAAATCAGAAGGGAACAGTACATTCCAAATGAAG
521 AATTTCTTCATTCTGATCTCCTAGAAGACAGCAAATACCG
561 AAAAATCTACTCCTTTACTCTTAAGCCTCGAACAATTGAA
601 GATTTTGAGTCTATGAATACATACCTGCAGACATCTCCAT
641 CATCTGTGTTTACTAGTAAATCATTTTGTTCCTTGCAGAC
681 CCCAGATGGGGTTCACTGTTTGGTGGGCTTCACCCTCACC
721 CATAGGAGATTCAATTATAAGGACAATACAGATCTAATAG
761 AGTTCAAGACTCTGAGTGAGGAAGAAATAGAAAAAGTGCT
801 GAAAAATATATTTAATATTTCCTTGCAGAGAAAGCTTGTG

841 CCCAAACATGGTGATAGATTTTTTACTATTTAG
MDA-
MB-231 gRNA #2 76 GACATTCTTCAACACCAGATC-GAGCTGTT 105

MDA-
MB-231 gRNA #5 21 TGAAAGAATTGGCTATAAGAAG--TAGGAA 50

MCF-7 gRNA #2 91 CAGA-----------------------------TGTGGG 135
MCF-7 gRNA #5 31 GGCTATAAGAA-TCTAGGAACAAATTGGAC 60
MCF-7 gRNA #5 31 GGCTATAAGAAGA-----AACAAATTGGAC 60

ZR-75-1 gRNA #2 76 GACATTCTTCAACACCAGATACCGAGCTGTT (mutated nucleotide
in bold face font) 105
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MCF-7, and ZR-75-1. Human NAT1 was knocked out using
CRISPR/Cas9 technology and two different guide RNAs.
None of the NAT1 KO cell lines exhibited detectable NAT1
activity when measured using their selective substrate
PABA. Endogenous AcCoA levels (cofactor for acetylation
pathways) in NAT1 KO cell lines were significantly elevated
in the MDA-MB-231 (p< 0.001) and MCF-7 (p � 0.0127)
but not the ZR-75-1 (p> 0.05). Although the effects of NAT1
KO on cell doubling time were inconsistent across the three

breast cancer cell lines, the ability of the NAT1 KO cell
lines to form anchorage-independent colonies in soft
agar was dramatically and consistently reduced in each of
the breast cancer cell lines. +e NAT1 KO clones for
MDA-MB-231, MCF-7, and ZR-75-1 had a reduction
greater than 20-, 6-, and 7-folds in anchorage-in-
dependent cell growth, respectively, compared to their
parental cell lines (p< 0.0001, p< 0.0001 and p< 0.05,
respectively).

Table 2: Amino acid sequences of reference (NAT1 4) and mutated NAT1 from each NAT1 KO clone.

Cell line KO clone Amino acid
sequence

No. of total amino
acids

NAT1 4 (Reference)

MDIEAYLERIGYKKS
RNKLDLETLTDILQHQIRA

VPFENLNIHCGD
AMDLGLEAIFDQVVRRNRGGWCLQVNHLLY

WALTTIGFETTMLGGYVY
STPAKKYSTGMIHLLLQVTIDGRNYI
VDAGFGRSYQMWQPLELISGKDQP
QVPCVFRLTEENGFWYLDQIRREQYI
PNEEFLHSDLLEDSKYRKIYSFTLK

PRTIEDFESMNTYLQTSPSSVFTSKSF
CSLQTPDGVHCLVGFTLTHRRFNYKDNTDLIEF

KTLSEEEIEKVLKNIFNISLQRKL
VPKHGDRFFTI stop

290

MB-MDA-231 gRNA #2 clone MDIEAYLERIGYKKSRNKLDLETLTDIL
QHQIELFPLRTLTSIVGMPWT stop 49

MB-MDA-231 gRNA #5 clone MDIEAYLERIGYKK stop 14

MCF-7 gRNA #2 clone MDIEAYLERIGYKKSRNK
LDLETLTDILQHQIVGMPWT stop 38

MCF-7 gRNA #5 clone (allele 1) MDIEAYLERIGYKNLGTNWTW
KH stop 23

MCF-7 gRNA #5 clone (allele 2) MDIEAYLERIGYKKKQIGLGNIN stop 23

ZR-75-1 gRNA #2 clone MDIEAYLERIGYKKSRNKL
DLETLTDILQHQIPSCSL stop 37
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Figure 1: In vitro and in situ PABA (N)-acetylation activity of parental and NAT1 KO clones for MDA-MB-231, MCF-7, and ZR-75-1 cell
lines. (a) +e in vitro PABA N-acetyltransferase activity in MDA-MB-231, MCF-7, and ZR-75-1 parental (P) and gRNA #2 (2) and #5 (5)
clones NAT1 KO cell lines are shown. (b)+e in situ PABAN-acetylation inMDA-MB-231, MCF-7, and ZR-75-1 parental (P) and gRNA #2
(2) and #5 (5) clones NAT1 KO cell lines are shown. Each bar illustrates mean± SEM.+ree or four separate determinations were performed
in triplicate. ND is nondetectable ((a) <0.05 nmoles/min/mg; (b) <0.20 nmoles/hr/million cells).

6 Journal of Oncology



CRISPR/Cas9 was used to make stable NAT1 KO human
MDA-MB-231, MCF-7, and ZR-75-1 breast cancer cell lines.
We used two different gRNA’s to allow us to distinguish
between specific NAT1 KO effects versus off-target effects
caused by gRNA binding and mutating at nonspecific site
(s). We also used a MDA-MB-231 breast cancer cell line
with a single FRT site and a nonspecific scrambled shRNA

inserted in the FRT site as the MDA-MB-231 parental cell
line. +is cell line was transfected with gRNA #2 and #5 to
facilitate comparison of the results of NAT1 KO with those
previously described for NAT1 knockdown [16].

We isolated single clones from MDA-MB-231 and MCF-
7 cells lines with both gRNA #2 and #5. We were not able to
isolate a NAT1 KO clone using gRNA #5 in the ZR-75-1 cell
line, likely due to reduced growth rate of ZR-75-1 NAT1 KO
cell lines. Other groups have also investigated NAT1 KO in
MDA-MB-231 and other cell lines by CRISPR/Cas9 [21, 22].
+e knockout strategy of the previous studies was different
from ours in the following regards: (1) different gRNA se-
quences were employed to cause DNA breaks and (2) previous
studies used a linear donor plasmid carrying a selection
marker stably integrated into the DNA breakage site. We
chose transient transfection to minimize off-target effects, so
the gRNA/Cas9 plasmid was present in the cell for a short time
(72–96 hr). We also attempted to assess the effects of NAT1
rescue of gRNA #2 and #5 NAT1 KO in MDA-MB-231 and
MCF-7 cells. Although we initially measured PABA NAT1
activity confirming successful NAT1 rescue, the NAT1 activity
was no longer detectable during experiments to measure
AcCoA levels or cell growth properties, and thus we were not
able to characterize the effects of NAT1 rescue.

NAT1 KO in MDA-MB-231, MCF-7, and ZR-75-1 re-
duced levels of PABA N-acetylation below limits of detection
both in vitro and in situ. Despite this functional validation of
the NAT1 KO, the effects on endogenous levels of AcCoA and
cancer cell growth were not completely consistent across
different cell lines. +e KO of NAT1 activity by both gRNA #2
and gRNA #5 in MDA-MB-231 breast cancer cells caused a
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Figure 2: NAT1 and NAT2 protein expression in breast cancer cell lines. (a). Relative NAT1 protein expression was evaluated following an
in-cell western staining protocol as described inMaterials andMethods. NAT1 protein expression was significantly (p< 0.0001) decreased in
MDA-MB-231 gRNA #2 (2) and gRNA #5 (5) NAT1 KO cells compared to the parental (P); MCF-7 gRNA #2 (2) and gRNA #5 (5) and ZR-
75-1 gRNA #2 (2) NAT1 KO cells compared to the respective parental (P) cells. (b). Relative NAT2 protein expression in MDA-MB-231
gRNA #2 (2) and gRNA #5 (5) KO cells was significantly (p< 0.0001) increased compared to the parental (P) cells, the same phenomenon
was observed for MCF-7 gRNA #2 (2) and gRNA #5 (5) KO cells (p< 0.0001) compared to the parental (P); however, no significant
(p> 0.05) changes in the relative NAT2 protein expression were observed in ZR-75-1 gRNA #2 (2) NAT1 KO cells compared to the parental
(P). Data expressed as mean± SEM for 4-different determinations ∗p< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001, ∗∗∗∗p< 0.0001.
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Figure 3: Intracellular AcCoA levels in parental and NAT1 KO
clones for MDA-MB-231, MCF-7, and ZR-75-1 cell lines. AcCoA
levels were measured in parental (P) and NAT1 KO cell lines for
MDA-MB-231, MCF-7, and ZR-75-1. Each bar illustrates mean-
± SEM for number of replicates (N). AcCoA levels differed sig-
nificantly between parental and NAT1 KO cells for MDA-MB-231
(p< 0.0001) and MCF-7 (p< 0.05) cell lines.
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modest but significant (p< 0.0001) elevation in doubling
time but neither gRNA #2 or gRNA #5 caused significant
(p> 0.05) elevation in doubling time for the MCF-7 breast
cancer cell line. NAT1 KO in ZR-75-1 cells using gRNA #2
resulted in a 1.7-fold (p< 0.001) elevation in doubling time.
Previous studies in our laboratory found that knockdown
of NAT1 in MDA-MB-231 by approximately 40% did not
significantly change the doubling time [16]. Knockdown of
NAT1 by 85% in HT-29 cells showed similar exponential
growth; however, the NAT1 knockdown cells reached
saturation density earlier than control cells [15]. With

NAT1 KO cells, cell death increased when cells were at
confluence [15]. Wang et al. demonstrated that growth in
low glucose (1mM) was enhanced in HT29 cells following
NAT1 KO [21]. We performed experiments with both
MDA-MB-231 and ZR-75-1 parental and NAT1 KO cells in
the presence of low (1 g/L or 5.5mM) or no glucose sup-
plemented with 10mM galactose to determine whether
NAT1 KO would alter the cell doubling time under these
nutrient conditions. Cells grown in the presence of low (1 g/
L or 5.5mM) or no glucose supplemented with 10mM
galactose grew more slowly; however, the relationship
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Figure 4: Doubling time and anchorage-dependent and anchorage-independent colony formation of parental and NAT1KO clones forMDA-
MB-231, MCF-7, and ZR-75-1 cell lines. (a) Doubling time was determined in MDA-MB-231, MCF-7, and ZR-75-1 parental (P) and gRNA #2
(2) and #5 (5) NAT1 KO clones. Each bar illustrates mean± SEM for number of replicates (N). Doubling times differed significantly between
parental and NAT1 KO cell lines for MDA-MB-231 (p< 0.0001), and ZR-75-1 (p � 0.0006) cell lines. (b) Anchorage-dependent growth/colony
formation was determined in MDA-MB-231, MCF-7, and ZR-75-1 parental (P) and NAT1 KO cell lines. Cells (300) were plated on plastic in
triplicate and allowed to grow for 14 days before staining. Anchorage-dependent growth/colony formation between parental andNAT1KO cells
were not significantly different (p> 0.05) for all cell lines, except for ZR-75-1. (c) Anchorage-independent/soft agar assays were completed in
MDA-MB-231, MCF-7, and ZR-75-1 parental (P) and NAT1 KO cell lines. Cells (6000) plated in triplicate in soft agar were allowed to grow for
14 days before staining. +e number of colonies formed in soft agar were significantly higher in parental MDA-MB-231 (p< 0.0001) MCF-7
(p< 0.0001) and ZR-75-1 (p< 0.05) than their respective NAT1 KO cell lines.
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between the parental and NAT1 KO cell lines did not differ
from cells grown in standard media.

+e level of NAT1 was substantially and significantly
(p< 0.0001) reduced in each of the NAT1 KO cells lines. In
MDA-MB-231 and MCF-7 cells, NAT1 KO was associated
with a significant increase (p< 0.0001) in NAT2 protein.
However, NAT2 enzymatic activity in the parental or NAT1
KO cell lines was below the limit of detection.

Human NAT1 has the capacity to hydrolyze AcCoA [3, 4]
and partial knockdown of NAT1 in MDA-MB-231 cells has
been reported to increase endogenous AcCoA levels [16]. In
the present study, we measured the endogenous level of
AcCoA in MDA-MB-231, MCF-7, and ZR-75-1 parental and
NAT1KO cell lines.+eMDA-MB-231 andMCF-7NAT1KO
with both the gRNA #2 and gRNA #5 showed significant
(p< 0.05) increases in AcCoA levels relative to their respective
parental cell lines. However, the ZR-75-1 NAT1 KO cell line
did not show the same increase in AcCoA compared to the
parental cell line as did the MDA-MB-231 and MCF-7 cell
lines.+e results forMDA-MB-231 andMCF-7 NAT1 KO cell
lines are similar to what was observed when NAT1 was
knocked down by shRNA in MDA-MB-231 cells [16].

AcCoA is considered a central metabolic intermediate
whose level reflects the general energetic state of the cell [23].
In addition, AcCoA concentrations not only influence the
activity or specificity of multiple enzymes but also influence
the acetylation profiles of proteins, including histones. For
instance, it is well known that the Nε amino group of lysine
residues can be posttranslationally modified via acetylation,
the process by which numerous key cellular processes, in-
cluding energy metabolism, mitosis, and autophagy, are
known to be regulated [23, 24]. Notably, many lysine ace-
tyltransferases have a relatively high KD (low affinity) for
AcCoA [25], and thus changes in cellular AcCoA levels likely
affect their enzymatic activity and subsequently the acetylation
profile of their substrate proteins. Interestingly, in two of the
cell lines tested in the current study, NAT1 deficiency led to a
significant increase in the cellular level of AcCoA, which
suggests that cellular level of AcCoA is, at least in part, de-
pendent on NAT1 activity in these cell lines. In support of this,
we also have previously reported that rat embryonic fibroblasts
from rapid acetylator congenic rats (high levels of rat NAT2
which is orthologous to human NAT1) have lower levels of
AcCoA than those derived from slow acetylator congenic rats,
which have low levels of rat Nat2 [12]. NAT1 uses AcCoA
duringN-acetylation of endogenous and exogenous substrates,
but also catalyzes the hydrolysis of AcCoA to CoA in the
presence of folate [3, 4]. It is possible that the cellular levels of
AcCoA are negatively affected by NAT1 activity. Based on this,
we can speculate that depletion of NAT1 could in turn lead to
increased levels of AcCoA, which occurred in two of the three
cancer cell lines investigated in our study. Depletion of NAT1
in ZR-75-1 cells did not result in an increase in the AcCoA
level despite the fact that they exhibit the highest NAT1 activity
among the three breast cancer cell lines tested. Alternatively,
the elevated levels of AcCoA in two KO cell lines (i.e., MDA-
MB-231 and MCF-7) may not be a direct effect of NAT1
depletion but rather reflect changes in their metabolic status.
Whether or not elevated levels of AcCoA in NAT1 KO cell

lines translate into alterations in protein acetylation profile
within these cells remains unknown. Furthermore, the sig-
nificant reductions in cell growth rate as well as anchorage-
dependent and anchorage-independent growth observed in
NAT1 KO ZR-75-1 cells occurred in the absence of con-
comitant changes in AcCoA levels. +us, the relationship of
AcCoA levels to alterations in cancer growth properties ob-
served in NAT1 KO cells requires further investigation.

Anchorage-dependent colony formation in human
MDA-MB-231 and MCF-7 did not show a significant dif-
ference (p> 0.05) between parental and NAT1 KO cell lines.
+ese results agree with previous studies where knockdown
of NAT1 in MDA-MB-231 cells by shRNA did not alter the
ability of the cells to form anchorage-dependent colonies
[16]. Although NAT1 KO in the ZR-75-1 cell line formed
fewer colonies than the parental ZR-75-1, this difference
may be due to the fact that the ZR-75-1 KO cells grew more
slowly than the ZR-75-1 parental cell line.

+e ability of the NAT1 KO cell lines to form anchorage-
independent colonies in soft agar was dramatically and
consistently reduced in each of the MDA-MB-231, MCF-7,
and ZR-75-1 breast cancer cell lines. +is data is consistent
with previous results following knockdown of NAT1 by
shRNA in MDA-MB-231 [16] and HT-29 [14, 15] cells. Al-
though the significant decline in the ability of ZR-75-1 NAT1
KO cells to form anchorage-independent colonies may be
partially attributed to its slower growth rate (i.e., a higher cell
doubling time; Figure 4(a)), the magnitude of the decline
(from 45.6± 13.4 colonies in parental cells to 6.00± 1.84
colonies in NAT1 KO cells; an approximately 7.6-fold de-
crease) was greater than that observed with anchorage-de-
pendent colony formation (from 102± 5 colonies in parental
cells to 39.4± 6.5 colonies in NAT1 KO cells; an approximately
2.6-fold decrease). Based on this, it seems that the ability of
ZR-75-1 cells to form colonies in an anchorage-independent
manner is further compromised in the absence of NAT1.

Anchorage-independent growth is one of the hallmarks
of metastatic tumors. Tumor cells often lose epithelial fea-
tures and acquire mesenchymal properties via a complex and
dynamic EMT.+rough EMT, the tumor cells are believed to
acquire increased motility and resistance to apoptosis, ul-
timately leading to metastasis [26]. Savci-Heijink and col-
leagues analyzed gene expression signatures specifically
associated with the development of bonemetastases of breast
cancer using primary breast tumor samples and reported
NAT1 as one of three genes whose increased expression
levels were highly correlated to EMT-activated breast tumor
[27]. In a follow-up study, they also demonstrated a high
correlation between positive immunostaining for NAT1 and
expression of EMT signature genes in breast cancer [10],
suggesting that increased NAT1 expression may contribute
to the EMT of breast cancers and subsequently their met-
astatic potential. In support of this notion, we found that
NAT1 KO reduced anchorage-independent growth in all
three breast cancer cell lines tested. Similarly, Tiang et al.
have previously reported that RNAi-mediated knockdown
of NAT1 in the colon adenocarcinoma cell line, HT-29, leads
to increased growth inhibition by cell-cell contact and at-
tenuation of anchorage-independent growth in soft agar
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[15]. In a later study, the same group silenced NAT1 in the
triple-negative breast cancer cell lines and tested the in-
vasiveness of the cells in both in vitro and in vivo. Impor-
tantly, NAT1 knockdown inMDA-MB-231 cells resulted in a
significant reduction in their ability to metastasize to and
colonize in the lungs when injected into nude mice [14],
suggesting that increased NAT1 level in breast cancer cells
can contribute to their metastatic properties in vivo.

In conclusion, we knocked out human NAT1 with
CRISPR/Cas9 technology using two different gRNA’s in
three different breast cancer cells lines. We verified com-
plete NAT1 KO by measurement of PABA N-acetylation in
vitro and in situ and measurement of NAT1-specific im-
munoreactive protein. KO of NAT1 caused a significant
decrease in cell growth for MDA-MB-231 and ZR-75-1, but
not for MCF-7 NAT1 KO cells relative to their respective
parental cell lines. NAT1 KO caused a significant increase
in cellular AcCoA levels in MDA-MB-231 and MCF-7 cells
but not for ZR-75-1 cells relative to the parental cell lines.
Each NAT1 KO cell line showed a dramatic decrease in the
number of colonies that formed in an anchorage-in-
dependent manner relative to their respective parental cell
line. Although it appears that NAT1 KO can influence the
cell morphology and cell-cell interactions in cancer cell
lines, further investigation is needed into whether or not
NAT1 depletion ultimately alters metastatic potential in
vivo.
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Breast cancer is the most common cancer and the leading cause of cancer deaths in women worldwide. (e rising incidence rate
and female mortality make it a significant public health concern in recent years. Dovitinib is a novel multitarget receptor tyrosine
kinase inhibitor, which has been enrolled in several clinical trials in different cancers. However, its antitumor efficacy has not been
well determined in breast cancers. Our results demonstrated that dovitinib showed significant antitumor activity in human breast
cancer cell lines with dose- and time-dependent manners. Downregulation of phosphor-(p)-STAT3 and its subsequent effectors
Mcl-1 and cyclin D1 was responsible for this drug effect. Ectopic expression of STAT3 rescued the breast cancer cells from cell
apoptosis induced by dovitinib. Moreover, SHP-1 inhibitor reversed the downregulation of p-STAT3 induced by dovitinib,
indicating that SHP-1 mediated the STAT3 inhibition effect of dovitinib. In addition to apoptosis, we found for the first time that
dovitinib also activated autophagy to promote cell death in breast cancer cells. In conclusion, dovitinib induced both apoptosis
and autophagy to block the growth of breast cancer cells by regulating the SHP-1-dependent STAT3 inhibition.

1. Introduction

Breast cancer is the most common cancer in women, and the
mortality rate is in the rank of top five cancers [1]. In Taiwan,
breast cancer is also the top diagnosed cancer in women.(e
incidence rate of breast cancer keeps climbing high in the
last 30 years. (erefore, breast cancer is the critical public
health issue in recent years. It was found that epidermal
growth factor receptor- (EGFR-) positive breast cancer was
more prevalent in Asian women diagnosed than Western
women [2] and high expression of EGFR oncoprotein was
associated with advanced stages of breast cancer [3]. (e
receptors of EGFR family regulate the transcription of
molecules that control several cellular functions, including
cell proliferation, differentiation, apoptosis, invasion, and

angiogenesis [4]. (us, EGFR is one of the first identified
important targets of these novel anti-breast tumor agents in
Asia. However, treatment of EGFR inhibitors on breast
patients has been found to rapidly advance to resistance and
disease progression [5, 6], implying that more effective
therapeutic receptor tyrosine kinases (RTKs) inhibitors are
required.

Fibroblast growth factors (FGFs) and FGF receptors
(FGFRs) signaling network play essential roles to promote
angiogenesis and tumor growth by binding to tyrosine ki-
nase [7]. FGFR is reported to be overexpressed and po-
tentially promote tumor growth and invasion in patients
with breast cancer [8]. Recent studies reported that FGFR-
dependent signaling contributes to a mechanism for in-
trinsic resistance to EGFR inhibitors in EGFR-dependent
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cell lines [9, 10]. Taken together, FGFR inhibitors are
considered one of the potential RTK inhibitors that can be
used to treat patients with breast cancer.

Dovitinib (TKI258) is a small-molecule tyrosine kinase
inhibitor targeting multiple RTKs, such as FGFRs [11],
vascular endothelial growth factor receptor (VEGFR) [12],
fetal liver tyrosine kinase receptor 3 (FLT-3) [13], and
colony-stimulating factor receptor 1 (c-Fms) [14], which
participates in tumor growth, survival, angiogenesis, and
vascular development and is under clinical investigation in
different malignancies [15]. According to previous studies,
dovitinib exhibits potent tumor growth inhibition in a board
range of preclinical animal models and clinical trials, in-
cluding leukemia, advanced melanoma, endometrial cancer,
brain neoplasm, digestive system neoplasm, breast cancer,
etc. For example, dovitinib has been shown to have the
antitumor effect in endometrial cancer beyond FGFR2-
mutated cases [16]. In addition, a preclinical FGFR1-am-
plified xenograft model demonstrated that dovitinib showed
antitumor activity in FGFR-amplified breast cancer cell lines
[17]. Moreover, a phase I/II dose-escalation study revealed
that dovitinib exhibited an acceptable safety profile at a dose
of 400mg/day and showed clinical benefit by specifically
inhibiting FGFR and VEGFR in patients with advanced
melanoma [18].

Although several studies have focused on the clinical
efficacy of dovitinib in different cancers, comparatively few
reports have looked at molecular mechanisms of dovitinib
action in cancer cells, especially in breast cancer. In some
human tumor models, dovitinib was shown to inhibit the
STAT3/5, MAPK, PI3K/AKT/mTOR, and Wnt signaling
pathways [19–21]. In vivo studies using both Huh-7 and
PLC5 xenograft tumors model showed dovitinib down-
regulated phospho-(p)STAT3 and subsequently reduced the
expressions of its downstream-regulated proteins, Mcl-1,
survivin, and cyclin D1 [22]. STAT3 plays a vital role in
transcriptional regulation of genes involved in cell pro-
liferation and tumor progression triggered by cytokines and
growth factors such as EGFR and FGFR [23]. Many protein
families act as negative regulators of the STAT3 signaling
pathway, such as SH2-domain-containing cytosolic phos-
phatases, SHP-1 and SHP-2 [24]. SHP-1 belongs to a family
of nonreceptor protein tyrosine phosphatases (PTP) and
consists of 2 SH2 domains that bind phosphotyrosine, a
catalytic PTP domain and a C-terminal tail [25]. Recently,
studies identified that dovitinib acts as a SHP-1 agonist or
SHP-1 mediator that enhances activation of protein tyrosine
phosphatase SHP-1 and subsequent dephosphorylation of p-
STAT3TYR705, resulting in the downregulation of anti-
apoptotic STAT3 target genes Mcl-1 and survivin and cyclin
D1. However, dovitinib frequently reduced the activity of
these signaling pathways while tyrosine kinase receptor-
independent mechanisms of dovitinib also occur.

(e mechanism of how breast tumor-suppressive role of
dovitinib works is not fully known. Moreover, it is unclear
whether dovitinib modulation using a pharmacologically
relevant approach would yield similar activation of SHP-1
and subsequent inhibition of p-STAT3Tyr705 in breast cancer
cells. Here, we report that dovitinib-mediated breast cancer

cell death in both autophagic and apoptotic ways. To better
understand the molecular mechanism of dovitinib in breast
cancer therapy, we investigated the molecular events altered
by dovitinib treatment in various breast cancer cells.(e role
of SHP-1 activity-mediated downregulation of p-STAT3 was
also confirmed, thus providing novel mechanistic insight
into this molecular target for breast cancer.

2. Materials and Methods

2.1. Reagents andAntibodies. Dovitinib (TKI258) was kindly
provided by Novartis Pharmaceuticals. Bafilomycin A1 was
purchased from Invivogen (California, USA). (iazolyl blue
tetrazolium bromide (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphe- nyltetrazolium bromide, MTT) and acridine orange
were purchased from Sigma-Aldrich (Missouri, USA). SHP-
1 inhibitor, the STAT3-specific inhibitor, was purchased
from Merck Millipore (Massachusetts, USA). G418, being
used for selecting transformed with STAT3 plasmid cell line,
was purchased from Amresco (Ohio, USA). Antibody for
immunoblotting, such as PARP, was purchased from Santa
Cruz (Dallas, USA). Other antibodies, such as beclin 1,
cyclin D1, Mcl-1, survivin, p-STAT3Tyr705, STAT3,
SQSTM1/p62, and SHP-1, were from Cell Signaling (Mas-
sachusetts, USA).

2.2. Cell Culture. (e MCF-7, HCC1937, MDA-MB-231,
MDA-MB-468, MDA-MB-453, and SK-BR-3 cell lines were
acquired from American Type Culture Collection (Virginia,
USA). (e MDA-MB-468 with STAT3 overexpression cell
line was generously provided by Dr. Liu CY, working in
Division of Hematology and Oncology, Department of
Medicine, Taipei Veterans General Hospital (Taipei, Tai-
wan). All cell lines were immediately expanded and frozen
down immediately after acquiring. All cell lines could be
restarted every 3months from a frozen vial of the same batch
of cells. Cells except for MDA-MB-468 with STAT3 over-
expression were maintained as described culture medium by
ATCC; MDA-MB-468 with STAT3 overexpression cells was
maintained in L-15 medium with G418 700 μg/mL. All
media were supplemented with 10% FBS (Caisson, USA),
100 units/mL penicillin, 100mg/mL streptomycin, and
25mg/mL amphotericin B (Caisson, USA). All human breast
cancer cell lines were incubated in a humidified incubator at
37°C in an atmosphere of 5% CO2 in air.

2.3. Cell Viability Analysis. (e effect of individual test
agents on cell viability was assessed by using the thiazolyl
blue tetrazolium bromide (MTT). Human breast cancer
cells were seeded in the density of 3,000 cells/well with
200 μL FBS-contained cultured medium in 96-well flat-
bottom plate and incubated under 37°C and 5% CO2 for
24 hours. (e very next day, the medium with FBS was
removed and 200 μL serum-free medium with various
concentrations of dovitinib was added and dissolved in
DMSO in serum-free medium, and human breast cancer
cells were cocultured with dovitinib under 37°C and 5%
CO2 for different time intervals. Controls received DMSO
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vehicle at a concentration equal to that in the highest
dosage of drug-treated cells. After coculturing with dovi-
tinib for a period of time, 20 μL of 0.5mg/mL MTT (1/10
volume of the medium) was added and further incubated
under 37°C and 5% CO2 for 3 more hours. At the end of the
incubation period, the medium was removed and 200 μL
DMSO was added and then incubated in no-light condition
at room temperature for 15minutes with a gentle shake.
After the incubation period, the 96-well plate was measured
at a wavelength of 570 nm with background subtraction at
690 nm by using SpectraMax M5 multimode microplate
readers (Molecular Devices, USA).

2.4. Autophagy Analysis. (e following two methods were
used to assess drug-induced autophagy: western blot analysis
of microtubule-associated protein-1 light chain 3 (LC3 II)
and immunofluorescence of acridine orange. Formation of
acidic vesicular organelles (AVOs), a morphological char-
acteristic of autophagy, was detected by acridine orange
staining [26]. Cells were stained with 5mg/mL acridine
orange for 10min at room temperature, and samples were
observed under a Nikon Eclipse TS100-F fluorescence mi-
croscope (Nikon, Japan).

To quantify the percentage of cells with acidic vacuolar
organelles (red-marked cells), human breast cancer cells
treated with the indicated concentration of dovitinib were
stained with acridine orange and incubated for 10min in the
dark at room temperature. (e percentage of autophagic
cells (containing the red-marked organelle in the cytoplasm)
was analyzed with a FASCaliber flow cytometer.

2.5. Apoptosis Analysis. (e following two methods were
used to assess dovitinib-induced apoptotic cell death:
measurement of apoptotic cells by flow cytometry (sub-G1)
and western blot analysis for PARP caspases cleavage. For
measurement of sub-G1 percentage, human breast cancer
cells were treated with DMSO or dovitinib at the indicated
dose for 24 hours. (e human breast cancer cells were
harvested and washed with ice-cold phosphate-buffered
saline (PBS) solution twice. (ey were vortexed gently, and
the ice-cold 70% EtOH was added for fixation of the sample
lysate at the same time. (ey were stored at − 20°C in a
refrigerator for at least 1 day.(e pellets were resuspended in
PBS and then washed with PBS twice. Samples were in-
cubated with 10 μg/mL DNase-free RNase A (Sigma-
Aldrich, USA) and 83 μg/mL propidium iodide (Sigma-
Aldrich, USA) at 37°C for 30minutes. (e percentage of
apoptotic cells was shown by cell-cycle distribution using
flow cytometry. (e DNA content of individual cells was
analyzed with the fluorescence-activated sorter. Cells with
less DNA than that of G1/G0 cells were considered to be
apoptotic cells.

2.6. Western Blot Analysis. Cell lysates of human breast
cancer cells treated with drugs at the indicated concentration
for certain periods of time were prepared for immuno-
blotting of p-STAT3, STAT3, cyclinD1, PARP, Mcl-1,

survivin, LC3, p62, beclin 1, and α-actin. Human breast
cancer cells treated with DMSO and other various con-
centrations of drugs were collected by trypsinization with
Trypsin-EDTA solution and washed with ice-cold PBS.
(en, the human breast cancer cell pellets were resuspended
in 50–60 μL of RIPA lysis buffer (50mM Tris-HCl (pH 7.4),
0.25% sodium deoxycholate, 1% Nonidet P-40, 150mM
sodium chloride (NaCl), 1mM EDTA, 1mM PMSF, 1mM
sodium orthovanadate (Na3VO4), 1mM sodium fluoride
(NaF), 1.5 μg/ml aprotinin, 1 μg/ml leupeptin and 1 μg/ml
pepstatin) for 30minutes and vortexed gently every
10minutes. After incubation with RIPA lysis buffer, the
physical disruption method was applied for lysis of the
remaining pellets. (e sonication was proceeded with a
Misonix Sonicator S-4000 (New York, USA) as follows:
Probe sonication performed to the lysates on ice with 6
cycles of 2-second bursts and 10-second rest at burst am-
plitude setting of 10. Soluble cell lysates were collected after
centrifugation at 200g for 20minutes. (e supernatant was
collected, and the protein concentrations of the lysates were
determined by using a BCA Protein Assay Reagent ((ermo,
USA), and the absorbance was measured at 595 nm by using
SpectraMax M5 multi-mode microplate readers (Molecular
Devices, USA). (e lysates were aliquoted with 50 μg/mL in
each eppendorf with the sample buffer (0.3M Tris-HCl, 5%
SDS, 50% glycerol, 100mMdithiothreitol (DTT)) and stored
in − 80°C refrigerator. Each sample lysate was defrosted and
boiled in sample buffer at 100°C for 5–10minutes before
running the gel. (e stacking gel (DDW, 30% acrylamide,
1.0M Tris (pH 6.8), 10% SDS, 10% ammonium persulfate,
and TEMED) and 8%/12% resolving gel with DDW, 30%
acrylamide, 1.5M Tris (pH8.8), 10% SDS, 10% ammonium
persulfate, and TEMED were prepared. (e SDS-PAGE gel
was prerun at 80V for 10minutes before loading the sample
lysates. Equal amounts of protein were loaded into the wells
along with molecular weight markers, and the stacking gel
and resolving gel were run at 80V and at 140V, respectively.
(en, the protein from the gel is transferred to the PVDF
membrane (Millipore, USA) with the use of wet transfer cell
(Bio-rad, USA). (e membranes were washed twice with
TBS (0.3% (wt/vol) Tris, 0.8% (wt/vol) NaCl, and 0.02% (wt/
vol) KCl) containing 0.1% Tween 20 (TBST) and then in-
cubated with TBST containing 5% bovine serum albumin
(Sigma, USA) for 1 hour to block nonspecific antibody
binding. (en, every PVDF membrane was incubated at 4°C
overnight with a primary antibody in TBS containing 5%
bovine serum albumin. (e membranes were washed twice
with TBST and then incubated at room temperature for one
hour with horseradish peroxidase- (HRP-) conjugated goat
anti-rabbit or anti-mouse immunoglobulin G (IgG) diluted
1 :10,000 in TBS containing 5% bovine serum albumin at
room temperature. (e membranes were washed for three
times with TBST, and bound antibody was visualized by
chemiluminescent HRP substrate (Millipore, USA).

2.7. MDA-MB-468 Cells with Ectopic Expression of STAT3.
(e stable clone cells, MDA-MB-468 with STAT3 over-
expression, were prepared for evaluating the major target of
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dovitinib. MDA-MB-468 with STAT3 overexpression cells
were cultured in the presence of G418 (0.7mg/mL). MDA-
MB-468 with STAT3 overexpression cells were treated with
the indicated concentration of dovitinib for 24 hours. At the
endpoint of treatment, the cell pellets were collected and
aliquoted into two parts: one for sub-G1 population analysis
and the other for protein immunoblotting analysis.

2.8. Statistical Analysis. Data are expressed as individual
data or mean± SD. Experiments were repeated at least three
times with similar result. Analysis significance was per-
formed using the Student’s t-test (Microsoft Excel), and P-
value< 0.05 was considered significant.

3. Results

3.1. Inhibition of Human Breast Cancer Cell Viability by
Dovitinib in aDose- andTime-DependentManner. (e effect
of dovitinib on cell viability in six human breast cancer cell
lines (HCC1937, MCF-7, MDA-MB-231, MDA-MB-453,
MDA-MB-468, and SK-BR-3) was evaluated for 24 h and
48 h by MTT assays. All the optical density (OD) values of
dovitinib-treating groups were compared to the OD values
of the control group, in which there was no dovitinib added.
Dovitinib decreased the cell numbers in a dose-dependent
manner in all tested cell lines (Figure 1), displaying a minor
difference of IC50. (e inhibitory effects were similar in
HCC1937 cells (estimated IC50, 13.8± 2.1 μmole/L), MCF-
7 cells (estimated IC50, 12.7± 3.4 μmole/L), MDA-MB-
231 cells (estimated IC50, 11.9± 3.8 μmole/L), MDA-MB-
453 cells (estimated IC50, 9.7± 1.9 μmole/L), MDA-MB-
468 cells (estimated IC50, 10.1± 2.4 μmole/L), and SK-BR-
3 cells (estimated IC50, 11.7± 2.8 μmole/L). (erefore, the
susceptibility of these cancer cells to dovitinib was con-
sidered to be similar. In addition, the drug effect was per-
sistent even at 48 hours and the cell numbers reduced much
lower than that at 24 hours to reveal that dovitinib inhibited
cell growth in a time-dependent manner (Figure 1).

3.2. Dovitinib-Mediated Autophagic Cell Death and Induced
Accumulation of Autophagic Markers. Recent studies in-
dicate that chemotherapeutic drugs trigger autophagic but
not apoptotic cell death in various cancer cells [27]. (e
process of autophagy starts with the autophagosome for-
mation and subsequently fuses with an acidic lysosome to
form an autolysosome [28]. In order to verify whether
dovitinib induced the autophagic pathway, acridine orange
staining was employed to visualize acidic vesicular organ-
elles (AO-R positive cells) in control and dovitinib-treated
MCF-7 cells. As shown in Figure 2(a), dovitinib treatment
markedly elevated the amount of AO-R positive cells, in-
dicating that dovitinib induced a high basal level of auto-
phagic activities. We also evaluated the autophagic cell death
by acridine orange staining with flow cytometry in three
breast cancer cells treated with 0, 10, and 15 μmole/L
dovitinib for 24 h. As shown in Figure 2(b), the percentage of
the autophagic cell was 52.1± 2.5 and 63.9± 1.4% when
exposed to 10 and 15 μmole/L dovitinib for 24 h in MCF-

7 cells, 49.13± 2.6 and 67.2± 6.1% in MDA-MB-231 cells,
and 47.2± 1.6 and 55.4± 4.7% in MDA-MB-468 cells. (ese
results indicated that dovitinib induced the autophagy of
various breast cancer cells in a dose-dependent manner.

To obtain better insight into the mechanism of dovi-
tinib-induced autophagy, we next analyzed the effects of
dovitinib on autophagy-related proteins by western blot
analysis. As shown in Figure 2(c), the expression levels of p-
STAT3, Mcl-1, and beclin 1 was decreased significantly in
response to 5, 10, and 15 μmole/L dovitinib in both MDA-
MB-468 and MCF-7 breast cell lines. It was reported Mcl-1
could inhibit autophagy by overexpression of beclin 1 [29].
(e decreases in the expression levels of Mcl-1 and beclin 1
suggest that Mcl-1 regulates autophagy at least in part by
downregulating the activity of beclin-1. We also observed
the expression levels of the protein LC3B-I (an unprocessed
form of LC3) and the cleaved protein LC3B-II (lipidated
and autophagosome-associated form of LC3) were mark-
edly increased in both MDA-MB-468 and MCF-7 breast
cell lines following dovitinib treatment at various con-
centrations compared with the nontreated cells
(Figure 2(c)). It was noted that when the expression of Mcl-
1 was suppressed, the autophagy markers, LC3-II and p62,
also responded to the changing of Mcl-1: LC3-II expression
increased and p62 expression decreased (Figure 2(c)). In
brief, dovitinib had induced autophagy in breast cancer
cells through inhibiting STAT3/Mcl-1 axis and resulted in
the formation of autophagy.

3.3. Blocking Autophagy Reduced the Antitumor Effects of
Dovitinib. To determine the role of autophagy in dovitinib-
treated breast cells, the present study cotreated with various
concentrations of dovitinib and 20 μmole/L autophagy in-
hibitor, bafilomycin A1, in three breast cancer cells: MCF-7,
MDA-MB-231, and MDA-MB-468 cells. (e percentage of
viable cells increased in the presence of bafilomycin A1
compared to that in the absence of bafilomycin A1. How-
ever, bafilomycin A1 exhibited the maximal autophagy
inhibiting efficacy on MCF-7 cell line when compared to
those in the MDA-MB-231 and MDA-MB-468 cell lines
(Figure 3(a)). We further validated the inhibitory effects of
bafilomycin A1 on dovitinib-induced activation of LC3B by
western blotting. Bafilomycin A1 treatment reduced the
accumulation of LC3B by 15 μmol/L dovitinib in MCF-7
breast cancer cells, whereas it caused the increased accu-
mulation of LC3B inMDA-MB-468 cells (Figure 3(b)). Since
bafilomycin A1 has been reported to block the fusion of
autophagosomes with lysosomes [30], our results in-
terestingly suggest that MCF-7 cells were relatively less ac-
tivated to autophagosome marker LC3-II compared to
MDA-MB-468 cells. As a result, an autophagy inhibitor,
bafilomycin A1, blocked dovitinib-induced autophagy in
various breast cancer cells, especially MCF-7, and reduced
the anti-tumor effects of dovitinib.

3.4.DovitinibTriggeredApoptoticCellDeath inHumanBreast
Cancer Cells. Recent studies reported that dovitinib
showed antitumor activity by inhibiting cell proliferation
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and inducing apoptosis in breast and colorectal cancer cells
[31, 32]. However, accumulated studies suggest that auto-
phagy induces chemoresistance against chemotherapeutic

agents by inhibiting apoptosis of cancer cells [33]. Our prior
finding showed that dovitinib increased autophagy in various
breast cancer cells, and the antitumor effect of dovitinib could
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Figure 1: Dovitinib inhibited cell proliferation in a dose- and time-dependent manner. (e breast cancer cell lines were treated with
dovitinib at the indicated doses for 24 and 48 h, and cell viability was assessed by MTT assay. Points, mean; bars, SD (N� 3). ∗p< 0.05;
∗∗p< 0.01. (a) HCC1937. (b) MCF-7. (c) MDA-MB-231. (d) MDA-MB-453. (e) MDA-MB-468. (f ) SK-BR-3.
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be restricted by autophagic cell death. To determine whether
autophagy is associated with the suppression of dovitinib-
induced apoptotic cell death, the nucleic acid stain propidium
iodide (PI) flow cytometric assay was used for the evaluation
of the number of hypodiploid cells undergoing a late stage of
apoptosis process (sub-G1) in the present study. MCF-7,
MDA-MB-231, MDA-MB-468, and SK-BR-3 were exposed to
dovitinib at the indicated concentration for 24 hours. Dovi-
tinib increased apoptotic cell death in a dose-dependent
manner on all tested cell lines. However, the percentages of
dovitinib-induced apoptotic cells in 4 human breast cancer
cells represented a significant difference. Treating 15 μmole/L
dovitinib induced about 15%, 40%, 25%, and 17% cell apo-
ptosis at 24 h for MCF-7, MDA-MB-231, MDA-MB-468, and
SK-BR-3 cells, respectively (Figure 4). (e data clearly show
that increased dovitinib-induced autophagy led to decreased
percentages of apoptotic cells on MCF-7 cells, whereas de-
creased dovitinib-induced autophagy led to increased per-
centages of apoptotic cells on MDA-MB-468 cells. (us, we
considered that the MCF-7 and MDA-MB-468 cell lines are
better comparing the cell model in this experiment to reflect
the true dovitinib-mediated apoptotic and autophagic cell
death.

In order to provide a better understanding of the mo-
lecular mechanisms underlying dovitinib-induced apopto-
sis, the detection of apoptotic-related protein expression is
required. Incubation with dovitinib using a range of con-
centrations (5–15 μmole/L) for 24 h resulted in a gradual and
dose-dependent decrease in the level of p-STAT3Tyr705 and
the downstream targets activated by STAT3, such as cyclin
D1, and survivin in both MCF-7 and MDA-MB- 468 cells,
whereas the total STAT3 protein was not influenced (Fig-
ure 5). Meanwhile, the protein expression levels of cleaved
caspase-9 and cleaved poly (ADP-ribose) polymerase
(PARP) were markedly increased by dovitinib in a dose-

dependent manner. (ese observations suggested that
dovitinib interferes with STAT3 signaling and downstream
targets resulting in apoptosis in both MCF-7 andMDA-MB-
468 cell lines.

3.5. Overexpression of STAT3 Rescued Dovitinib-Induced
Apoptosis in Human Breast Cancer Cells. (e previous re-
search pointed out that dovitinib downregulates the p-
STAT3 and subsequently reduced the levels of expression
of STAT3-related proteins Mcl-1, survivin, and cyclin D1
in a time-dependent manner in human hepatocellular
carcinoma (HCC) [22]. In our present study, the wild and
overexpression of STAT3 MDA-MB-468 breast cancer
cells were treated with dovitinib for 24 h and cell apo-
ptosis and expression of STAT3/cyclin D1 axis were
analyzed subsequently. (e results indicated that 10 and
15 μmole/L dovitinib treatments in wild-type MDA-MB-
468 cells cause 7.8 ± 1.1% and 20.7 ± 2.8% cell apoptosis,
respectively. However, 10 and 15 μmole/L dovitinib in-
duced 8.1 ± 2.6% and 8.9 ± 2.7% apoptotic cells, re-
spectively, in overexpression of STAT3 MDA-MB-
468 cells (Figure 6). (e ratio of apoptotic cells in over-
expression of STAT3 MDA-MB-468 cells significantly
reduced after dovitinib treatment compared to that in the
wild-type MDA-MB-468 cells. Furthermore, the expres-
sion levels of the protein p-STAT3, STAT3, and cyclin D1
were markedly increased in overexpression of STAT3
MDA-MB-468 cells following dovitinib treatment at
various concentrations compared with the wild-type
MDA-MB-468 cells.

Otherwise, since STAT3 has been demonstrated to be a
target underlying dovitinib-induced cellular cytotoxicity
and apoptosis, we are also interested in that if the other
STAT3 negative regulator, SH2-domain-containing
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Figure 2: Dovitinib increased the autophagy-mediated cell death in the breast cancer cell. (a) MCF-7 cells were exposed to dovitinib
(15 μmole/L) for 24 h. Detection of autophagy was performed by staining the cells with acridine orange for 15minutes and examined by
fluorescence microscopy. AO-R indicated the formation of acidic vesicular organelles. (b) Cells were treated with dovitinib (10 and
15 μmole/L) for 24 h, and the autophagic vacuoles were analyzed by staining of acridine orange. Columns, mean; bars, SD (N� 3). ∗p< 0.05;
∗∗p< 0.01. (c) (e protein extracts from dovitinib-treated were subjected to immunoblot analysis for p-STAT3, STAT3, Mcl-1, beclin1,
LC3B, p62, and actin.
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phosphatase 1 (SHP-1), is involved in dovitinib-mediated
downregulation of STAT3/cyclin D1 axis. SHP-1 is a
nonreceptor protein tyrosine phosphatase (PTP) that no-
tably has tumor-suppressive potential due to its negative
regulation of STAT3 oncogenic signaling during tumor
progression [34, 35]. (e present study examined whether
blocking SHP-1 affected the downregulation effect of
dovitinib in the STAT3/cyclin D1 axis. As shown in Fig-
ure 7, the expression levels of p-STAT3 and cyclin D1 were
decreased in response to dovitinib. However, the expres-
sion levels of p-STAT3 and cyclin D1 were markedly in-
creased in response to dovitinib and SHP-1 inhibitor
cotreatment compared with cells treated with dovitinib
alone. Taken together, the SHP-1 inhibitor reversed the
dovitinib-induced downregulation of p-STAT3, indicating
that SHP-1 mediated the STAT3 inhibition effect of
dovitinib.

4. Discussion

In this study, we showed that dovitinib inactivates STAT3
through SHP-1 to suppress the growth of human breast
cancer via induction of both apoptosis and autophagy.
Further analysis of the mechanisms discovered that
downregulation of STAT3 and cell apoptotic status induced
by dovitinib could be reversed by inhibiting the activity of
SHP-1, the p-STAT3 phosphatase. Moreover, we also dis-
closed an interesting finding that autophagy was also in-
volved in dovitinib-mediated cell death in human breast
cancers. Decreased expression of Mcl-1, the downstream
molecule of p-STAT3, was responsible for the dovitinib-
induced autophagy since its low expression should free
beclin-1 and result in the formation of autophagosome [36].
Autophagy induced by dovitinib was confirmed to play as an
assassin to attack tumor cells when dovitinib triggered it.
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Figure 3: Blocking autophagy reduced the antitumor effects of dovitinib. (a) Cotreatment with the autophagy inhibitor, bafilomycin A1
(20 μmole/L), reduced the effect of dovitinib on cell death. Cells were treated with dovitinib at the indicated doses and/or bafilomycin A1 for
24 h. Cell viability was analyzed by MTT assay. Points, mean; bars, SD (N� 3). ∗p< 0.05; ∗∗p< 0.01. (b) MCF-7 cells were treated with
dovitinib at 15 μmol/L and/or bafilomycin A1 for 24 h. Cell viability was analyzed byMTTassay. Cell extracts were subjected to immunoblot
analysis for LC3B and actin. Columns, mean; bars, SD (N� 3). ∗p< 0.05; ∗∗p< 0.01.
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(ese findings suggested that dovitinib could be a potential
target therapy reagent for use in treating human breast
cancer. In addition, the STAT3-associated molecular events
pointed out a more specific application of dovitinib.

Dovitinib has shown a significant antitumor effect on
human breast cancer cells. Dovitinib could downregulate p-
STAT3 and subsequently influence the downstream STAT3-
related proteins, such as Mcl-1 [37], PARP [38], cyclin D1 [39],
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Figure 4: Dovitinib induced apoptosis in breast cancer cells. Human breast cancer cells were exposed to dovitinib at the indicated doses for
24 h. (e cells were fixed by EtOH and stained with propidium iodide. Apoptotic cells were measured and determined by flow cytometry.
Columns, mean; bars, SD (N� 3). ∗p< 0.05; ∗∗p< 0.01. (a) MCF-7. (b) MDA-MB-231. (c) MDA-MB-468. (d) SK-BR-3.

Dovitinib (µmol/L) 0 5 10 15 0 5 10 15

(Y705)
STAT3

Cyclin D1

Survivin

Caspase-9

PARP

Actin

MDA-MB-468 MCF-7

p-STAT3

-CF

-CF

-CF

-CF
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and survivin [40]. (ese proteins are in charge of several major
cellular events, including enhancing cell survival by apoptosis
inhibition, DNA repairing, cell cycle progression, and regulating
apoptosis [41].(ere aremany findings to prove the importance
of STAT3 signaling in carcinogenesis and have contributed to
the designs of new therapeutic targets [42, 43]. It has the ability
to control the expression of the antiapoptotic and proliferative
gene and also plays a part in creating the tumorigenic mi-
croenvironment, which is crucial for tumor progression in
several human cancers [44–46]. In human breast cancer, STAT3
is critical in survival and proliferation of tumor-correlated cells,
which are tumor-supporting cells [47] and, also, is a promoter
in the human breast progression [44] and breast tumor pro-
gression [48].Moreover, STAT3 has been proven tomediate the
EGF-stimulating growth and survival effects of human breast

cancer cells in vitro and, possibly, in vivo [49]. Clearly, this
evidence indicates STAT3 is constitutively activated in the
mammary tumors and contributes to cell transformation,
progression, and survival in human breast cancer [50, 51]. Also,
several STAT3-related proteins, such as survivin and cyclin D1,
are found overexpressed in human breast cancer tissues [52–
55]. (e complicated involvement of STAT3 and its down-
stream molecules in cell fate determination has made STAT3 a
convincible target in cancer therapy [22, 41, 56].

Dovitinib is a multitarget receptor tyrosine kinase inhibitor
and has been reported with inhibition of fibroblast growth
factor receptor (FGFR) on metastatic breast cancer patients
[17]. Most of the reports about dovitinib are focused on ex-
ploring the clinical efficacy in different cancers [57]. (ere is
little research discussing the detailedmechanism of dovitinib in
cancer cells. We have shown dovitinib had significant anti-
tumor effects in breast cancer cells with downregulation of p-
STAT3 and its related molecules to result in cell apoptosis.
Being consistent with the previous finding in hepatocellular
carcinoma [22], the intrinsic apoptotic pathway (caspase 9) was
involved in this dovitinib-mediated tumor cell death.

In addition, we firstly revealed it also caused autophagic cell
death in human breast cancer. Autophagy is a vitally catabolic
process which involves cell degradation of unneeded or dys-
functional cytosolic components with cooperation to lysosome
digestion while cells are under survival stress or starvation [58].
(e digested cellular materials will be recycled to maintain cell
survival. However, once the cells experienced over or consti-
tutively activated autophagy, the cells would be killed even-
tually, and this is the so-called autophagic programmed cell
death or autophagic death [59]. Because of the dual role of
autophagy, it becomes important in the cancer treatments
[60–62]. Our data revealed dovitinib not only triggers apoptosis
(Figure 4) but also conducts the autophagic death of human
breast cancer cells (Figure 3). By simultaneously activating two
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of dovitinib. MCF-7 cells were treated with dovitinib (10 and
15 μmole/L) for 24 h. Cell extracts were subjected to immunoblot
analysis for STAT3, pSTAT3, cyclin D1, and actin.
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of these significant cell death machinery, dovitinib could ef-
fectively decrease the proliferation of cancer cells.

(ere were several researches reporting that certain
chemotherapy agents would induce autophagy, with pro-
survival or pro-death effect [63–66]. One study also de-
clared that autophagy facilitates the resistance to the breast
cancer therapeutic agent, trastuzumab [67]. Our results
showed dovitinib-induced autophagy to synergize with
apoptosis and promote cell death in human breast cancer
cells.

Shao et al. [68] also noticed that histone deacetylase
(HDAC) inhibitors, both butyrate and suberoylanilide
hydroxamic acid (SAHA), can induce apoptosis and cas-
pase-independent autophagic cell death in several human
cancer cells. HDAC is overexpressed in many cancers
[69–71] and plays a role in transcriptional regulation,
protein-DNA interaction, protein-protein interaction, and
protein stability [72]. Butyrate and SAHA were designed to
target HDAC in Shao’s study to find the induction of both
apoptosis and autophagy might serve as an efficient anti-
cancer strategy. Dovitinib could induce apoptosis in hu-
man breast cancer via regulating survivin. As for the onset
of autophagic cell death, Tai et al. noted that antitumor
agents could induce the release of beclin-1 from Mcl-1 to
induce autophagy [36]. Other reports also demonstrated
that the decreased expression of cyclin D1 triggered the
start of autophagy [73]. (erefore, it could be inferred that
the downexpression of Mcl-1 and cyclin D1 was also in-
volved in autophagic cell death in dovitinib-treated breast
cancer cells.

5. Conclusions

(e present study has proved that dovitinib induced a
significant tumor-inhibitory effect through blockade of p-
STAT3 via SHP-1 activation. Furthermore, the antitumor
effects caused by dovitinib were mainly contributed by the
activation of programmed cell death that includes both
apoptosis and autophagy. (e data represented here have
provided the evidence for tumor cytotoxic effect of dovitinib
to suggest it as a potential target for breast cancer therapy
(Figure 8).
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Background. Terminal duct lobular units (TDLUs) are the anatomic sites of breast cancer initiation, and breast tissue involution
resulting in lower TDLU counts has been associated with decreased breast cancer risk. ,e insulin-like growth factor (IGF)
pathway plays a role in breast involution, and systemic changes in this developmental pathway occur with hypertensive disorders
of pregnancy (HDP), which have also been associated with lower breast cancer risk, especially in women carrying a functional
variant of IGF1R SNP rs2016347. We proposed that this breast cancer protective effect might be explained by increased breast
tissue involution. Materials and Methods. We conducted a retrospective cohort study utilizing the Komen Tissue Bank, which
collects breast tissue core biopsies from women without a history of breast cancer. Eighty white non-Hispanic women with a
history of HDPwere selected along with 120 nonexposed participants, and after genotyping for rs2016347, TDLU parameters were
histologically measured blinded to participant characteristics from fixed biopsy sections. Results. Stratified models by HDP status
demonstrated that among HDP+ participants, those carrying two Talleles of rs2016347 had a decrease in TDLU counts of 53.2%
when compared to those with no T alleles (p � 0.049). Trend analysis demonstrated a multiplicative decrease in counts of 31.6%
per T allele (p � 0.050). Although no statistically significant interaction was seen between HDP status and T alleles, interaction
terms showed increasingly negative values reaching a p value of 0.124 for HDP× 2Talleles. Conclusions. ,e observed statistically
significant decrease in TDLU counts signifies increased breast epithelial involution in women with prior HDP who inherited the
TTgenotype of IGF1R SNP rs2016347. ,e increasing degree of breast involution with greater rs2016347 T allele copy number is
consistent with the known progressive reduction in IGF1R expression in breast and other normal tissues.

1. Introduction

Terminal duct lobular units (TDLUs) are the main structures
within the breast that producemilk and are recognized as the
anatomic site of development of most breast cancers [1].
Aging and the completion of childbearing are accompanied
by mammary gland involution, and lower TDLU counts at a
single point in time have been independently associated with

lower breast cancer risk in many studies [2–4]. In addition,
longitudinal data have shown that women whose breast
tissue demonstrates slower involution over time also have
increased breast cancer risk [5]. ,e insulin-like growth
factor (IGF) pathway has been implicated in playing a role in
the involution process, and decreased levels of IGF-1 and
increased levels of one of its binding proteins, IGFBP3, have
been associated with lower TDLU counts [6–8].
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Hypertensive disorders of pregnancy (HDP) are also
associated with systemic changes in the IGF pathway and
affect later-life breast cancer risk. HDP impact 5–8% of
pregnancies and are characterized by the development of
high blood pressure usually after the 20th week of pregnancy.
HDP include gestational hypertension (hypertension alone)
and preeclampsia (hypertension accompanied by pro-
teinuria). ,ese pregnancies are characterized by inadequate
cytotrophoblastic invasion of themyometrium and impaired
transformation of the spiral arteries resulting in placental
ischemia [9, 10] and alterations in many hormones and
growth factors including lower levels of IGF-1 and increased
levels of IGFBP3 [11–15]. Many studies have reported lower
breast cancer rates in women who experience HDP, and
although these findings have not been uniform, most larger
cohort studies have reported a decrease in later-life breast
cancer rates ranging from 15–20% for both gestational
hypertension and preeclampsia [16–18].

,e breast cancer protective effect of HDP may have
been underestimated in subgroups of women in prior studies
that did not study inherited gene variants potentially af-
fecting the IGF axis. Recent findings from the California
Teachers Study demonstrated that among women with a
history of preeclampsia, those carrying the TTgenotype of a
specific functional IGF1R SNP (rs2016347) had a decrease in
risk for estrogen receptor-positive breast cancer of 74%
when compared to the GG genotype [19]. Similarly, earlier
work in theMarinWomen’s Study had found that in women
with a history of HDP, carrying the T allele (allele frequency
0.52) was associated with lower later-life breast density as
well as decreased breast cancer risk [20, 21]. ,is SNP is
located in the 3’ UTR of the IGF1R gene, and T alleles have
been shown to result in a progressive decrease in IGF1R
mRNA expression levels in breast and other normal human
tissues [22].

Since the IGF pathway plays an essential role in early
mammary gland growth and development as well as later-life
breast tissue involution [23] and overstimulation of the IGF
axis plays a promoting role in breast cancer development
[24], we proposed that the profound breast cancer protective
effect of HDP associated with inheritance of the IGF1R SNP
rs2016347 TTgenotypemight be explained by and associated
with increased breast tissue involution, manifested as lower
TDLU counts. To test this hypothesis, we performed a
retrospective cohort study evaluating TDLU counts from
normal breast core biopsy samples from a cohort of gen-
otyped parous women with no history of breast cancer.

2. Materials and Methods

2.1. Study Population. ,is retrospective cohort study uti-
lized participants from the Komen Tissue Bank (KTB) at the
Indiana University Simon Cancer Center. ,e KTB is an
annotated biobank that collects breast tissue core biopsies,
questionnaire data, and blood from women with no prior
history of breast cancer and to date has received tissue
donations from over 5,000 women. Donors provide written
informed consent and are recruited under a protocol ap-
proved by the Indiana University Institutional Review

Board. KTB participants were asked if they developed hy-
pertension, gestational hypertension, or preeclampsia dur-
ing a pregnancy and also if they had hypertension prior to
pregnancy.

Eighty white non-Hispanic women were selected with a
history of HDP if they answered yes to any of the questions
about pregnancy hypertension and no to having had hy-
pertension prior to pregnancy. One-hundred and twenty
nonexposed participants were then selected from white non-
Hispanic parous women who answered no to all questions,
and these participants were frequency matched for age. ,e
KTB provided digitized slides of the formalin-fixed and
hematoxylin and eosin- (H&E-) stained biopsy sections on
all participants along with reproductive history details and
relevant covariates. Core biopsy tissue acquisition from an
upper outer breast quadrant was standardized, and pro-
cessing details are well described in the KTB standard op-
erating procedures [25].

2.2. Genotyping. Upon entry into the study, blood was
drawn from participants into an EDTA tube and after
plasma separation and removal was stored at − 80°C. Buffy
coat DNA extraction occurred at the Indiana CTSI Specimen
Storage Facility using an AutogenFlex Star instrument and
Flexigene AGF3000 kit for DNA extraction. Genotyping for
rs2016347 was performed at the Beckman Research Institute
of City of Hope using MGB TaqMan Probe Assays from Life
Technologies.,e overall call rate was 97.0%, and the Tallele
frequency was 0.53 across the entire cohort.

2.3. Histologic Assessment. Histologic evaluation was per-
formed by an experienced cytotechnologist (R. Cora) with
specific training and expertise in assessing TDLU parameters
and who was blinded to all participant characteristics and
genotyping. H&E-stained digital images were reviewed us-
ing the Aperio ImageScope software from Leica (version
12.3.3); no samples contained either preneoplastic or ma-
lignant cells, and samples without any obvious epithelial
component were considered ineligible for review. ,e mean
tissue area scored was 35.26mm2, and total counts of normal
TDLUs were calculated per 100mm2 and included any
TDLU with at least 2 acini associated with a discernable
lumen. Ninety-one of our participants had TDLU counts
independently determined for another KTB study by Mayo
Clinic pathologist M. Sherman, MD; these results were made
available to us after our counts were completed and the
paired readings showed high correlation, r� 0.89.

Nine of the 200 participants were not included in the
final analysis due to lack of detectable epithelium on their
biopsy slide (3) or inconclusive rs2016347 genotyping (6),
resulting in an analytical dataset of 191.

2.4. Statistical Analysis. We ran negative binomial general-
ized linear models (GLM-NB) with a log-link to estimate
adjusted count ratios (CRs) per unit of tissue area to assess
whether TDLU counts varied with HDP status and whether
this association was modified by IGF1R SNP rs2016347 T
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allele number. Models were adjusted for known confounders
including age at first birth, age at time of biopsy, age at
menarche, family history of a first-degree relative with breast
cancer, body mass index (BMI), and parity. Different geno-
type parameterizations were used to test for trend and/or
threshold effect on the TDLU counts. Multiplicative in-
teraction was assessed via an interaction term in the GLM-NB
between genotype andHDP at a significance threshold of 0.10.

Although there was a high percentage of zero TDLU
counts (10%) despite presence of some epithelium, good-
ness-of-fit tests did not demonstrate improved fit for a zero-
inflated or hurdle model when compared to the GLM-NB via
the nested likelihood ratio test and the Vuong test for non-
nested models, respectively. Additional nested goodness-of-
fit testing compared the GLM-NB to the Poisson-GLM.,is
test returned evidence of improved model fit in the NB
setting, suggesting overdispersion of TDLU counts. ,e
model comparisons are summarized in supplementary
Table S1.

All analyses were run using R version 3.5.0 “Joy in
Playing” [26]. Estimation of the GLM-NB models was
performed with the “glm.nb” function from the “MASS”
package [27]. Zero-inflated models, hurdle models, and the
Vuong goodness-of-fit test were estimated using “zeroinf,”
“hurdle,” and “vuong” from the “pscl” package [28, 29]. All
plots were made using the “ggplot2” package [30]. All code
needed to recreate this analysis is available at https://github.
com/sdufault15/tdlu-analysis.

Gail 5-year risk scores were calculated using the Breast
Cancer Risk Assessment Tool located on the NIH website:
https://bcrisktool.cancer.gov.

3. Results

3.1. Participant Characteristics. All participants were parous
white non-Hispanic women by study design, and mean age
at biopsy was 45.9 years. Characteristics of the major
covariates are presented in Table 1.

HDP+ participants differed from HDP− participants only
in having higher BMI (p< 0.001), with a mean BMI of 32.4
compared to 28.4 for HDP− participants. Obesity has been a
frequently reported risk factor for HDP, and 55.2% of HDP+
participants in this study were obese (as defined by BMI >30)
compared to 33.1% in the HDP− group [31, 32]. Mean values
of all participants for parity, age at first birth, and age at
menarche were 2.05, 27.0, and 12.5, respectively, and 26.7%
reported a history of breast cancer in a first-degree relative.

3.2. Association of Breast Cancer Risk Characteristics and
TDLU Counts. Relationships of major breast cancer risk
factors with TDLU counts (adjusted for other covariates) are
presented in Figure 1. Age at biopsy was inversely and
significantly associated with TDLU counts, as would be
expected. BMI was associated with lower TDLU counts, but
this did not quite reach statistical significance (p � 0.055).
Both parity and family history of breast cancer were asso-
ciated with increased TDLU counts, while there was little
evidence of an association for age at menarche or age at first

birth. In addition, Gail 5-year risk scores demonstrated no
significant correlation with TDLU counts, r� − 0.144.

3.3. Adjusted Negative Binomial Model for HDP and
rs2016347 Genotype Interactions. When adjusted for mul-
tiple covariates associated with breast cancer risk, there were
no statistically significant interactions between the effects of
HDP status and the number of rs2016347 Talleles on TDLU
count (Table 2), although Count Ratios (CRs) comparing the
effects of 1 or 2 Talleles to 0 Talleles were, respectively, 0.734
(p � 0.457) and 0.477 (p � 0.124) times lower in the HDP+
stratum than in the HDP− stratum.

For women carrying no T alleles of rs2016347, the HDP+
exposure group has a TDLU count that is not significantly
increased (CR� 1.23, p � 0.546) when compared to the HDP−

group. For HDP− women, the CRs comparing rs2016347
genotypes of 1 and 2 T alleles to the reference genotype of 0 T
alleles show no evidence of association as both CRs hover
around the null (CR� 0.973, CR� 1.104, respectively) with
relatively large p values (p � 0.918, p � 0.747, respectively).

Table 1: Participant characteristics by HDP statusa.

Characteristic
HDP+
N� 76

HDP−

N� 115 p valueb

N (%)
Age at biopsy (years) 0.82
≤39 26 (34.2) 36 (31.2)
40–49 24 (31.6) 33 (28.7)
50–59 18 (23.7) 29 (25.2)
≥60 8 (10.5) 17 (14.8)
Age at menarche (years) 0.23
≤11 19 (25.0) 19 (16.5)
12 18 (23.7) 40 (34.8)
13 25 (32.9) 31 (27.0)
≥14 14 (18.4) 25 (21.7)
Parity 0.38
1 17 (22.4) 26 (22.6)
2 36 (47.4) 64 (55.7)
≥3 23 (30.2) 25 (21.7)
Age at first birth (years) 0.89
≤24 25 (32.9) 35 (30.4)
25–29 26 (34.2) 43 (37.4)
≥30 25 (32.9) 37 (32.2)
BMI (kg/m2) 0.00
≤24.9 12 (15.8) 45 (39.1)
25–29.9 22 (29.0) 32 (27.8)
≥30 42 (55.2) 38 (33.1)
Family historyc 0.81
Yes 21 (27.6) 30 (26.1)
No 55 (72.4) 85 (73.9)
Rs2016347 genotype 0.83
GG 18 (23.7) 24 (20.9)
GT 37 (48.7) 61 (53.0)
TT 21 (27.6) 30 (26.1)
Gail 5-year risk scores 0.44
Mean 1.50% 1.69%
aAll participants identify as non-Hispanic white. bp value is the chi-squared
P value for differences in distribution between HDP+ and HDP− partic-
ipants. cAt least one first-degree relative with breast cancer.
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3.4. Box Plots of Adjusted TDLU Counts by rs2016347 Ge-
notype Stratified by HDP Status. ,e mean TDLU count
across all participants was 11.01. Adjusted TDLU counts by
rs2016347 genotypes stratified by HDP status are presented in
Figure 2 (abbreviated model presented in Table 3 with full

model in Table S3). TDLU count distributions within the
HDP− group were statistically similar across all genotypes; by
contrast, within theHDP+ group, there was a stepwise decrease
in TDLU counts with increasing rs2016347 T allele number
reaching significance for 2T alleles compared to 0T alleles.
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Figure 1: Adjusted bivariate TDLU relationships.

Table 2: Results of adjusted negative binomial model with interaction terms.

Coefficient Standard error Z Value p value CR (95% CI)
HDP 0.208 0.345 0.604 0.546 1.231 (0.627, 2.419)
T alleles� 1 − 0.027 0.268 − 0.102 0.918 0.973 (0.575, 1.645)
T alleles� 2 0.099 0.307 0.322 0.747 1.104 (0.605, 2.016)
HDP×T alleles� 1 − 0.310 0.417 − 0.743 0.457 0.734 (0.324, 1.661)
HDP×T alleles� 2 − 0.740 0.482 − 1.536 0.124 0.477 (0.185, 1.227)
HDP compares HDP-postive women to HDP-negative women. Talleles are treated as a factor variable. ,e reference for Talleles is no Talleles (Talleles� 0).
,ese results are adjusted for family history, age at biopsy, parity, age at menarche, age at first birth, and BMI. Full model covariates can be found in the
supplemental material (Table S2).
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3.5. Adjusted Stratified Model and Trend Analysis by HDP
Status and rs2016347 Genotype. Covariate adjusted models
stratified by HDP status are shown in Table 3 and include
factor models which look at the impact of 1 and 2 rs2016347
T alleles separately and a trend model which treats the T
alleles linearly. In HDP− women, there is no effect of ge-
notype on TDLU counts in either model. Among HDP+
participants, those carrying 2 T alleles showed a significant
(p � 0.049) decrease in TDLU counts of 53.2% when
compared to those with 0 T alleles (GG genotype). Trend
analysis in the HDP+ group also demonstrated a significant
(p � 0.050) linear trend with a multiplicative decrease in
TDLU counts of 31.6% per T allele.

4. Discussion

In the current study, we were able to demonstrate a sta-
tistically significant decrease in TDLU counts, signifying
increased breast epithelial involution, in women who have
experienced HDP and inherited the TT genotype of IGF1R
SNP rs2016347, while there was no evidence of an associ-
ation for women who experienced either the TTgenotype or
HDP. ,is association with increased breast involution is

very consistent with our prior findings in the California
Teachers Study (CTS) where breast cancer incidence was
similarly reduced in women with preeclampsia if they also
inherited the TT genotype of rs2016347 but not when
preeclampsia alone was considered [19]. In both studies,
carrying one T allele produced an intermediate effect; fur-
thermore, in the current study, the impact on breast in-
volution increased according to T allele copy number
consistent with the progressive reduction in IGF1R mRNA
expression observed in breast and other normal tissues with
increasing rs2016347 T allele number [22].

In our formal test for an HDP-genotype interaction, we
observed that the CR comparing HDP+ to HDP− exposure
groups carrying 2 T alleles of rs2016347 was 52.3%
(p � 0.124) lower than the CR comparing HDP+ to HDP−

exposure groups carrying 0 T alleles of rs2016347, sug-
gesting that the association of HDP with TDLU count is
modified by rs2016347 genotype. Failing to achieve sig-
nificant statistical interaction likely reflected our small
number of HDP+ × 2T allele samples (21 of 191 total
samples) and the extent of variance among sample TDLU
counts. Nonetheless, the consistent pattern of association
observed between this KTB analysis of normal breast

Ad
ju

ste
d 

TD
LU

 co
un

t

Ad
ju

ste
d 

TD
LU

 co
un

t

30

20

10

0

0 1 2 0 1 2

30

20

10

0p = 0.959 p = 0.792 p = 0.124 p = 0.049

HDP-positiveHDP-negative

Number of T allelesNumber of T alleles

Figure 2: Box plots of adjusted TDLU counts by rs2016347 genotype stratified by HDP status.

Table 3: Summary table of the adjusted T allele CRs from the models stratified on HDP status.

HDP-negative HDP-positive
CR (95% CI) p value CR (95% CI) p value

Factor model
T alleles� 0 1 (ref.) 1 (ref.)
T alleles� 1 1.014 (0.608, 1.689) 0.959 0.606 (0.320, 1.148) 0.124
T alleles� 2 1.083 (0.600, 1.955) 0.792 0.468 (0.219, 0.997) 0.049

Linear trend model
∆ T alleles 1.042 (0.775, 1.400) 0.787 0.684 (0.468, 1.000) 0.050

,ese results are adjusted for family history, age at biopsy, parity, age at menarche, age at first birth, and BMI. Full model covariates can be found in the
supplemental material (Tables S3 and S4).
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TDLUs and our prior CTS analysis of breast cancer in-
cidence rates strongly suggests that a history of HDP in
concert with inheritance of a functionally blunted IGF1R
rs2016347 variant manifests as both enhanced mammary
gland involution and reduced later-life breast cancer risk,
both outcomes impacted by decades of significantly re-
duced mammary gland IGF axis stimulation.

,e IGF axis, stimulated primarily by soluble IGF-1
growth factor binding to and activating cell membrane-
bound IGF1R growth factor receptor, plays a key role in
breast development throughout life. Around the time of
menarche, ovaries begin producing estrogen and pro-
gesterone resulting in expansion of the mammary ductal
system with its stem and progenitor cell-enriched TDLUs.
,e IGF axis impacts this developmental process by the
increase in circulating IGF-1 levels that accompany early
menarche [33–35]. During pregnancy and with the onset of
HDP, circulating IGF-1 levels are substantially reduced
while IGFBP3 levels are increased (further reducing free
IGF-1 levels), and as these reciprocal changes are sustained
beyond parturition, they can attenuate IGF axis effects on
the mammary gland and accelerate later-life breast in-
volution [11–13, 20, 21].

Biologically, IGF-1 and IGFBP3 levels appear to drive
only TDLU counts and do not otherwise impact other TDLU
measures such as span or acini counts per TDLU [7, 8],
consistent with our inability to detect either span or acini
score associations with HDP and/or rs2016347 genotypes
(results not provided). Across epidemiologic studies, HDP
by itself only marginally reduces later-life breast cancer risk;
but, as seen here and in two prior studies [19–21], in-
heritance of the functionally blunted rs2016347 TTgenotype
appears to combine with the biological impact of HDP to
reduce mammary gland TDLUs, mammographic density,
and later-life breast cancer incidence. By itself, higher ex-
pression of IGF1R in TDLUs can increase later-life risk of
developing breast cancer by nearly 16-fold [36]. In contrast,
among those women who ultimately develop breast cancer,
inheriting the IGF1R expression blunting effect of the
rs2016347 T allele confers a greater clinical response rate to
neoadjuvant chemotherapy and a better overall survival
outcome [37, 38].

Many well-established breast cancer risk factors can also
independently impact TDLU counts, as shown in Figure 1,
necessitating our multivariate model analyses (Tables 2 and 3)
that adjusted for potentially confounding risk factors such as
age at first birth, age at time of biopsy, age at menarche, breast
cancer family history in a first-degree relative, BMI, and parity.
We observed that age at biopsy was inversely associated with
TDLU counts in a pattern similar to that reported by others,
showing a declining slope with aging that does not change
much after menopause [29]. TDLUs varied weakly and in-
versely with BMI; while this only trended toward significance
(p � 0.055), our findings are similar to what has previously
been reported in other KTB cohorts [3, 39]. As with those
other studies, we found that both parity and family history of
breast cancer were associated with increased TDLU counts,
while little consistent association was observed with regard to
age at menarche or age at first birth. Likewise, Gail 5-year risk

scores did not correlate with TDLU counts, consistent with
findings from the Mayo Benign Breast Disease Cohort [40].

,e use of specimens from the KTB provided a number
of significant strengths to this study. First and foremost, it
enabled assessment of entirely normal breast tissue donated
by women without any history of breast cancer or other
known breast disorders. Other “normal” breast studies
commonly use resected tissue adjacent to breast tumors,
biopsies taken for mammographically suspected breast le-
sions, or reduction mammoplasty samples. Furthermore,
asking our participants if they had hypertension prior to
pregnancy resulted in the exclusion of women with chronic
hypertension, a cause of misclassification in many other
HDP studies. In addition, the KTB has extensive data on
reproductive history and other breast cancer risk factors,
allowing us to account for many potentially confounding
variables. Due to the relatively low number of women en-
rolled in the KTB at the time this study was initiated, we were
limited in our ability to observe statistical significance for a
moderate effect size, likely explaining the lack of statistical
significance when formally testing for interaction between
HDP history and rs2016347 genotype. We recognize that
participants in the KTB are not completely representative of
the general public, potentially limiting the generalizability of
our findings. As such, it might be expected that women who
volunteer for the KTB are more likely to have a positive
family history of breast cancer, and this was noted for 26.7%
of our study population, although women with BRCA1/2
positivity were excluded from our study cohort. Inclusion of
only white non-Hispanic parous women was dictated by the
low number of women of color enrolled by the KTB in its
earlier stages.

5. Conclusions

Normal breast biopsy samples along with peripheral blood
rs2016347 genotyping of 191 healthy parous female do-
nors confirmed our mechanistic hypothesis that the
pronounced breast cancer protective interaction between
pregnancy hypertension (HDP) and inheritance of a
functionally blunted IGF1R SNP (rs2016347) TTgenotype
likely results from enhanced breast glandular involution,
as determined by fewer terminal duct lobular units
(TDLUs).

Data Availability

,e case and covariate data for this study were obtained
from the Komen Tissue Bank (KTB). Generated data con-
sisting of Gail scores, rs2016347 genotyping, and pathologic
review of breast tissue samples with determination of TDLU
parameters has been deposited in the KTB. All data for this
analysis can be accessed on their virtual tissue bank at
https://virtualtissuebank.iu.edu/.
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Mutations in the ESR1 gene (ESR1m) are important mechanisms of resistance to endocrine therapy in estrogen receptor-positive
advanced breast cancer and have been recognized as a prognostic and predictive biomarker as well as a potential therapeutic
target. However, the prevalence of ESR1m in real-world patients has not been adequately described. (erefore, we sought to
evaluate the prevalence of ESR1m in metastatic samples from Brazilian patients with estrogen receptor-positive (ER+) advanced
breast cancer previously treated with endocrine therapy. (e presence of ESR1m was evaluated in formalin-fixed paraffin-
embedded (FFPE) breast cancer tissue using real-time quantitative polymerase chain reaction (RT-qPCR). Mutations in codons
380, 537, and 538 of the ESR1 gene were analyzed. Out of 77 breast cancer samples, 11 (14.3%) showedmutations in the ESR1 gene.
ESR1m were detected in a variety of organs, and the D538G substitution was the most common mutation. In visceral metastasis,
ESR1m were detected in 25% (8/32) of the samples, whereas in nonvisceral metastasis, ESR1m were detected in 6.7% (3/45) of the
samples. (e odds of a sample with visceral metastasis having an ESR1mutation is 4.66 times the odds of a sample of nonvisceral
metastasis having an ESR1mutation (95% CI: 1.13–19.27; p value� 0.0333). Our study indicates that the prevalence of ESR1m in
samples from Brazilian patients with metastatic ER+ breast cancer is similar to that described in patients included in clinical trials.
We observed an association of ESR1m with visceral metastasis.

1. Introduction

Estrogen receptor-positive breast cancer is the most com-
mon breast cancer subtype. Endocrine therapy (ET), a
targeted treatment to the estrogen receptor (ER) pathway, is
the fundamental initial therapeutic approach in all stages of
the disease [1]. Nonetheless, clinical resistance associated
with progression of disease remains a significant therapeutic
challenge [2, 3]. Mutations of the ESR1 gene, which encodes

the ER protein, have been increasingly identified as a
mechanism of endocrine resistance [4].

(e potential clinical implications of ESR1 mutations
(ESR1m) remained underappreciated for more than a
decade after its discovery since initial studies focused on
primary tumors, where the prevalence of ESR1m is very
low [5]. Subsequently, it was demonstrated that breast
tumors undergo genomic evolution and ESR1m have been
described in 9–40% of patients with advanced ER+ breast
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cancer resistance to aromatase inhibitors [3, 4, 6–8]. ESR1
mutation is a biomarker of worse prognosis and is being
evaluated as a predictive biomarker as well as a potential
therapeutic target [9].

Despite recent advances in the field, several questions
remain unanswered about ESR1m such as the prediction of
which tumor will develop this mechanism of resistance. At
the same time, the majority of data are derived from patients
included in clinical trials, more frequently in developed
countries, and little is known about mechanisms of ET re-
sistant in real-world patients, especially in the population
from low- to middle-income countries. We aimed here to
evaluate the prevalence of ESR1m in metastatic tumor tissues
from breast cancer patients from Brazil.

2. Methods

From the archive of the Pathology Department at a single
academic center, we collected formalin-fixed paraffin-em-
bedded (FFPE) tissue specimens from consecutive patients
enrolled between 2014 and 2017 with recurrent or metastatic
breast cancer previously treated with endocrine therapy.
Only tumors of ER-positive HER2-negative metachronous
metastasis were selected. All hematoxylin and eosin (H&E)
and immuno-histochemistry (IHQ) slides from tumor
samples were reexamined by a pathologist who confirmed
the diagnosis of metastatic carcinoma and quality (amount
of reminiscent neoplastic tissue on paraffin-embedded ar-
chived tissue) of each specimen. Additionally, all the lesions
were diagnosed as breast metastases by IHQ using one or
more of the following markers: GATA3, GCDFP-15, and/or
mammaglobin.

In each sample, the tumor area was marked by the
pathologist and a cut of approximately 35mg was per-
formed, followed by the extraction of the genetic material
(DNA) with the Wizard© Genomic DNA purification kit
(Promega). DNA was quantified using Qubit fluorometric
quantitation ((ermo Fischer Scientific), and 20 ng/μl was
the threshold for the analysis of the mutation.(e reactions
were performed with the equipment 7500 fast real-time
PCR system using TaqMan Genotyping master mix,
primers, and TaqMan© probes, from Applied Biosystems
(Foster City, CA) following all recommendations of the
manufacturer. (e analyzed mutations were Y537N,
Y537C, Y537S, E380Q, and D538G. To detect the presence
of the mutation, a Taqman© reference probe was used,
followed by the analysis in the 7500 Software v2.06
((ermo Fischer Scientific).

A sample size of 81 patients was calculated with an
estimated prevalence of 30%, a desired precision of estimate
of 0.1 and a confidence level of 0.95. (e primary endpoint
was the prevalence of ESR1m. (e secondary endpoint was
the association of ESR1m and site of metastasis (visceral
versus nonvisceral). Data were analyzed using descriptive
statistics. Logistic regression was applied in order to estimate
the OR (odds ratio) and 95% confidence interval (95% CI). A
p value less or equal to 0.05 was deemed to be significant.
(is project was reviewed and approved at the IRB in-
stitutional review board (Ethical Committee).

3. Results

Seventy-seven samples were included in the analysis. Of the
initial 81 selected samples, 4 were removed from the analysis
due to an insufficient amount of extracted DNA (all from
bonemetastasis).(e prevalence of ESRmutation was 14.3%
(11 samples). ESR1m were detected in metastatic tissues
from different organs such as pleura (n� 3), liver (n� 2),
lung (n� 2), ovary, lymph node, bone, and chest wall. (e
most frequently detected mutation was the D538G sub-
stitution (n� 5), followed by mutations in codon 537 (3
Y537N substitutions, 2 Y537C, and 1 Y537S). No mutations
in codon 380 were detected. For more information on the
molecular biology analysis, see Supplementary Material
(available here).

(e probability of having an ESR1 mutation was
modeled considering the information regarding local of
metastasis (Table 1). In visceral metastasis, ESR1m were
detected in 25% (8/32) of the samples, whereas in non-
visceral metastasis, an ESR1m were detected in 6.7% (3/45)
of the samples. Despite the low number of cases with
mutation (reflected in the wide CI), the logistic regression
showed that the odds of a sample with visceral metastasis
having an ESR1 mutation is 4.66 times the odds of a sample
of nonvisceral metastasis having an ESR1mutation (95% CI:
1.13–19.27; p value� 0.0333).

4. Discussion

Estrogen receptor-positive (ER+) tumors are the most fre-
quent form of breast cancer and responsible for most of the
deaths caused by this disease [10]. ET is the mainstay of ER+
breast cancer therapy in all stages of the disease. In the
metastatic disease setting, the use of ET agents is associated
with clinical benefit in the majority of patients. Nonetheless,
disease progression associated with a complexity of mech-
anisms of resistance remains a significant challenge [10].

ER, a protein encoded by the ESR1 gene, is expressed in
the majority of breast cancers. ER expression is one of the
defining features in classifying tumor subtype and assigning
therapeutic strategies in breast cancer. Translational and
clinical research has established the fundamental role of ER
and its hormonal ligands in normal mammary gland de-
velopment and in the etiology and progression of breast
cancer [11].

Estrogen hormones have genome-wide transcriptional
activities that regulate the expression of a network of mo-
lecular pathways that are important in various physiological
and pathological processes [12]. Functionally, the ER con-
sists of two transcriptional activation domains: the N-ter-
minal, ligand-independent activation function domain (AF-
1), and the C-terminal, ligand-dependent AF-2 domain. (e
ligand-binding domain (LBD) resides in the C-terminal
region, while the DNA-binding and hinge domains are
positioned in the central core of the protein [2]. Estrogen
binding triggers a number of events resulting in activation of
ER and induces conformational changes in the LBD,
allowing the estrogen-ER complex to bind to specific DNA
sequences while interacting with corepressor and coactivator
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proteins to regulate the transcription of estrogen-responsive
genes. Breast tumors undergo genomic evolution during
therapy, with the development of new alterations that confer
resistance to therapy. ESR1 is known to undergo LBD
mutations, gene amplification, or translocations that are
potential mechanisms of resistance to ET [13–15].

Physiologically, estrogens promote a balanced activation
of liganded and unliganded transcriptional functions of the
ER. When ligand-dependent ER signaling is suppressed by
either estrogen deficiency or dysfunction of the receptor,
there is a strong upregulation of unliganded ER activation
and subsequent resistance to endocrine therapies [16]. (e
absence of estrogen results in a compensatory increase in the
activity of the AF-1 domain accompanied by a significant
increase in the expression levels of both coding and non-
coding RNA transcripts [17].

Despite the relatively high frequency of elevated ESR1
copy numbers in breast tumors [18], the clinical relevance of
ESR1 gene amplification as a prognostic or predictive bio-
marker is not clear and requires further study [15]. However,
mutations in the ESR1 gene have been consistently recog-
nized as an important mechanism of resistance to aromatase
inhibitors (AIs), with a prevalence that ranges from 9 to 40%,
usually described from liquid biopsies collected from pa-
tients mostly included in randomized clinical trials in de-
veloped countries [9, 19, 20].

ESR1m are most commonly missense mutations clus-
tered in codons 537 and 538 of the LBD. Remarkably, the
majority of ESR1m localize to just a few amino acids within
or near the critical helix 12 region of the ER LBD, where they
are likely to be single-allele mutations, as pictured in Figure 1
[3].(emost prevalent ESR1 point mutations are Y537S and
D538G, while several others have been identified at sig-
nificantly lower frequencies. ESR1m have been consistently
associated with inferior outcomes and is being evaluated as
predictive biomarkers to help guide therapeutic decisions
[21]. At the same time, the development of specific targeted
therapies directed to ESR1-mutant clones is an appealing
concept with interesting preclinical data already published
and promising clinical work in progress [22, 23].

Our study reports that the prevalence of ESR1m in real-
world patients with breast cancer in Brazil is similar to that
described in the literature. (is finding has implications
related to the development of a line of research of mecha-
nisms of ETresistance in the neoadjuvant setting as well as to
the design and conduct the clinical trials evaluating new
generation selective ER degraders (SERDs) in an ESR1m-
enriched cohort of patients. Despite the low number of cases
with mutation, our data show a significant association of
visceral site of metastasis and ESR1m. Early studies reported
ESR1m in tumor samples obtained from different sites,

including visceral and nonvisceral metastasis, suggesting
that these mutations do not display specific organotropism
[24, 25]. Contrastingly, multivariable analyses based on
liquid biopsies of patients from the PALOMA3 and SOFEA
trials reported that the detection of ESR1m is associated with
bone and visceral disease, suggesting that ESR1m are in-
frequently detected in locoregional recurrences [26, 27]. In
our study, ESR1mutation was identified in locoregional and
distant metastasis in a variety of visceral (lung, liver, pleura,
and ovary) and nonvisceral sites (bone, chest wall, and
lymph nodes) indicating that these mutations do not have
organotropism and suggesting that this mechanism of ET
resistance could be associated with more aggressive disease
phenotypes that usually present with hepatic and pleuro-
pulmonary metastasis.

(e generation of real-world data is an issue with
practical implications for global breast cancer research, and
it remains a challenge, especially in low- to middle-income
countries (LMIC). Translating clinical research achieve-
ments into global clinical practice is the clear objective.
Clinical trials are designed and conducted in a controlled
fashion with specific inclusion and exclusion criteria.
Nonetheless, the confirmation of patients’ characteristics
and outcomes in a more general population remains an
integral part of the process. Observational studies have
demonstrated significant clinical and epidemiological dif-
ferences among breast cancer patients compared to patients
from developed countries, with a higher proportion of
patients with locally-advanced tumors and young patients,
especially among the population treated in the public health
system [28].

Nevertheless, the potential differences in the molecular
epidemiology of breast tumors in real-world patients from
LMIC have not been adequately studied. (e prevalence of

Table 1: Association of ESR1m with the site of metastasis (n (%)).

Visceral Metastasis Nonvisceral metastasis Total
ESR1 mutation 8 (25.0%) 3 (6.7%) 11 (14.3%)
ESR1 without mutation 24 (75.0%) 42 (93.3%) 66 (85.7%)
Total 32 (41.6%) 45 (58.4%) 77 (100.0%)

E380Q
Y537C/S/N
D538G

Hinge domain
LBD and AF-2DBD

AF-1 domain

ER alpha

Figure 1: ESR1 gene and most common mutations (reprinted with
permission fromMa et al. [3]). A schematic diagram of ESR1m and
their frequencies in ER+ advanced breast cancer after endocrine
therapy. (e structural domains of ERα are shown, including the
transcription activation function 1 (AF-1) domain, the DNA-
binding domain (DBD), the receptor dimerization and nuclear
localization (hinge) domain, and the ligand-binding domain (LBD)
and AF-2 domain.
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biomarkers in breast cancer may vary in different regions of
the world. A retrospective observational study with more
than five thousand breast cancer patients demonstrated that
the distribution of molecular subtypes of breast tumors
differed according to geographic regions within Brazil and
suggested that a variety of characteristics including socio-
economic and nutritional status as well as the proportion of
African ancestry have to be considered to explain this
heterogeneity [29]. It is important to understand the mo-
lecular characteristics of breast cancer in the Brazilian
population in order to develop adequate public health
programs and policies as well as to the development of
therapeutic strategies and clinical trials. As an example,
recently presented real-world data indicate a lower preva-
lence of PDL-1 expression in non-small-cell lung cancer
patients in Brazil. (e authors suggested that possible ex-
planations for this discrepancy are inadequate sample
handling, preanalytical issues, or epidemiology of the bio-
marker, all of which may have impacted the results of
biomarkers outside clinical trials [30]. (e unquestionable
impact of breast cancer and the ongoing culture of glob-
alization should be seen as opportunities to tackle critical
global cancer research priorities, such as the development of
research in LMIC, the encouragement of independent ac-
ademic research, the improvement of access to clinical trials,
and the development of international collaborations.

Our study has several limitations including its retro-
spective nature, relatively low sample size and the low
number of ERS1m identified. Additionally, DNA extraction
was unsuccessful in four samples of bone metastases, even
though successful DNA extraction was achieved in the
majority of bone samples (10 out of 14). We recognize that
the detected prevalence of ESR1m can be underestimated
given the fact that a PCR-based methodology was used and
only specific mutations in the most commonly mutated
codons were analyzed; therefore, cases with mutations in
different codons of the ESR1 gene potentially detectable with
next-generation sequencing technologies were not identified
[31, 32]. Another potentially important fact that might
decrease the prevalence is that many patients in this cohort
were treated with AIs in the adjuvant setting, whereas recent
data suggest that ESR1m are probably more commonly
associated with resistance to the AIs used in the metastatic
disease setting [8].

(is study is one of the first steps in a project of de-
veloping a comprehensive line of translational research in
breast cancer through a collaboration of independent aca-
demic centers in Brazil. (e publication of data of molecular
biomarkers in real-world patients that are consistent with
data from researches with patients treated in clinical trials is
essential to allow validation of our methodology and to
provide information for the development of translational
and clinical research projects.

5. Conclusion

(e prevalence of ESR1m in samples from Brazilian patients
with metastatic ER+ breast cancer is similar to that described
in patients included in clinical trials. A significant

association between ESR1m and visceral site of metastasis
was detected. ESR1m have potential clinical applications in
breast cancer as a biomarker and a therapeutic target.
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Early detection is crucial for achieving a reduction in breast cancer mortality. Analysis of circulating cell-free microRNAs present
in the serum of cancer patients has emerged as a promising new noninvasive biomarker for early detection of tumors and for
predicting their molecular classifications. The rationale for this study was to identify subtype-specific molecular profiles of cell-
free microRNAs for early detection of breast cancer in serum. Fifty-four early-stage breast cancers with 27 age-matched controls
were selected for circulating microRNAs evaluation in the serum. The 54 cases were molecularly classified (luminal A, luminal B,
luminal B Her2 positive, Her-2, triple negative). NanoString platform was used for digital detection and quantitation of 800 tagged
microRNA probes and comparing the overall differences in serum microRNA expression from breast cancer cases with controls.
We identified the 42 most significant (P ≤ 0.05, 1.5-fold) differentially expressed circulatingmicroRNAs in each molecular subtype
for further study. Of these microRNAs, 19 were significantly differentially expressed in patients presenting with luminal A, eight
in the luminal B, ten in luminal B HER 2 positive, and four in the HER2 enriched subtype. AUC is high with suitable sensitivity
and specificity. For the triple negative subtype miR-25-3p had the best accuracy. Predictive analysis of the mRNA targets suggests
they encode proteins involved in molecular pathways such as cell adhesion, migration, and proliferation. This study identified
subtype-specific molecular profiles of cell-free microRNAs suitable for early detection of breast cancer selected by comparison to
themicroRNAprofile in serum for female controls without apparent risk of breast cancer.Thismolecular profile should be validated
using larger cohort studies to confirm the potential of these miRNA for future use as early detection biomarkers that could avoid
unnecessary biopsy in patients with a suspicion of breast cancer.

1. Introduction

Breast cancer is the most common female cancer in the
world with an estimated 1.67 million new cases diagnosed
worldwide in 2012 [1]. Both clinically and biologically breast
cancer is a highly heterogeneous and guidelines provided
by AJCC 7th Edition Staging for Breast suggest using a

classification based on five molecular subtypes: luminal A,
luminal B, luminal B HER2 positive, HER2-enriched, and
triple negative [2]. The extent of disease at diagnosis is
strongly associated with prognosis, so that efficient and non-
invasive methods for early detection of initial stage disease
are key for successful treatment and improving survival
[3].
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Mammography is currently the best method for early
detection of breast cancer, but it has some limitations due to
the high number false positives and the unnecessary stress
that these diagnostic errors can cause [4, 5]. Biopsy repre-
sents the gold-standard procedure for definitive diagnosis,
although this procedure is invasive and may also be painful.
New multigene profiling panels for breast cancer are now
available, such as Oncotype DX (Genomic Healthy, USA)
MammaPrint (Agendia, Netherlands) and Prosigna/PAM50
(NanoString, USA); however, these assays are designed for
evaluating the risk of tumor recurrence and not suited for
early cancer detection [6]. In fact, there is a critical shortage
of noninvasive methods based on diagnostically sensitive
and specific breast cancer biomarkers suitable for both early
detection and subtype classification of tumors [7].

Liquid biopsies, such as blood samples, are less invasive
and easier to obtain compared to a tissue-based biopsy.
For a number of human tumors, including breast cancer,
biomarker analysis of circulating microRNAs (miRNA) from
serum is one of the most effective noninvasive for diagnoses
and evaluation of prognosis in different diseases [8]. The
extensive stability of miRNAs in peripheral blood and other
body fluids together with the relative ease of detection and
evaluation makes circulating miRNA ideal biomarkers to be
used as liquid biopsies [9]. Moreover, there is increasing
evidence that malignant mammary epithelial cells can release
miRNAs into peripheral blood so that themolecular profiling
of these miRNAs is an opportunity to develop new liquid
biopsies for early breast cancer detection and evaluation [10,
11]. Recently our group identified two circulating miRNAs as
potential tumor suppressors in invasive breast cancer [12].

In breast cancer, several miRNAs have already been
reported as potential biomarkers of metastasis, recurrence,
prognosis, or response to therapy [13, 14]. Examples include
miR-155 that is upregulated in breast cancer [15]. Another
study showed that circulating levels of miR-195 were elevated
in women with breast cancer (stage I-IV) in comparison to
healthy women [16]. However, at the present time, few studies
have found significantly altered miRNAs biomarkers that are
suitable for use in early diagnosis and detection of breast
cancer.

In this study, we applied multiplexed gene expression
analysis using nCounter� Technology (NanoString Tech-
nologies, Seattle, WA, EUA) to identify miRNAs in liquid
biopsy samples from early-stage breast cancer patients. We
present analyses of 42 clinically relevant circulating, differen-
tially expressed miRNAs in the serum of 54 Brazilian breast
cancer patients. From these miRNAs, we selected a subset
of new biomarkers capable of distinguishing female breast
cancer patients from matched control of healthy women
without risk of this type of cancer.

2. Materials and Methods

2.1. Study Design and Patients. This is case-control study with
retrospective collection of biological samples and clinical
data. The early-stage (CS I and II) cases (n=54) were selected
from a bigger series of breast cancer patients diagnosed
at Barretos Cancer Hospital (BCH), having the following

features: age range 40-69 years old; no breast cancer recur-
rence; absence of family history/MIRIAD >10%; confirma-
tion of tumor stage and molecular subtype; and availability
of serum prior to chemotherapy or hormone therapy. Breast
cancer cases included were classified by molecular subtype
according to St. Gallen International Expert Consensus on
the Primary Therapy of Early Breast Cancer 2011.

The selected cases were matched to 27 controls by age (±
3 years). These controls were healthy women that underwent
mammography on the Prevention Department of BCH,
whose Gail Risk model was less than 1.66, mammography
result was BIRADS 1 or 2 and had blood collected.

All biological samples were retrieved from Barretos Can-
cer Hospital Tumor Biobank. This study was approved by
the Ethics Committee of Barretos Cancer Hospital (Protocol
n∘1212/2016), in accordance with the Declaration of Helsinki.

2.2. RNA Isolation from Serum Samples. Total RNA isolation
was recovered from 400uL of serum obtained from cases
and controls by miRNeasy Serum/Plasma Kit, including
RNase-Free DNase steps (Qiagen, Gaithersburg, MD, USA).
RNA quantification was performed using the NanoDrop N-
100 spectrophotometer (NannoDrop Products, Wilmington,
DE).

2.3. NanoString nCounter� System Assays. The miRNA
expression analysis was performed using the nCounter�
Human v3 miRNA Expression panel employing the nCoun-
ter� Analysis System (NanoString Technologies, Seattle,
USA). Briefly, around 100 ng total RNA was preprocessed
Tags ligation followed by hybridization with the Reporter
CodeSet and Capture ProbeSet (nCounter� Human v3
miRNAExpression Assay). Samples were processed using the
NanoString PrepStation and immobilized into the nCounter
cartridge, which was placed into the nCounter� Digital
Analyzer for image capture (280 fields of view) and data
acquisition. Normalization was performed using standard
procedures established byMarkowitz et al., using the Aroma-
light package (Bioconductor) in R environment.

2.4. miRNA Target Prediction. Target prediction was per-
formed by miRDIP (microRNA Data Integration Portal:
http://ophid.utoronto.ca/mirDIP/). The target genes were
independently selected by five algorithms (DIANA, RNA22,
TargetScan, microrna.org, and RNAHybrid), using some
selection criteria of presence in at least four algorithms. We
only considered the top 1% of target genes, including those
that had already been identified by the Cancer Gene Index
data (NCI) as being involved in breast cancer. To further
determine how the selected genes were associated with breast
cancer and the molecular pathways that were related to
these genes, we used the plugin ReactomeFI on Cytoscape
(Version 3.6.0, Seattle, WA, USA). Molecular pathways were
selected considering p value lower than 0.01 and pathways
that included at least three genes. The interaction network
was performed by Cytoscape [13].

2.5. Statistical Analysis. Statistical analyses were performed
considering the normal distribution of samples. Student’s

http://ophid.utoronto.ca/mirDIP/
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Table 1: Clinicopathological characteristics of the cases.

Characteristics Value (n,%)
Age, years

Median 54.6
Range 41-69

Molecular subtype
Luminal A 12 (22.2%)
Luminal B 12 (22.2%)
Luminal B HER2 positive 12 (22.2%)
Triple negative 12 (22.2%)
HER 2+ 6 (11.1%)

Stage, n
Stage I 21 (38.9%)
Stage II 33 (61.1%)

Tumor size (TNM)
T1 30 (55.6%)
T2 20 (37%)
T3 4 (7.4%)

Lymph node status (TNM)
N0 33 (61.1%)
N1 21 (38.9%)

Histological type
Ductal 44 (81.5%)
Others 10 (18.5%)

TNM classification of malignant tumors: T describes the tumor size of
primary tumor; N describes regional lymph nodes that are involved; M
describes distant metastasis.

t-test was performed, using the Bioconductor multtest pack-
age. Fold-change estimation, area under (AUC) the Oper-
ating Characteristic Curve (ROC), sensitivity and speci-
ficity analysis were performed to determine the accuracy of
differentially expressed miRNAs. The ROC curve analysis
was performed using the ROCR package (Bioconductor) in
R program. All images resulting from this analysis were
generated from the ggplot2 and ComplexHeatmaps packages
(Bioconductor).

3. Results

3.1. Study Population. The clinicopathological features of
the 54 patients with early-stage breast cancer (cases) are
summarized in Table 1. The median age of early-stage breast
cancer cases was 54.6 years old (range 41-69 years). The
control group (n=27) wasmatched with the early-stage breast
cancer cases by age (± 3 years) and the median age was 54.3
years old (range 42-67 years).

3.2. Identification of Differentially Expressed miRNAs in Breast
Cancer Cases. All cases were stratified according clinical
stage I and II and by molecular subtypes (luminal A, luminal
B, luminal B Her2 positive, Her-2, and triple negative). This
stratification was employed for specifically distinguishing
miRNAs biomarkers from the cases and controls for early
detection of breast cancer.

Of the 800 miRNAs determined by NanoString Tech-
nology, 21 had significant differential expression (P ≤ 0.05,
1.5-fold) in the luminal A subtype comprising 11 miRNAs that
were downregulated and 10 miRNA that were upregulated in
serum of breast cancer cases in comparison with serum from
the matched healthy controls (Figure 1).

For luminal B subtype, 11 miRNAs had significant differ-
ential expression (P≤ 0.05, 1.5-fold), including 6miRNAs that
were downregulated and 5 miRNAs that were upregulated in
serum of cases with breast cancer in comparison with the
matched healthy controls (Figure 2).

For luminal B HER2 positive subtype, 12 miRNAs had
significant differential expression (P ≤ 0.05, 1.5-fold), includ-
ing 8 miRNAs that were downregulated and 4 miRNAs that
were upregulated in serum of cases with breast cancer in
comparison with matched healthy controls (Figure 3).

For HER 2-enriched subtype, 4 miRNAs had significant
differential expression (P ≤ 0.05, 1.5-fold), including 3 miR-
NAs that were downregulated and one miRNA that was
upregulated in serum of breast cancer cases compared with
matched healthy controls (Figure 4).

For triple negative subtype, only miR-25-3p was upreg-
ulated (P ≤ 0.05, 1.5-fold) in serum of the cases with
breast cancer in comparison with matched healthy controls
(Figure 5).

3.3. Evaluation of Circulating miRNAs as Biomarkers for
Breast Cancer Subtypes. To evaluate the accuracy of the
miRNAs as biomarkers for detection of breast cancer in
serum, we determined the Receiver Operating Characteristic
(ROC) curves, sensitivity and specificity of each miRNA. We
considered an area under the ROC curve (AUC) ≥ 0.8 as a
cutoff for further investigation and we identified 36 out of 42
differentially miRNAs as suitable biomarkers in the subtypes
luminal A, luminal B, luminal B HER-2 positive and HER2-
enriched (Table 2). For triple negative, miR-25-3p showed a
slightly low AUC of 0.74.

Among these 36 miRNAs, 21 were downregulated and
16 were upregulated with miR-615-3p being upregulated in
luminal BHER 2 positive cases, but also being downregulated
in HER2-enriched tumors (Figures 6 and 7). The subtype
specificity of the 42 circulating miRNAs (Table 2) showed
that 19 miRNAs were significantly differentially expressed
in patients presenting with luminal A molecular subtype, 8
miRNAs in patients presenting with luminal B subtype, 10
miRNAs in patients presentingwith luminal BHER 2 positive
subtype, 4miRNAs in patients presenting with the subtype in
HER2-enriched, and only one miRNA in the triple negative
subtype.

3.4. Functional In Silico Analysis. In order to identify the
potential target mRNAs of the differentially expressed miR-
NAs, we identified the top increased (miR-25-3p, Fold change
3,56) and top decreased (miR-378d, Fold change: -2,65)
miRNAs in each of the five molecular subtypes of breast
cancer (Figure 8).

We identified the target genes for miR-378d and miR-25-
3p using the online prediction tool miRDIP. We were unable
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Figure 1: miRNAs differentially expressed in serum samples of patients with luminal A breast cancer. Heatmap demonstrating the
differentially expressed miRNAs found in the serum of luminal A breast cancer patients compared with healthy women.

Figure 2: miRNAs differentially expressed in serum samples of patients with luminal B breast cancer. Heatmap demonstrating the
differentially expressed miRNAs found in the serum of luminal B breast cancer patients compared with healthy women.
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Figure 3: miRNAs differentially expressed in serum samples of patients with luminal BHER2 positive breast cancer. Heatmap demonstrating
the differentially expressed miRNAs found in the serum of luminal B HER 2 positive breast cancer patients compared with healthy women.

Figure 4: miRNAs differentially expressed in serum samples of patients with HER2-enriched breast cancer. Heatmap demonstrating the
differentially expressed miRNAs found in the serum of HER2-enriched breast cancer patients compared with healthy women.

to identify target genes predicted for miR-378d, but there
were 14 target genes predicted for miR-25-3p.

Among these miR-25-3p predicted target genes, we found
four molecular pathways (Integrin signalling pathway, EPHB
forward signalling, FoxO signalling pathway and Ras sig-
nalling pathway) that had statistical significance for the
regulation of cell adhesion, migration, and proliferation.
These molecular pathways also overlap with the target gene
NRAS see Figure S1 in the Supplementary Material for
comprehensive image analysis).

4. Discussion

Mammographic screening is the gold-standard tool for the
detection of early breast cancer lesions, yet it has several
limitations such as false positive results and it is not very
well accepted by all women since it is a very uncomfortable
approach [17, 18]. In addition, breast cancer is classified in
different histological and molecular subtypes, which present
distinctive degrees of aggressiveness [17, 18]. Currently, only
tissue samples obtained from conventional biopsy procedure
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Figure 5: miRNAs differentially expressed in serum samples of patients with triple negative breast cancer. Heatmap demonstrating the
differentially expressed miRNAs found in the serum of triple negative breast cancer patients compared with healthy women.

Figure 6: Venn diagram of downregulated miRNAs in serum of breast cancer patients. Venn diagram demonstrating 21 downregulated
miRNAs, including miR-887-5p common between luminal A and luminal B HER2 positive. (a) HER 2; (b) luminal A; (c) luminal B; (d)
luminal B HER2 positive.

can be useful for histological and molecular classification of
this type of tumor.Thus, the liquid biopsy approach for breast
cancer screening could improve the mammography sensi-
tivity and could also be helpful for molecular classification
[19, 20].

The miRNAs have attracted a great deal of attention
as cancer biomarkers in the last few years due to the
possibility of their detection from plasma or blood serum
using conventionalmethods that could be adapted to clinical-
laboratory routine [21, 22]. In addition, these circulating

miRNAs have already been associated with the presence of
various types of cancer [23, 24]. We therefore hypothesized
that the identification of tumor-specific circulating miRNAs
could be used for early detection of breast cancer as well
as molecular biomarkers for identification of the different
subtypes of breast cancer.

Most of minimally invasive biomarkers already described
for breast cancer present low accuracy. A good example of
minimally invasive biomarker for breast cancer is the CA 125,
a serum biomarker that demonstrates 69% specificity and
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Figure 7: Venn diagram of upregulated miRNAs in serum of breast cancer patients. Venn diagram demonstrating 16 upregulated miRNAs,
including miR-548ah-5p common between luminal A and luminal B, miR-548ar-5p common between HER2 and luminal B, and miR25-3p
common between luminal A and luminal B HER 2 positive. (a) HER 2; (b) luminal A; (c) luminal B; (d) luminal B HER2 positive.

only 23% sensitivity [25]. Other serum biomarkers such as
CEA and CA 15-3 are only reported to be effective in less than
15% of breast cancer patients [26].

An important finding of our study was that miR-25-3p
could distinguish patients with triple negative breast cancer
(themost aggressive subtype) from healthy controls. MiR-25-
3p was also found to be upregulated in triple negative breast
cancer tissue and cell lines [27]. Our prediction analyses
showed that BTG2 is a putative target of miR-25-3p, so it
seems possible that this miRNA may promote proliferation
by targeting BTG2 in triple negative breast cancer. We found
that miRNAs are important biomarkers for prognosis in
triple negative breast cancer. For example, downregulated
miR-221-3p is associated with poor prognostic biomarker
for triple negative breast cancer [28]. However, few studies
have been performed for early diagnosis using triple negative
breast cancer because most cases of this aggressive molecular
subtype are detected at an advanced stage.

In our study, it is possible that experimental variables due
to sampling influenced the comparison between the 12 triple
negative cases and the healthy controls. Also, the clinical and
biological behavior of the triple negative molecular subtype

is known to be more heterogeneous in comparison to the
hormone receptor groups (luminal A, luminal B, luminal B
HER 2 positive and HER2-enriched), which we were able
to distinguish based on miRNA expression. Although the
accuracy of the circulating miRNAs identified in HER2-
enriched molecular subtype in our study was excellent, we
believe it is necessary to validate these miRNAs using a larger
cohort to increase the statistical power since only six patients
were available for our analysis.

Considering that this study is retrospective, we have few
serum breast cancer samples without any treatment available
and small control group that Gail’s Risk is determined. Thus,
larger prospective studies are required to define the most
robust circulating miRNA signature for improved clinical
management of breast cancer usingminimally invasive meth-
ods that avoid unnecessary biopsies. More extensive studies
are needed to discover whether miR-25-3p could be a specific
early detection biomarker for triple negative breast cancer.

5. Conclusions

Thus, in this case-control study we identified a molecu-
lar signature miRNAs as noninvasive biomarkers for each
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Figure 8: Differentially expressed miRNAs by molecular subtype breast cancer. Volcano plot demonstrating the profile of the differentially
expressed miRNAs in different molecular subtypes of breast cancer. This plot demonstrates the fold change (x-axis) and the − log 10 P value
(y-axis). The green circles represent the miRNAs downregulated and the red circles represent the miRNAs upregulated. The black circles
indicate miRNAs that were not significantly expressed. Significance was determined with a P value cutoff of 0.05 and a 1.5-fold change.
Molecular subtypes in breast cancer analyzed: (a) luminal A – arrow indicates the top upregulated miRNA (miR-25-3p); (b) luminal B; (c)
luminal B HER 2 positive – arrow indicates the top downregulated miRNA (miR-378d); (d) HER2-enriched; (e) triple negative.
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molecular subtype (luminal A, luminal B, luminal B HER2
positive andHER2-enriched breast) with increased precision.
Future studies will be required to validate the clinical utility of
these miRNAs using larger cohorts. Collectively our findings
show that independently miRNAs can be detected in serum
from patients with early breast cancer and their differen-
tial expression may be associated with specific molecular
subtypes. Thus, the liquid biopsy approach using molecular
biomarkers can be employed in the routine of breast cancer
screening with potential to decrease the unnecessary invasive
procedure.
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Breast cancer pharmacogenetics is increasingly being explored due to chemotherapy resistance among certain classes of patients.
TheATP binding cassette (ABC) transporter genes have been previously implicated in breast cancer progression and drug response.
In the present study, single nucleotide polymorphisms (SNPs) from the ABCC1, ABCC2, ABCB1, and ABCG2 genes were screened
in breast cancer patients and healthy volunteers from the Jordanian-Arab population. Only the ABCB1 SNPs showed a significant
association with BC in Jordanian-Arab patients, and the ABCB1 SNP rs2032582 exhibited a strong genotypic association with BC.
With regard to the clinical characteristics of BC, theABCC2 SNPs rs2273697 and rs717620 were found to be significantly associated
with age at breast cancer diagnosis and breastfeeding status, while the ABCB1 SNP rs1045642 was significantly associated with
age at breast cancer diagnosis. In terms of pathological characteristics, the ABCC1 SNP rs35628 and the ABCB1 SNP rs2032582
were significantly associated with tumor size, the ABCC2 SNP rs2273697 was significantly associated with estrogen receptor status,
and the ABCG2 SNP rs2231142 was significantly associated with axillary lymph node status. In this current study, we assume
that significant genetic variants within the ABC superfamily may increase the risk of breast cancer among Jordanian women.
Furthermore, these variants might be responsible for worse BC prognosis.

1. Introduction

Breast cancer (BC) is the most common female malignancy
in the majority of countries [1]. Arab populations suffer
from lower but steadily rising BC incidence rates compared
to their American and European counterparts, and the
clinical characteristics of the disease also differ between
the aforementioned populations [2]. Such population-level
differences in BC predisposition have been attributed to
genetics and have been widely investigated, with different
mutations having different levels of association with BC [3].
Compounding this issue is the fact that Arab BC genetics
are not well researched, and much less is known about the

genes involved in BC progression and drug response in Arab
patients [4].

The ATP binding cassette (ABC) transporters comprise
seven subfamilies of membrane proteins that facilitate the
transport and modulate the effects of a wide range of drugs
and their metabolites [5, 6]. Remarkably, an overexpression
of certain ABC transporters in cancer cell lines resulted
in multidrug resistance (MDR) and a potential failure of
chemotherapy [7, 8]. For example, the ABCC1 gene, also
known as multidrug resistance-associated protein 1 (MRP1),
is associated with worsened prognoses in a wide range of
tumors, while the ABCC2 gene was found to contribute to
drug resistance [9, 10]. Likewise, the ABCB1 gene is highly
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Table 1: Minor allele frequencies among breast cancer patients and healthy controls and the HWEc p value of ABC gene polymorphisms.

Gene SNP ID SNP position a

Cases (n = 222) Controls (n = 218)

MAb MAFc HWEd
MAb MAFc

HWEd

p-value
p-value

ABCC1
rs35626 16076758 T 0.38 0.3 T 0.41 0.12
rs35628 16077249 G 0.1 0.049 G 0.11 0.27
rs4148351 16076711 T 0.16 0.037 T 0.2 N/A

ABCC2
rs2273697 99804058 A 0.25 N/A A 0.24 0.089
rs3740065 99845936 G 0.23 N/A G 0.21 0.066
rs717620 99782821 T 0.12 0.75 T 0.13 0.38

ABCB1
rs1045642 87509329 T 0.35 0.025 T 0.43 0.026
rs1128503 87550285 A 0.36 0.039 A 0.44 0.074
rs2032582 87531302 T 0.03 0.4591 T 0.01 0.615

ABCG2 rs2231142 88131171 T 0.04 0.552 T 0.04 0.572
aChromosome positions are based on NCBI Human Genome Assembly Build. bMA: minor allele. cMAF: minor allele frequency. dHWE: Hardy–Weinberg
equilibrium. N/A: not applicable.

polymorphic and induces chemoresistance by preventing
drug accumulation in cancer cells [7]. In addition, theABCG2
gene, also known as the breast cancer resistance protein
(BCRP), is responsible for the transport ofmany conventional
chemotherapeutics and causes MDR in various cancer cells
[11].

In the present study, four SNPs of ABC transporter
genes, namely ABCC1, ABCC2, ABCB1, and ABCG2, were
screened in Jordanian Arabs with and without breast cancer.
Previous reports have indicated that these genes play a critical
role in increasing tumor risk, especially in breast cancer
[9, 11]. The aim of this study is to determine whether the
aforementioned genes play a significant role in Jordanian
breast cancer patients.

2. Materials and Methods

2.1. Ethical Approval and Conduct. The present study was
given ethical approval by the Institutional Review Board
(IRB) at Jordan University of Science and Technology. Writ-
ten informed consent was obtained from all participants in
this study before blood sample withdrawal.

2.2. Study Population and Design. The study cohort consisted
of 222 women diagnosed with breast cancer as well as 218
healthy matched volunteers. All participants were recruited
from the Jordanian population andwere of Arab descent. 5 ml
of blood were withdrawn from each participant into EDTA
tubes and refrigerated until DNA extraction.

2.3. Genomic Extraction and Genotyping. Genomic DNA
was extracted from a total of 440 blood samples using the
Wizard� Genomic DNA Purification Kit (Promega, USA).
Extracted DNA was evaluated in terms of concentration
(ng/𝜇l) and purity (A260/280) quantity using the Nano-Drop
ND-1000 UV-Vis Spectrophotometer (BioDrop, UK). DNA
samples were then loaded onto an agarose gel to confirm

product quality. Samples that met our requirements were
diluted using nuclease-free water for a final concentration
of 20 ng/𝜇l and a final volume of 30 𝜇l. Genotyping was
carried out by theMelbourne node of the Australian Genome
Research Facility (AGRF) using the Sequenom MassAR-
RAY� system (iPLEX GOLD) (Sequenom, San Diego, CA,
USA).

2.4. Denomination of Genotypic-Phenotypic Correlation. In
this study, several clinical and pathological features of BC
were investigated in correlation with the studied variants.
Clinical and pathological information for patients was col-
lected from their medical records. P values were selected to
estimate the association between SNPs and risk of BC. The
analyses were done per genotype.

2.5. Statistical Analysis. Case-control analyses were carried
out using different statistical software. Allelic and geno-
typic frequencies were calculated using the Hardy-Weinberg
equilibrium (HWE) equation (Court lab - HW calculator)
(http://www.oege.org/software/hwe-mr-calc.html). The Sta-
tistical Package for the Social Sciences (SPSS), version 25.0
(SPSS, Inc., Chicago, IL) was used to calculate the p values
that allowed discrimination between cases and controls in
associationwith the genotype. It also facilitated the analysis of
the different genotype models. On the other hand, genotype-
phenotype assessment was performed using the Chi-Square
test and ANOVA tests [12]. P value denoted statistical signif-
icance if they were less than 0.05.

3. Results

3.1. ABCTransporter Variants andTheirMinor Allele Frequen-
cies (MAF). Table 1 displays the SNPs of the ABCC1,ABCC2,
ABCB1, and ABCG2 candidate genes. All of the polymorphic
SNPs were tested for minor allele frequencies (MAF) and
HWE p values in both the cases and controls (Table 1).

http://www.oege.org/software/hwe-mr-calc.html
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Figure 1: Scatter plot for rs1045642 within ABCB1 gene. Each Dot represents a sample while different genotypes are indicated with different
colors.

3.2. Association between ABC Transporter SNPs and Breast
Cancer (BC). The allelic and genotypic frequencies of the
ABC transporter SNPs were determined for both cases and
controls (Table 2). All three ABCB1 SNPs were found to
be significantly associated with BC in Jordanian patients,
with rs1045642, rs1128503, and rs2032582 having p val-
ues of 0.01164587, 0.01610842, and 0.03565022, respectively.
Figure 1 shows a representative scatter pattern for rs1045642
of ABCB1. In contrast, only the rs2032582 SNP of ABCB1
showed a strong genotypic association with BC (p value
= 1e−8, OR =6.72, 95% CI = 4.27 to 10.57). rs2032582 is a
triallelic polymorphism comprising the A, C, and T (minor)
alleles (the homozygous TT variant was not estimated in the
current study population). None of the other investigated
SNPs showed any significant correlation with BC, as all
the allelic and genotypic frequencies were greater than 0.05
(Table 2).

Further genetic analyses were carried out to test for
the association of different genetic models with BC. Table 3
summarizes three different genetic models and the chi-
squared value for each. The ABCG2 gene was excluded from
the analysis because it expressed only two genotypes. For the
ABCC1 SNP rs4148351, Het (CT) versus Common Hz (CC)
was found to be associated with BC in Jordanian Arabs (𝜒2 =
5.33; p value <0.05). Similarly, for the ABCB1 SNP rs1128503,
the Rare Hz (AA) versus Common Hz (GG) model was
related to BC in Jordanian Arabs (𝜒2 =4.52; p value <0.05).
No such association was found for any of the ABCC2 SNPs
(Table 3).

3.3. Association between ABC Transporter SNPs and Major
Prognostic Factors of Breast Cancer (BC). Certain clinical and
pathological characteristics of BC serve as major prognostic
factors for the disease that are exploited in the process of
treatment selection. None of the ABCC1 SNPs showed any
significant association with the clinical characteristics of BC,

but the ABCC2 SNPs rs2273697 and rs717620 were found to
be significantly associated with age at breast cancer diagnosis
(p value = 0.042) and breastfeeding status (p value = 0.05),
respectively (Table 4). Meanwhile, the ABCC1 SNP rs35628
was associated with the pathological characteristic of tumor
size (p value = 0.014), while the ABCC2 SNP rs2273697 was
significantly associated with estrogen receptor status (p value
= 0.013) (Table 4).

Likewise, rs1045642was the onlyABCB1 SNP to be signif-
icantly associated with a clinical characteristic of BC, namely,
age at breast cancer diagnosis (p value = 0.029) (Table 5).
In contrast, rs2032582 was the only ABCB1 SNP to show
significant association with a pathological characteristic of
BC, namely, tumor size (p value = 0.03) (Table 5).TheABCG2
SNP rs2231142 was found to be significantly associated with
axillary lymph node status (p value = 0.001) but not with any
clinical characteristic (Table 5).

3.4. Association between ABC Transporter SNPs and Immuno-
histochemistry (IHC) Profiles of Breast Cancer (BC). Different
combinations of the progesterone receptor, estrogen receptor,
and Her2/neu expression molecular markers gives rise to
three different immunohistochemistry profiles: Luminal A,
Luminal B, and Triple Negative. These profiles and their
correlation with the investigated SNPs are displayed in Tables
4 and 5. Only the ABCC1 SNP rs35626 was found to be
significantly correlated with the different IHC profiles (p
value = 0.013).

4. Discussion

In the present study, four ABC transporter genes were
screened in female BC patients and healthy volunteers from
Jordan. Three SNPs from each of the ABCC1, ABCC2, and
ABCB1 genes and one SNP from the ABCG2 gene were
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Table 2: Association of the investigated ABCC1, ABCC2, ABCB1, and ABCG2 SNPs and breast cancer (BC).

Gene SNP ID
Allelic and Genotypic Frequencies in Cases and Controls

Allele/Genotype Cases Controls P-value∗ Chi-square
(n = 222) (n = 218)

ABCC1

rs35626

G 283(0.65) 256 (0.59) 0.073 3.214
T 155 (0.35) 180 (0.41)
GG 95 (0.43) 81(0.37) 0.216 3.063
GT 93 (0.42) 94(0.43)
TT 31 (0.14) 43 (0.2)

rs35628

A 394 (0.9) 388 (0.89) 0.788 0.072
G 44 (0.1) 46 (0.11)
AA 180(0.82) 175(0.81) 0.820 0.395
AG 34(0.16) 38(0.18)
GG 5(0.02) 4(0.02)

rs4148351

C 369(0.84) 346(0.8) 0.082 3.021
T 69 (0.16) 88 (0.2)
CC 160 (0.73) 138 (0.64) 0.068 5.374
CT 49 (0.22) 70(0.32)
TT 10 (0.05) 9(0.04)

ABCC2

rs2273697

G 332(0.75) 331(0.76) 0.778 0.079
A 108 (0.25) 103 (0.24)
AA 13 (0.06) 17(0.08) 0.412 1.773
GA 82 (0.37) 69(0.32)
GG 125 (0.57) 131(0.6)

rs3740065

A 341(0.77) 345(0.79) 0.478 0.503
G 101(0.23) 91(0.21)
AA 131(0.59) 141(0.65) 0.285 2.51
AG 79(0.36) 63(0.29)
GG 11(0.05 14(0.06)

s717620

C 387(0.88) 377(0.87) 0.285 2.51
T 55(0.12) 57 (0.13)
CC 170(0.77) 165(0.76) 0.928 0.149
CT 47(0.21) 47(0.22)
TT 4(0.02) 5(0.02)

ABCB1

rs1045642

C 288(0.65) 248(0.57) 0.012 6.364
T 152(0.35) 186(0.43)
CC 102(0.46) 79(0.36) 0.063 5.499
CT 84(0.38) 90(0.41)
TT 34(0.15) 48(0.22)

rs1128503

A 278(0.64) 242(0.56) 0.016 5.791
G 158(0.36) 192(0.44)
AA 36(0.17) 49(0.23) 0.074 5.189
GA 86(0.39) 94(0.43)
GG 96(0.44) 74(0.34)

rs2032582

A 144(0.33) 174(0.43) 0.035 6.668
C 284(0.65) 252(0.58)
T 12(0.03) 6(0.01)
AA 29(0.13) 41(0.19) 1e-8 44.386
CA 82(0.37) 90(0.42)
CC 97(0.44) 79(0.37)
TA 49(0.02) 2(0.0093)
TC 8(0.04) 4(0.02)

ABCG2 rs2231142

T 17(0.04) 16(0.04) 0.902 0.015
G 425 (0.96) 418 (0.96)
GG 204(0.92) 201(0.93) 0.899 0.016
GT 17(0.08) 16(0.07)

P value <0.05 was considered as significant.
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Table 3: Genetic association analysis for the ABCC1, ABCC2, ABCB1, and ABCG2 SNPs using different genetic models.

Gene SNP ID Category Test Odds Ratio 95% CI Chi square∗

ABCC1

rs35626
Het (GT) vs. Common Hz (GG) 0.84 0.56-1.27 0.65

Rare Hz (TT) vs. Het (GT) 0.73 0.42-1.25 1.31
Rare Hz (TT) vs. Common Hz (GG) 0.61 0.36-1.06 3.04

rs35628
Het (AG) vs. Common Hz (AA) 0.87 0.52-1.44 0.29
Rare Hz (GG) vs. Het (AG) 1.4 0.35-5.63 0.22

Rare Hz (GG) vs. Common Hz (AA) 1.22 0.32-4.6 0.08

rs4148351
Het (CT) vs. Common Hz (CC) 0.6 0.39-0.93 5.33
Rare Hz (TT) vs. Het (AG) 1.58 0.6-4.19 0.88

Rare Hz (TT) vs. Common Hz (CC) 0.96 0.38-2.43 0.01

ABCC2

rs2273697
Het (GA) vs. Common Hz (GG) 1.55 0.71-3.42 1.21

Rare Hz (AA) vs. Het (GA) 0.8 0.54-1.2 1.14
Rare Hz (AA) vs. Common Hz (GG) 1.25 0.58-2.68 0.32

rs3740065
Het (GA) vs. Common Hz (AA) 1.35 0.9-2.03 2.08
Rare Hz (GG) vs. Het (GA) 0.63 0.27-1.48 1.16

Rare Hz (GG) vs. Common Hz (AA) 0.85 0.37-1.93 0.16

rs717620
Het (CT) vs. Common Hz (CC) 0.97 0.61-1.53 0.02

Rare Hz (TT) vs. Het (CT) 0.8 0.2-3.17 0.1
Rare Hz (TT) vs. Common Hz (CC) 0.78 0.2-2.94 0.14

ABCB1

rs1045642
Het (CT) vs. Common Hz (CC) 0.72 0.48-1.1 2.32

Rare Hz (TT) vs. Het (CT) 0.85 0.5-1.43 0.39
Rare Hz (TT) vs. Common Hz (CC) 0.61 0.37-1.03 3.46

rs1128503
Het (GA) vs. Common Hz (AA) 1.25 0.74-2.1 0.68
Rare Hz (GG) vs. Het (GA) 1.42 0.93-2.16 2.65

Rare Hz (GG) vs. Common Hz (AA) 1.77 1.04-2.99 4.52
∗ For significant association 𝜒2 should be >3.84 with P<0.025.
CI indicates confidence interval.

investigated for their association with BC in patients of
Jordanian-Arab descent.

The ABCC1 (MRP1) gene has been previously reported
as being a predictor of hematological toxicity in BC patients
undergoing certain chemotherapy regimens [13]. It has also
been found to be involved in MDR development in cases
of neuroblastoma [14]. Moreover, ABCC1 expression was
found to be increased in children with acute lymphoblastic
leukemia, and ABCC1 gene induction resulted in worsened
disease-free and overall survival rates [15, 16]. Our results
show that none of the three investigated ABCC1 SNPs showed
any significant association with the clinical and pathological
characteristics of BC.However, we found that theABCC1 SNP
rs35626 was significantly associated with different immuno-
histochemistry (IHC) profiles in Jordanian-Arab patients.

Similar to ABCC1, the ABCC2 gene is involved in
decreased recurrence-free survival in BC patients receiving
tamoxifen [17]. Nuclear expression of ABCC2 in BC cells was
also found to be associated with worsened clinical outcome
[18]. Our findings showed that the ABCC2 SNP rs2273697
was significantly associated with age at breast cancer diag-
nosis. Furthermore, rs2273697 was in correlation with estro-
gen receptor status for genotype association, patients were
categorized according to the expression of estrogen receptor
(positive versus negative) and tested with regard to their
genotypes. However, in this study only gender was matched

for the analysis. In addition, rs717620 was associated with
breastfeeding status.

Three ABCB1 SNPs rs1045642, rs1128503, and rs2032582
have been suggested to play a role in altered doxorubicin
pharmacokinetics in Asian BC patients [19]. In the present
study, all three aforementioned ABCB1 SNPs were signif-
icantly associated with BC in Jordanian Arabs. Moreover,
the ABCB1 SNPs rs1045642 and rs2032582 were significantly
associated with age at breast cancer diagnosis and tumor size,
respectively.

Overexpression of the ABCG2 gene was implicated in
developing flavopiridol resistance in BC cells [20]. The
homozygous genotype (CC) of the ABCG2 SNP rs2231142 of
the ABCG2 gene resulted in significantly reduced intestinal
transport activity compared to the wildtype (AA) [21]. In
Kurdish BC patients, the A allele of the rs2231142 SNP
may be a risk factor for BC progression, while the C allele
was associated with poorer responses to anthracyclines and
paclitaxel [22]. In contrast, the homozygous (CC) genotype
of theABCG2 SNP rs2231142was significantly associatedwith
longer progression-free survival in Han Chinese BC patients
[23]. In the present study, the ABCG2 SNP rs2231142 was
found to be significantly associated with axillary lymph node
status in Jordanian BC patients.

Conclusively, screening certain ABC transporter genes in
BC patients and healthy volunteers from the Jordanian-Arab
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Table 4: Association between different ABCC1 and ABCC2 SNP genotypes and the clinicopathological characteristics of breast cancer (BC).

Clinical
characteristics

ABCC1 ABCC2
rs35626
GG vs GT
vs TT

rs35628
AA vs AG
vs GG

rs4148351
CC vs CT
vs TT

rs2273697
AA vs AG
vs GG

rs3740065
AA vs AG
vs GG

rs717620
CC vs CT
vs TT

Body mass index ∗∗ 0.535 0.116 0.068 0.813 0.461 0.084
Age at first pregnancy
∗∗

0.990 0.624 0.358 0.381 0.921 0.458

Age at BC diagnosis
∗∗

0.311 0.352 0.198 0.042 0.194 0.104

Allergy ∗ 0.808 0.824 0.867 0.501 0.324 0.065
Age at menarche ∗∗ 0.219 0.824 0.373 0.820 0.747 0.611
Breastfeeding status ∗ 0.284 0.117 0.761 0.439 0.340 0.005
Age at menopause ∗∗ 0.437 0.665 0.373 0.115 0.155 0.251
Family history ∗ 0.669 0.605 0.762 0.472 0.891 0.415
Comorbidity ∗ 0.764 0.967 0.976 0.130 0.741 0.140
Smoking ∗ 0.237 0.287 0.163 0.320 0.406 0.362
Pathological characteristics
Progesterone receptor
status ∗ 0.292 0.516 0.244 0.610 0.823 0.423

Estrogen receptor
status ∗ 0.730 0.550 0.562 0.013 0.839 0.125

HER2 ∗ 0.146 0.500 0.330 0.441 0.226 0.842
IHC profile∗ 0.013 0.838 0.260 0.381 0.775 0.270
Tumor differentiation
∗

0.754 0.940 0.963 0.768 0.718 0.431

Axillary lymph nodes
∗

0.113 0.184 0.817 0.138 0.989 0.213

Tumor stage ∗ 0.491 0.751 0.665 0.748 0.999 0.357
Histology
classification ∗ 0.963 0.502 0.348 0.301 0.294 0.661

Tumor size ∗∗ 0.888 0.014 0.968 0.720 0.576 0.922
Lymph node
involvement ∗ 0.694 0.944 0.794 0.165 0.339 0.528

∗ Pearson’s chi-squared test was used to determine genotype-phenotype association.
∗∗ Analysis of variance (ANOVA) test was used to determine genotype-phenotype association.
P value <0.05 was considered as significant.

population revealed a number of interesting observations.
Perhaps themost important finding was that theABCB1 SNPs
were the only variants to be significantly associated with BC
in Jordanian Arabs.
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Table 5: Association between different ABCB1 and ABCG2 SNP genotypes and the clinicopathological characteristics of breast cancer (BC).

Clinical characteristics ABCB1 ABCG2
rs2032582
A vs C vs T

rs1128503
AA vs AG vs GG

rs1045642
CC vs CT vs TT

rs2231142
GG vs GT

Body mass index ∗∗ 0.298 0.383 0.180 0.164
Age at first pregnancy
∗∗

0.212 0.326 0.815 0.490

Age at BC diagnosis ∗∗ 0.931 0.924 0.029 0.592
Allergy ∗ 0.310∗ 0.331 0.169 0.511
Age at menarche ∗∗ 0.508 0.525 0.115 0.947
Breastfeeding status ∗ 0.708 0.291 0.665 0.553
Age at menopause ∗∗ 0.746 0.258 0.676 0.563
Family history ∗ 0.585 0.626 0.469 0.481
Comorbidity ∗ 0.350 0.347 0.751 0.341
Smoking ∗ 0.462 0.365 .303 0.429
Pathological characteristics
Progesterone receptor
status ∗ 0.375 0.555 0.268 0.244

Estrogen receptor status
∗

0.470 0.480 0.299 0.312

HER2 ∗ 0.712 0.886 0.835 0.560
IHC profile∗ 0.186 0.645 0.160 0.606
Tumor differentiation ∗ 0.429 0.632 0.595 0.926
Axillary lymph nodes ∗ 0..373 0.718 0.847 0.001
Tumor stage ∗ 0.700 0.705 0.723 0.722
Histology classification ∗ 0.488 0.498 0.602 0.648
Tumor size ∗∗ 0.030 0.032 0.556 0.249
Lymph node
involvement ∗ 0.021 0..056 0.417 0.381

∗ Pearson’s chi-squared test was used to determine genotype-phenotype association.
∗∗ Analysis of variance (ANOVA) test was used to determine genotype-phenotype association.
P value <0.05 was considered as significant.
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Triple-negative breast cancer (TNBC) is a subgroup of 15%-20% of diagnosed breast cancer patients. It is generally considered to
be the most difficult breast cancer subtype to deal with, due to the lack of estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor 2 (HER2), which usually direct targeted therapies. In this scenario, the current
treatments of TNBC-affected patients rely on tumor excision and conventional chemotherapy. As a result, the prognosis is overall
poor.Thus, the identification and characterization of targets for novel therapies are urgently required.TheNotch signaling pathway
has emerged to act in the pathogenesis and tumor progression of TNBCs. Firstly, Notch receptors are associatedwith the regulation
of tumor-initiating cells (TICs) behavior, as well as with the aetiology of TNBCs. Secondly, there is a strong evidence that Notch
pathway is a relevant player in mammary cancer stem cells maintenance and expansion. Finally, Notch receptors expression and
activation strongly correlate with the aggressive clinicopathological and biological phenotypes of breast cancer (e.g., invasiveness
and chemoresistance), which are relevant characteristics of TNBC subtype. The purpose of this up-to-date review is to provide a
detailed overview of the specific role of all four Notch receptors (Notch1, Notch2, Notch3, and Notch4) in TNBCs, thus identifying
the Notch signaling pathway deregulation/activation as a pathognomonic feature of this breast cancer subtype. Furthermore, this
review will also discuss recent information associated with different therapeutic options related to the four Notch receptors, which
may be useful to evaluate prognostic or predictive indicators as well as to develop new therapies aimed at improving the clinical
outcome of TNBC patients.

1. Introduction

Breast cancer is the most commonly diagnosed cancer
in women worldwide [1, 2]. The presence or absence of
estrogen receptors (ERs), progesterone receptors (PRs), and
the human epidermal growth factor receptor 2 (HER2/neu)
classifies breast cancer in different subtypes [3]. Hormone
receptor positive breast cancers represent 60% of all breast
cancers [4], while the lack of expression of ER, PR, and HER2
characterizes TNBC subtype [5, 6], which accounts for 15-
20% of breast cancer cases.

TNBCs predominantly affect younger patients (< 40
years) and are more frequent in African-American women,
where they are associated with BRCA gene mutations [7, 8].
They are heterogeneous tumors with aggressive phenotype
and higher relapse rate. Moreover, compared to other BC

subtypes, TNBCs are less differentiated [8, 9] and prone to
metastasize within 5 years of diagnosis [8]. Furthermore,
TNBC-bearing patients have a shorter overall survival when
compared to other BC subtypes [7, 10]. The intertumoral
and intratumoral heterogeneity represent one of the major
challenges for the efficacy of the treatment of this cancer.
Lehmann and colleagues classified TNBC into six different
subtypes by analyzing their gene expression profiles: the
basal-like (BL1 and BL2), mesenchymal (M), mesenchymal
stem-like (MSL), immunomodulatory (IM), and luminal
androgen receptor (LAR)-enriched tumors [9]. Since TNBCs
patients are characterized by this molecular heterogeneity,
chemotherapy (anthracycline and taxane-based treatments
also with platinum agents addiction) represents the primary
systemic treatment. Moreover, although combination thera-
pies have ameliorated the response rates, this improvement
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Figure 1: Role of Notch signaling in TNBC. (a) Schematic representation of the Notch receptors structure. Abbreviations. NECD: Notch
extracellular domain; NTM: Notch transmembrane; NICD: Notch intracellular domain; EGF: epidermal growth factor-like repeats; NRR:
negative regulatory region; LNR: Lin12/Notch repeats; HD: heterodimerization domain; PM: plasmatic membrane; RAM: RBP-j associated
molecule; NLS: nuclear localization signal; ANK: ankyrin repeats; PEST: proline (P), glutamic acid (E), serine (S), and threonine (T). (b)The
cartoon schematically depicts the involvement of each Notch receptor on TNBC initiation and progression.

leads to increased toxicity and multidrug resistance. On the
basis of the stratification of TNBCs into subtypes, many
preclinical and clinical trials are allowing the development
of new targeted therapies to treat the 60–70% of patients
who do not respond to chemotherapy [11]. These alter-
native approaches include the use of PARP and tyrosine
kinase receptor inhibitors, the targeting of Wnt/𝛽-catenin or
PI3K/AKT/mTOR pathway, the emerging immunotherapy,
and the use of epigenetic drugs and androgen receptor (AR)
antagonists [12], as described below in more detail.

In this scenario, since it has been demonstrated that
Notch signaling plays an important role in breast cancer
cell growth, migration, invasion, and metastasis, and its
aberrant activation is associated with a poor prognosis,
resistance to treatments, and relapse [13], here we discuss
the therapeutic potential of targeting Notch signaling in
breast cancer treatment, focusing on the TNBC field. Until
now, a lot of effort has been made to find the optimal
pharmacological Notch inhibition, as the typical approach
to target Notch pathway is mainly based on 𝛾-secretase
inhibitors (GSIs) use [14], which however represents a pan-
Notch inhibitor drug strongly associated with severe gas-
trointestinal toxicity [15]. Inhibition of a specific receptor
alone may reduce or avoid toxicity, thus showing a clear
advantage over pan-Notch inhibitors. Although the Notch
signaling pathway has been widely studied, the specific
role of the individual Notch receptor in cancer is still
unclear.

In this review we summarize (and discuss) the current
knowledge of the role of each individual Notch receptor in
TNBC (Figure 1), in order to suggest the identification of
drugs targeting specific Notch(s) with an effective anticancer
potential and low toxicity, trying to direct future directions in
this challenging field (Table 1).

2. Notch Signaling Overview in TNBC

2.1. Notch Structure and Function. Juxtacrine signaling is
pivotal in several developmental processes and relies on com-
munication between one cell and a neighboring cell through
the interaction of transmembrane receptors and ligands [16].
The Notch signaling pathway is an example of this short-
range cell-cell communication and plays an essential role in
metazoan development [17]. The Notch receptor is a single-
pass transmembrane protein expressed on the plasmatic
membrane as a processed heterodimer after the cleavage by
furin-like protein convertase in the Golgi compartment [18].
It was discovered inDrosophilamelanogaster.Thefly genome
encodes only one Notch protein while two receptors, which
have redundant roles, were identified in Caenorhabditis
elegans [19]. In contrast, mammals have four Notch paralogs
that only partly share the same functions [20] and this is due
to their variable structural homology [21].

Regarding the structural organization of the Notch
receptors (Figure 1(a)), they share a three-domain struc-
ture: an extracellular domain (NECD), a transmembrane
region (NTM), and an intracellular domain (NICD) which
translocates to the nucleus after two sequential proteolytic
cleavages triggered by ADAM metalloproteases and a 𝛾-
secretase complex, respectively. According to the canonical
Notch signaling model, these events are due to the interaction
between the receptors and their ligands [21], expressed on
neighboring cells.

The NECD contains 29 to 36 epidermal growth factor-
like (EGF-like) repeats which are responsible for the ligands
binding [22], the negative regulatory region (NRR), consist-
ing of three cysteine-rich LNRNotch repeats, and the hetero-
dimerization domain (HD), which prevents receptor activa-
tion in the absence of ligands [23].The NTM region contains
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Table 1: Summary of notch receptors-related processes and treatments in TNBC.

Notch receptor Process Refs Treatment Studies Refs

Notch1

Tumor growth [59–61]
Mitochondrial metabolism [60, 80] mAbs Preclinical [156]

Regulation of cancer stem cells [64, 65, 68] mAbs (+chemotherapeutic agents) Preclinical [64, 66, 156, 159]
Drug resistance [67–70, 73, 75] GSI + chemotherapeutic agents Preclinical and clinical [74, 151–153]

Invasion and metastasis [59, 71, 73]

Notch2
Tumor growth [87, 88]

Regulation of cancer stem cells [84, 85] mAbs Preclinical [157]
Invasion and metastasis [84, 85]

Notch3

Tumor growth [92, 93]
Angiogenesis [97, 98] mAbs Preclinical and clinical [93, 157, 161]
Drug resistance [110, 111]

Invasion and metastasis [103, 104, 107]

Notch4 Regulation of cancer stem cells [125–128] mAbs Preclinical [126]
Invasion and metastasis [117, 118] GSI Preclinical [118]

Abbreviations. mAbs: monoclonal antibodies; GSI: 𝛾-secretase inhibitor.

a 𝛾-secretase cleavage site which is critical for signal activa-
tion [24]. The NICD consists of a RAM (RBP-j-Associated
Molecule) domain, ankyrin (ANK) repeats flanked by two
nuclear localization signals (NLS), a transcriptional acti-
vation domain (TAD), and a C-terminal Pro-Glu-Ser-Thr
(PEST) domain which is the substrate of ubiquitin ligases
that target the NICD for proteasomal degradation [25]. Both
RAM ad ANK domains are necessary to recruit transcrip-
tional coactivators within the nucleus [26] (Figure 1(a)).

In mammals, the five Notch ligands, Dll1, Dll3, and Dll4
(members of the Delta family of ligands) and Jagged1 and
Jagged2 (members of the Serrate family of ligands), are single-
pass transmembrane proteins [27]. Dll3 gene encodes a decoy
receptor and, as a result, it is not able to activate Notch
receptors in-trans [28].

Notch signaling has pleiotropic effects during develop-
ment and in adult tissues, in spite of the simplicity of the core
pathway [29]. As a matter of fact, Notch activity affects both
proliferation and cell death and drives differentiation and
acquisition of specific cell fates. Furthermore, it is involved
in the maintenance of stem cells [30].

Since the Notch receptors is central for these processes,
its deregulation has been implicated in the development of
congenital diseases [31] or cancer, as either oncogenes or
tumor suppressors [32, 33].

Specifically, Notch signaling pathway is involved in
mammary development and homeostasis as well as in the
promotion of breast cancer when dysregulated [34]. Indeed,
accumulating evidence sustains the importance of Notch
pathway in mammary stem cells (MaSCs) generation and
maintenance during mammary gland development [35].This
process normally takes place over a period of rapid growth
during puberty and, subsequently, it undergoes cycles of
expansion and regression with each estrous cycle, preg-
nancy, lactation, and involution until menopause [36]. In
this scenario, it has been demonstrated that Notch pathway
plays a fundamental role in regulating both self-renewal
[37] and differentiation of MaSCs [38, 39], thus allowing

mammary gland homeostasis. Thus, the aberrant activation
of Notch signaling has been shown to be an early event in
breast cancer development [37]. A TCGA breast cancer data
was analyzed for mutations in Notch receptors genes [40].
Among the 956 breast tumor samples analyzed, there were
42 mutations in Notch genes: 25 of them are clustered in
the HD or lead to a PEST domain disruption, finally leading
to NICD overexpression [40, 41]. In addition, compared to
normal tissues, a lower expression of known Notch negative
regulators in breast cancer was frequently found [42, 43].
In particular, FBXW7 mutations were significantly more
frequent in TNBC compared to other breast tumor subtypes
[44] and these determine an increased NICD stability, thus
correlating with poorer prognosis of breast cancer-bearing
patients [45]. Moreover, a novel molecular mechanism that
correlates low NUMB expression with high Notch activity in
the regulation of breast tumor EMT, especially in TNBCs, was
found [46].

In keeping with these findings, the role of Notch signaling
in breast cancer initiation and progression has been exten-
sively studied and most of the reported data highlights its
oncogenic role in breast cancer [47].

2.2. Role of Notch Paralogs in TNBC

2.2.1. Notch1. The first demonstration that Notch receptors
are oncogenes also in regard to breast cancer derives from
studies on murine models. In particular, the Notch1 gene
was identified as a novel target for mouse mammary tumor
virus (MMTV) insertional activation, thus leading to the
overexpression of Notch1 mutated forms, finally involved in
mammary tumor formation [48]. Compared with normal
tissues, Notch1 is fairly expressed in human breast cancer
and its elevated expression represents an early event during
carcinogenesis, as it has been demonstrated that the enforced
expression of ectopic N1ICD contributes to the incidence and
development of breast cancer [49], being predictive of poorest
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overall patient survival [50–52]. Several studies have related
Notch1 signaling to TNBCs [53]. In particular, the basal-
like 1 (BL1) and mesenchymal stem-like (MSL) subtypes are
characterized by the high expression of this receptor [54, 55],
strongly correlated with ominous outcomes of tumor [56].

Notch pathway is aberrantly activated via multiple muta-
tional mechanisms and it is liable of TNBC tumor develop-
ment. Although PEST domain mutations in Notch1 protein
mainly regard oncogenic events in T-ALL [57], around 13%
of TNBC exhibits in-frame deletions of Notch1 exons 21-
27, which disrupt the NRR and HD domains, thus leading
to upregulation of its pathway caused by either ligand-
independent receptor activation or N1ICD half-life extension
[40]. As a consequence, Notch1-mutated-TNBCs show a
strong overexpression of Notch1 target genes, like NOTCH3,
HES1, HEY2, MYC, CCND1, HES4, NRARP, and NOTCH1
itself, in comparison with Notch1 wild-type tumors, thus
resulting in oncogenic phenotype of TNBCs [40]. In addition,
a correlation has been found between the expression of
Notch1 protein and known prognostic factors in breast
cancer, analyzed by IHC assay in 115 breast cancer tissues
[58].The presence of Notch1 in tumor tissue was significantly
associated with TNBC subtype (P=0.041), high metastasis
rate (P=0.035), tumor-node-metastasis (TNM) stages, and
ALDH1 status, a known marker of cancer stem cells (CSCs).

Furthermore, a significant positive correlation was
observed between Notch1 protein and both AKT and NF-
𝜅B proteins activation in preclinical models, thus finally
promoting TNBC cell growth, migration, and invasion
[59]. Interestingly, more recently Hossain and colleagues
described in detail noncanonical mechanisms downstream
of Jagged-1-mediated Notch1 activation that trigger AKT
phosphorylation, NF-𝜅B activation, and mitochondrial
metabolism, thus leading to the transcription of survival
genes in TNBC cells [60]. In agreement with these data,
it has been demonstrated that Genistein, a phytochemical
originally isolated from soybean, by inhibiting Notch1,
affected MDA-MB-231 TNBC growth through modulating
NF-𝜅B activity [61].

It is well demonstrated that CSCs are involved in initi-
ation, progression, and chemotherapy resistance of cancers
[62, 63].

Notch1 appears to be in part responsible for maintain-
ing CSC stemness in TNBCs, and the specific inhibition
of its signaling has a remarkable inhibitory effect on this
cancer subtype, thus increasing the sensitivity of TNBC
to chemotherapeutic reagents [64]. It is reported that in
HCC70, SUM149, and MDA-MB-231 TNBC cell lines, the
c-Jun N-terminal kinase (JNK) protein promotes CSC self-
renewal and maintenance via transcription of Notch1, whose
activation affects migration and invasion of tumor cells [65].
In accordance with these findings, both JNK and Notch1
knockdown significantly reduced mammosphere formation
in TNBC cells [65]. Moreover, Mittal and colleagues, by using
a novelmonoclonal antibody to inhibitNotch1 (MAb602.101),
observed a significant reduction in tumor growth and in the
number and sizes of mammospheres compared to controls,
thus resulting in the depletion of the putative cancer stem-like
cell subpopulation [66]. Furthermore, Bhola and colleagues

demonstrated that resistance toTORC1/2 inhibition inTNBC
is driven by Notch1 activation whose expression is increased
in response to treatment. In consequence, genetic and phar-
macological blockade of Notch1 is able to revert the increase
in CSC markers expression, mammosphere formation, and
tumor-initiating ability, all induced during TORC1/2 inhibi-
tion treatment [67]. All these studies sustained an important
correlation between Notch1 inhibition and the restoration of
the sensitivity to drug treatments, thus showing interesting
findings which would improve the efficacy of conventional
therapies by directly targeting the CSC niche [64, 68]. In
addition, significant upregulated Notch-1 protein levels are
found in Doxorubicin resistant MCF-7 cells compared to
parental sensitive MCF-7 cells [69]. In keeping with these
data, Notch1 inhibition enhanced the antitumor effects of
Paclitaxel, the first-line chemotherapeutic drug for clinical
treatment of TNBC, in both MDA-MB-231 and MCF-7
chemoresistant cells [70].

Emerging evidence demonstrated the involvement of
Notch1 also in the invasion and migration steps which
characterize the epithelial-to-mesenchymal transition (EMT)
process in TNBC [71]. The authors observed that Notch1 is
negatively regulated bymiR-3178, which is significantly lower
in TNBCs when compared to the other subtypes: the lower
levels of miR-3178 lead to increased Notch1 activity followed
by increased Snail1 expression, which finally contributes to
EMT regulation [71]. Indeed, the inhibition of Slug/Notch1
signaling axis, by regulating EMT process, seems to be
sufficient to decrease tumor-initiating cells (TICs) number,
tumor induction, and metastasis [72]. In keeping with these
data, Notch1 expression is higher in Cisplatin-resistant MDA-
MB-231 TNBC cells, compared to the parental cells, and
this helped to induce chemoresistance via activating AKT
pathway and promoting EMT [73]. Furthermore, it has been
demonstrated that the combined treatmentwithDoxorubicin
plus GSIs of the same resistant cells, besides downregulat-
ing Notch-1, is also able to decrease both Cyclin D1 and
antiapoptotic protein Bcl-2 while upregulating PTEN and
proapoptotic proteins, finally leading to synergistic antitumor
effects in vitro and in vivo TNBC xenografts models [74].

More recently, Lee and colleagues demonstrated that
Notch1 inactivation, obtained as a consequence of the knock-
down of Tribbles Homolog 3 (TRIB3) protein in MDA-
MB-231 and AS-B244 radio-resistant TNBC cells, correlated
with a cell resensitization toward radiation therapy [75].
Interestingly, some studies showed a Notch1 involvement in
metabolic alterations of cancer cells. Abnormal mitochon-
drial fission is implicated in the development and progression
of many human cancers [76] and Notch signaling has been
reported to be closely related to mitochondrial network and
function in different cellular contexts [77–79]. Dynamin
related protein (Drp1) is involved in mitochondrial fission
while Mitofusin-1 (Mfn1) is a mitochondrial membrane
protein that participates in mitochondrial fusion, thus con-
tributing to the maintenance of the mitochondrial network.
Perumalsamy and colleagues identified the N1ICD-Akt-Mfn
signaling cascade as a novel pathway regulating cell survival,
in a way independent of the canonical functions associ-
ated with N1ICD activity, thus demonstrating the Notch1
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involvement in mitochondrial network and apoptotic resis-
tance in HeLa cells [79]. More recently, it was demonstrated
that theNotch1/Mfn2 pathwaywas able to favor the protective
effect of melatonin on myocardial infarction, by using both
in vitro and in vivo models [78]. In TNBC context, Chen
and colleagues demonstrated that the observed increase in
the mitochondrial fission, characterized by the combined
upregulation of Drp1 and downregulation ofMfn1, was due to
a positive feedback loop closely dependent onNotch1 protein:
mitochondrial fission contributes to activation of Notch1,
which in turn promotes and amplifies the mitochondrial
fission through the maintenance of both Drp1 and Mfn1
altered expression. This process strongly correlated with
TNBC progression and a poorer overall survival of TNBC-
bearing patients [80].

All these studies suggest that activation of the Notch1
pathway is a key event in TNBC etiology and it contributes
to the development and progression of malignant phenotype
of TNBC subtype.

2.2.2. Notch2. The role of Notch2 in breast cancer is less
well characterized with respect to Notch1. Previous studies
reported that Notch2 increases tumorigenicity in thymic
lymphoma [81] and in embryonal brain tumor cell lines [82].
Conversely, Notch2 signaling causes cells growth arrest in
small cell lung cancer [83]. Therefore, the cellular context
is important for tumorigenic outcome of Notch2 signaling.
Notch2 can play a different role in TNBCs, thus acting as
an oncogene or tumor suppressor. Evidence for its oncogenic
role came from studies on cultured breast cancer cells where
knockdownofNotch2 leads to the inhibition of cellmigration
and cancer stem cell survival [84, 85]. In particular, Kim
and colleagues revealed that treatment of MCF-7, MDA-MB-
231, and SUM159 human breast cancer cells with Benzyl
isothiocyanate (BITC), a constituent of cruciferous vegeta-
bles, increases levels of the active form of Notch1, Notch2,
and Notch4 in both cultured and xenografted cells. In this
scenario, only Notch2 activation is able to impede inhibitory
effect of treatment on cell migration [85]. In keeping with
these data, the proapoptotic effect of Zerumbone (ZER), a
sesquiterpene isolated from subtropical ginger, on TNBC
cells was counteracted by Notch2 activation and significantly
increased upon its knockdown [86].

Analysis ofNotch2 expression in normalmammary tissue
and breast tumors, in association with clinical data, also
sustained a tumor suppressor function for this receptor. The
most convincing evidence for this Notch2 capability is pro-
vided byO’Neill and colleagues [87].They reported that over-
expression of N2ICD inMDA-MB-231 cells is potently able to
suppress tumor growth both in vitro and in vivo in xenografts.
Therefore, Notch2 plays a role in the inhibition of mammary
adenocarcinoma growth, mostly in comparison with Notch4
ICD in the same context. Another study revealed that the in
vivo growth of MDA-MB-231 and SUM159 xenografted cells
is enhanced by stable knockdown of Notch2 [88]. Notably,
this increased in vivo tumor growth is determined by the
increase in cytokines secretion and Notch1 activation, thus
suggesting a compensatory response of cancer cell [88].

More interestingly, numerous studies suggested that Notch2
overexpression is related to a greater chance of survival of
breast cancer patients [89]. Parr and colleagues analyzed
Notch-1 and Notch-2 mRNA and protein expression levels
in normal and breast cancer tissues also in association whit
clinicopathological parameters [89]. The results showed that
high level of either Notch1 mRNA or protein is associated
with a poorer outcome for patients while a high expression
of Notch2 is correlated with a better prognosis. In addition,
the authors demonstrated an opposite expression of Notch1
and Notch2 proteins during tumor development, related to
its differentiation state. Regarding Notch2 gene mutational
pattern in TNBC samples, many focal amplifications were
also found in its PEST or HD domain: in particular, the PEST
domain showed six mutations, three of them leading to a gain
of function, while the HD domain exhibited two missense
mutations, finally leading to Notch2 overexpression [40].

All these data suggest that Notch-2 role remains ambigu-
ous in TNBC. However, to date there is much more evidence
to support the view that it should have a tumor suppressive
role rather than an oncogenic role.

2.2.3. Notch3. As we have previously described, TNBCs are
genetically unstable and they are usually characterized by a
complex pattern of genetic aberrations such as focal amplifi-
cations. On the basis of the evidence that Notch3 is highly
expressed in TNBCs [51], Turner and colleagues subjected
a wide subset of TNBCs to high resolution microarray-
based comparative genomic hybridization and to genome-
wide gene expression analysis in order to model mutational
signatures of Notch3 gene. The obtained results highlighted
that Notch3 gene amplification is quite recurrent and it is sig-
nificantly overexpressed when amplified [90]. Furthermore, a
broad spectrumof activating mutations that disrupt both HD
and PEST domains, thus favoring N3ICD expression, were
discovered in Notch3 gene [40].

In keeping with these findings, the presence of activating
mutations, coincident with gene amplification and overex-
pression, lends genetic weight to the idea that there is a
selective pressure to increase Notch3 activity for TNBCs
initiation and progression. Indeed, the correlation between
Notch3 signaling and TNBCs is corroborated by several
studies.

First of all, it is already ascertained that Notch3 has
transforming potentials in vivo, since transgenic mice over-
expressing the intracellular domain of Notch3 (N3ICD)
developed breast cancer [91]. In addition, Notch3 pivotal role
in the proliferation of ErbB2-negative breast cancer cell lines
has been demonstrated [92].

More recently, it was shown that Notch3 altered expres-
sion activates an oncogenic program in a panel of TNBCs.
Selective Notch3 inhibition impairs tumor growth, whereas
Notch3 agonism correlates with a malignant phenotype
and increased proliferation. Indeed, transcriptomic analyses
showed a Notch signature that includes overexpression of the
c-Myc oncogene [93].

As occurred for cancers in general, TNBC malignancy
correlates with tumor angiogenesis [94–96]. Reedijk and
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colleagues pointed out that Jagged1 and Notch3 are over-
expressed in blood vessels of primary breast cancer [97],
but little is done to understand whether Jagged1 and Notch3
are closely related to angiogenesis in TNBCs. Recently, Xue
and colleagues speculated on the possible crosstalk between
VEGF andNotch signaling in TNBCs [98] but further studies
are needed. In addition, they showed that Jagged1 andNotch3
are detected in TNBCs at significantly higher levels than
in no-TNBCs and their expression leads to more aggres-
sive clinicopathological characteristics and poorer prog-
nosis, confirming previous studies [56]. Moreover, RNAi-
mediated depletion of Jagged1 and Jagged2 proteins in ErbB2-
negative breast cancer cell lines inhibited proliferation and
induced apoptosis in vitro, thus demonstrating an important
autocrine/juxtacrine loop between Jagged1/Jagged2 ligands
and Notch3 in TNBC context [99], which was then also
observed in other tumor contexts [100].

In general, in about 50% of breast cancer patients bone is
recognized as the first site ofmetastasis andTGF𝛽 plays a cen-
tral role in this process [101]. Increasing evidence suggested
that cancer cells interact with the bone microenvironment
in order to promote the initiation and progression of bone
metastasis [102]. Zhang and colleagues focused their atten-
tion on Notch3 and bone metastasis potential relationship
in TNBCs: they observed that both osteoblasts and their
secretion of TGF𝛽 increased Notch3 expression in TNBC
cells that reside in the bone marrow niche. Notably, the
inhibition of Notch3 expression is able to reduce osteolytic
bone metastasis in xenograft animal models of TNBCs
[103].

All these data supported the hypothesis of Notch3
involvement in promotingTNBC invasiveness and cancer cell
seeding to secondary organs, thus being able to influence the
acquirement of the metastatic phenotype and to complete
the invasion-metastasis cascade. In this view, Leontovich and
colleagues demonstrated that theMDA-MB-231 LMcells, iso-
lated fromexperimental lungmetastasis (LM), showed higher
self-renewal capacity with respect to parental cells thanks
to the upregulation of Notch3 reprogramming network. In
vitro inhibition of Notch3 impaired the invasive capacity of
MDA-MB-231 LM cells and interfered with late stages of
the invasion-metastasis cascade. Interestingly, the pivotal role
of Notch3 in determining an invasive phenotype and worst
outcome was corroborated in unique TNBC cells resulting
from a patient-derived brain metastasis [104].

Recently, some studies reported different molecular
mechanism by which Notch3 seems to inhibit EMT in breast
cancer [105, 106], including TNBCs [107], but overall high
transcript levels of Notch3 were associated with less distant
metastasis and better prognosis only in ER+ breast cancer
[105, 106, 108].

Currently, several groups focus on the understanding
of how the tumor microenvironment dictates treatment
response. For instance, stromal cells sustain cancer cell sur-
vival after genotoxic and targeted therapy through paracrine
and juxtacrine signaling [109]. In particular, it was demon-
strated that stromal cells expressing Jagged1 on their surface
were able to activate Notch3 on TNBC cells, thus promot-
ing the expansion of cells resistant to chemotherapy and

reinitiating tumor growth [110]. Therefore, these data sup-
ported the Notch3 role in chemoresistance of TNBCs.

Furthermore, Notch3 seems to be also involved in the
resistance to targeted treatments, such as tyrosine kinase
inhibitors (TKIs) against EGFR [111]. Targeting EGFRmay be
a promising approach to treat TNBCs since it is commonly
overexpressed in this breast cancer subtype [112], but several
clinical trials failed due to intrinsic and acquired resistance.
In this scenario, the authors demonstrated a novel role of
Notch3 in promoting resistance to TKI-gefitinib through
regulating EGFR localization, thus rendering it targetable by
TKI-gefitinib [111].

Overall, these studies suggested that Notch3 is strictly
associated with pathogenesis of TNBCs and it is responsible
for their aggressive phenotype.

2.2.4. Notch4. The first evidence that Notch4 could function
as a protooncogene was associated with mouse mammary
tumors which showed integration of the mouse mammary
tumors virus (MMTV) into the Notch4 locus [113]. The
major consequence of this integration is the production of a
truncated protein which is constitutively activated.Therefore,
aberrant expression of Notch4 leads to mammary epithelial
dysplasia and impaired differentiation, finally resulting in
mammary tumorigenesis in mice [114].

Several studies documented a correlation between
TNBCs and high expression of Notch4. Speiser and
colleagues analyzed 29 TNBC-bearing patients and Notch4
was widely expressed in 73% of the cases [53], in agreement
with a previous study [115]. Moreover, Wang and colleagues
analyzed a wider panel of breast cancers (98 samples) in
which TNBCs exhibited the highest Notch4 expression [116],
thus suggesting a pivotal role of Notch4 receptor in this
subtype. This was further confirmed from genome-wide
analysis of TNBC human samples in which Notch4 was
found commonly mutated in patients with progression free
survival (PFS) less than 3 months [41]. Notch4 seems to be
associated with metastatic TNBCs: Lawson and colleagues,
by analyzing the transcriptomic signature of TBNC patient-
derived xenografts, detected high levels of Notch4 in
metastatic cells [117]. In accordance with these findings,
the expression of Notch4 correlated with overall poor
prognosis and experimental evidence indicates that Notch4
contributed to tumor invasion and metastasis by sustaining
EMT at the invasive front of primary tumors [118]. Castro
and colleagues performed in vivo experiments on mice that
established spontaneous lung metastasis from JygMC(A)
cells. The authors state that Notch4 promoted tumor growth
and metastasis through the finding of Notch4 nuclear
localization in both primary tumors and lung metastasis. The
treatment with an orally active GSI inhibitor (RO4929097)
reverted the phenotype, thus inhibiting primary tumor
growth, reducing the number of metastatic lung nodules,
and finally confirming the contribution of Notch4 during
mammary tumor progression [118]. More recently, Castro
and colleagues tested Sulforaphane (SFN) in both human
and murine TNBC cells and they observed that the same
JygMC(A) cells were more resistant to SFN. Molecularly,
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the authors demonstrated that SNF is able to reduce the
promoter activity of Cripto1, a known positive regulator of
Notch receptor maturation and signaling [119], thus linking
the Cripto-mediated Notch4 signaling impairment with
the observed inhibition of the proliferation of breast CSCs
[120]. As previously mentioned, CSCs are associated with
high-grade breast cancer and distant metastasis [121, 122]
and contribute to intratumor heterogeneity [123]. Therefore,
the understanding of signaling networks that regulate CSCs
is urgently required. Since stem cells and cancer stem cells
are usually characterized by the activation of the same
pathways and Notch4 has been implicated in mammary
stem cells [124], during the last decade several studies
demonstrated that Notch4 activity strongly correlated with
self-renewal and chemoresistance of breast cancer stem cells
(BCSCs). Harrison and colleagues isolated BCSCs from
breast cancer cell lines and primary breast cancer samples.
They compared the activation of Notch1 and Notch4 in
BCSC-enriched population to differentiated cells and they
found that Notch1 and Notch4 are differentially expressed:
Notch1 promotes the proliferation of progenitor cells and
sustains their differentiation whereas Notch4 plays a role in
the commitment of BCSCs to progenitor cells. Interestingly,
decreased levels of Notch4 (but not of Notch1), obtained
by both RNA interference or pharmacological treatment,
significantly reduced mammosphere formation in vitro and
reduced tumor formation in vivo, thus suggesting a specific
role of Notch4 in regulating this subpopulation [125]. These
results were consistent with a previous study in which
Notch4-neutralizing antibody is able to inhibit cancer stem
cell activity in vitro [126].

In keeping with these data, Rustighi and colleagues
found that Notch1/4 is involved in the maintenance of
breast stem cell self-renewal. The authors pinpointed the
role of the prolyl-isomerase Pin1 in sustaining high levels
and transcriptional activity of Notch1/4 through preventing
their E3-ligase FBXW7-dependent proteasomal degradation
[127, 128]. More interestingly, the authors demonstrated that
the Notch1/4 suppression, Pin1-dependent, correlated with a
sensitization of BCSCs to chemotherapy in vitro and in vivo
[128].

All together these results suggest that high Notch4 levels
are crucial to promote mesenchymal signature and to keep
pro-stemness signaling constant during tumor progression of
TNBC.

3. Notch-Targeting Approaches and
Clinical Perspectives in TNBC

Chemotherapy is the current primary therapy for TNBCs
in the neoadjuvant, adjuvant, and metastatic settings [129].
Although there is a small subgroup of patients with TNBC
for whom chemotherapy may be effective, the heterogene-
ity of these tumors requires the development of most
promising new targets and associated therapies that may
improve the outcome of TNBC-bearing patients. The dereg-
ulation of various signaling pathways has been confirmed in
patients suffering from TNBC and has recently come under

development as a novel treatment option [130]. Among
them, ADP ribose polymerase (PARP) inhibitors named
PARPi (olaparib, veliparib, rucaparib, niraparib, talazoparib,
and CEP-9722) have been evaluated on TNBC patients
as mono- or combination therapies. Interestingly, BRCA
mutated tumor cells are more sensitive to PARPi for com-
bined loss of PARP and homolog recombination repair
[131]. Tyrosine kinase receptors targeted by therapy include
epidermal growth factor receptor (EGFR), fibroblast growth
factor receptor (FGFR), and vascular endothelial growth
factor receptor (VEGFR) [90]. Expression of EGFR has
been reported in up to 89% of TNBC patients, particularly
for BL2-subtype tumors [132], which depend on EGFR for
proliferation and represent the major candidates for anti-
EGFR therapies [133]. Unfortunately, only limited benefit has
been reported in clinical trials using anti-EGFR agents, such
as monoclonal antibodies (Cetuximab or Panitumumab),
in combination with chemotherapy [134, 135]. Defect of
Wnt/𝛽-catenin pathway has been identified as an alternative
therapeutic approach [136] and PI3K/AKT/mTOR pathway is
also emerging as a promising target. It has been reported that
inhibition of the PI3K pathway enhanced sensitivity to PARPi
in TNBC cell lines [137]. Moreover, Yunokawa et al. reported
positive effects of Everolimus, an mTOR inhibitor [138]. For
years, TNBCwas not considered sensitive to immunotherapy,
but now this option is emerging as an exciting treatment [139],
because of the immunogenic nature of TNBC compared with
other breast cancer subtypes [140]. However, these strategies
are effective in less than 20% of cancer patients or are useful
only for certainTN cancer subgroups [141].Therefore, further
therapeutic strategies are urgently needed.

In this scenario, targeted therapy focused on modulating
aberrant Notch signaling is emerging as a possible treatment
approach for patients with TNBC (Table 1). Novel opportu-
nities arise from the discovery of Notch crosstalk with many
oncogenic signaling which suggested that Notch pathway
may be considered such a multitarget drugs’ candidate [13,
142–144]. To date, several clinical studies involved targeting
of Notch pathway with either 𝛾-secretase inhibitors (GSIs)
or monoclonal antibodies (mAbs) against Notch receptors
[145], which represent the major therapeutic targets of Notch
signaling pathway.

3.1. 𝛾-Secretase Inhibitors (GSIs) in TNBC. GSIs act by pre-
venting the cleavage of the active form of all Notch receptors,
thus inhibiting their transcriptional activity [146, 147]. It is
demonstrated that GSIs interfere with cell cycle, lead to apop-
tosis in both luminal and TNBC cell lines [14], and, in par-
ticular, reduce the growth and dissemination of MDA-MB-
231 TNBC xenografts [148]. It is shown that GSI treatment
upregulates the proapoptotic protein Phorbol-12-myristate-
13-acetate-induced protein 1 (NOXA), reduces CSC colony
formation, and results in apoptosis of human TNBC cell lines
[149]. In another study, it is demonstrated that 13% of TNBCs
with PEST domain mutations in NOTCH1, NOTCH2, and
NOTCH3 receptors and patient-derived xenografts are highly
sensitive to the PF-03084014 GSI [40]. These mutations
provoke a truncation in the C-terminus of Notch protein,
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removing the PEST domain while retaining the 𝛾-secretase
cleavage site. These findings suggest that GSI might be
promising in treatments of TNBC subset with specific Notch
sequence alterations.

Unfortunately, the gastrointestinal negative effects
impede the clinical use of GSIs [150], suggesting that
much more work is required for having favorable effects
after GSI treatments. In this scenario, novel therapeutic
strategies will likely come from combinations of GSIs
with conventional chemotherapy, in order to reduce the
single dose of both treatments, thus limiting either toxicity.
Zhi-Lu Li and colleagues demonstrated the feasibility of
the combined use of GSIs and Doxorubicin on MDA-
MB-231 cells, resulting in encouraging new therapeutic
approach in TNBC treatment [74]. Actually, RO-4929097
and MK0752 GSIs are investigated in phase I/II clinical
trials and, recently, the combination of RO-4929097 and
chemotherapics like Paclitaxel and Carboplatin is in a phase
I clinical trial for TNBCs [151]. Moreover, since preclinical
studies prompted evaluation of combination of PF-03084014
GSI with docetaxel for the treatment of patients with TNBC
[152, 153], Locatelli and colleagues designed a phase I study in
order to evaluate safety, tolerability, pharmacokinetics, and
antitumor activity of this combination. Preliminary results
demonstrated feasibility of the combined GSI-chemotherapy
approach, thus promoting further studies in order to use
Notch signaling inhibitors in combination with conventional
chemotherapy in the treatment of TNBC-bearing patients
[154].

3.2. Monoclonal Antibodies (mAbs) in TNBC. Despite these
encouraging results on GSI treatment, there is an increasing
number of studies based on the use of monoclonal antibodies
against Notchmembers in order to achieve higher specificity.
The use of specific monoclonal antibodies is based on their
capacity to bind the extracellular regulatory region of the
receptor, to mask the cleavage domain of metalloproteinase
ADAM, and to induce a conformational change of the
receptor into its inactive form [155]. Recently, it has been
shown that an antibody against the negative regulatory
region (NRR) of Notch1 resulted in reduced proliferation,
restricted expression of its targets HES1, HES5, and HEY-L,
reduced colony forming ability, and lessened cancer stem-
like population in MDA-MB-231 cell lines [156]. As previ-
ously mentioned, the inhibition of Notch1 with the novel
monoclonal antibody MAb602.101 reduced TNBC cell lines
tumor growth and sphere-forming potential, thus directly
affecting CSCs niche [66]. In accordance with these results,
TNBC patients which display high level of Notch1 expres-
sion are characterized by poorer survival, thus suggesting
that hyperactivation of Notch1 receptor may be used as
a predictive marker for TNBCs [66] and finally pointing
out the Notch1 inhibition as a potential novel approach to
achieve the outcome of TNBC-bearing patients. Interest-
ingly, it has been also demonstrated that the antibody use
can amplify chemotherapy treatments: in a TNBC patient-
derived xenograft model, Notch1 monoclonal antibodies
exhibited synthetically antitumor efficacy combined with

docetaxel via inhibition of CSCs generation andmaintenance
[64].

Moreover, a Notch2/3 blocking monoclonal antibody
named tarextumab (OMP-59R5) was developed: it was
successfully tested on patient-derived epithelial tumor
xenograft models, including breast, thus showing significant
antitumor activity [157]. Recently, Choy and colleagues used a
novelmonoclonal antibody that selectively targets theNotch3
NRR (anti-N3.A4) [158] to make a comparison between
Notch3-specific versus pan-Notch effects for treatment of
TNBCs. They documented that both treatments significantly
inhibited colony formation in vitro and modestly reduced
tumor growth in vivo to similar extent [93]. Therefore, the
authors strongly suggested that the therapeutic targeting of
Notch3 could provide therapeutic benefit without the known
toxicities associated with pan-Notch inhibition, as GSIs fail
to distinguish the particular Notch receptor driving growth
[93]. Similar results have been obtained by Farnie and
colleagues who demonstrated that Notch4-neutralizing
antibody inhibited cancer stem cell activity in vitro
[126].

Notch ligands targeting could be also a promising
strategy to reduce Notch activation. Hoey and colleagues
used monoclonal antibody against DLL4 ligand to block its
binding to Notch1, thus observing antitumor effects in a
wide range of human tumor xenografts from various tumor
types, including breast cancer. Specifically, the inhibition
of DLL4-Notch1 axis decreased CSC frequency [159]. More
recently, a monoclonal antibody against Jagged1 ligand has
been developed to be used for the treatment of established
bone metastasis that is refractory to chemotherapy [160].
The authors observed that chemotherapy agents were able to
induce Jagged1 expression at the cell membrane of osteoblasts
and mesenchymal stem cells of bone marrow, which in turn
activatedNotch signaling, finally promoting chemoresistance
[160].

Interestingly, more recently it has been demonstrated
that the overexpression of Notch receptors or their lig-
ands at the cell membrane of cancer cells might be also
turned to our advantage in order to effectively deliver
cytotoxic agents to the tumor sites. In this view, a novel
anti-Notch3 antibody-drug conjugate currently named PF-
066580808 is now under clinical investigation (phase I)
for the treatment of breast cancer, including TNBCs [161].
Besides above described approaches, several natural com-
pounds and their derivatives are showing Notch inhibition
and antiproliferative activities in different in vitro can-
cer models, thus suggesting their potential application as
additional therapeutic option in Notch-related cancers [68,
162].

Further studies into mechanisms of action of individual
Notch receptor in TNBC development and behavior should
be addressed in order to ameliorate the understanding
of the complexity and mechanisms that underlie TNBCs.
In this view, the aforementioned results suggest that the
potential targeting of the Notch signaling pathway with
different molecules should be studied in more detail to
further improve the treatment options for TNBC-bearing
patients.
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Figure 2: Notch-targeting therapeutic approaches in TNBCs. (a) The canonical Notch signaling pathway: ligand binding promotes sequential
cleavages of the Notch receptors (Notch1-4) by ADAM enzyme and 𝛾-secretase complex, resulting in the release of NICD, which translocates
in the nucleus, interactswith transcriptional regulators to transcriptionally activate the canonical Notch target genes (ON), thus leading to the
regulation of TNBC growth and progression. (b) Notch inhibitors with lower or absent selectivity, respectively, include mAbs targeting the
Notch ligands and GSIs. (1) mAbs against Notch ligands prevent ligand-receptor interaction and the subsequent Notch cleavages, preventing
Notch signaling triggering. Little is known about the specific Notch-ligand relationship in TNBC; thus further studies are needed to consider
ligand blocking as a potential alternative selective approach in TNBC treatment. (2) GSIs act as pan-Notch inhibitors since they prevent
the cleavage of all Notch receptors, thus avoiding the release of any NICD. This unselective mechanism of action is strongly correlated
with a high intestinal toxicity in patients, which significantly impairs their clinical use. (3) Lower doses of GSIs used in combination with
chemotherapeutic drugs result in improved clinical outcome and less toxicity, which however must be overcome. (c) A higher selectivity can
be obtained by usingmonoclonal antibodies directed against the extracellular domain of a specificNotch receptor (1): mAbsmask the cleavage
domain of ADAM, thus preventing the binding of this enzyme and the subsequent 𝛾-secretase cleavage. The final effect will depend on the
specific block of the single Notch receptor, also used in combination with chemotherapeutic drugs (2). Several studies detailed in the text have
suggested that a greater selectivity in the Notch inhibition approach for TNBCs treatment is strongly correlated with a higher probability of
success in favoring tumor regression, associated with less toxicity and therefore with a potential better prognosis of TNBC-bearing patients.
Abbreviations. ADAM: a disintegrin and metalloproteinase; CSL: CBF1/Su(H)/Lag-1; CoA: coactivator; CoR: corepressor; GSIs: 𝛾-secretase
inhibitors; mAb: monoclonal antibody; MAML1: mastermind-like 1; NECD: Notch extracellular domain; NICD: Notch intracellular domain;
NTM: Notch transmembrane; PM: plasmatic membrane.
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4. Conclusion

TNBC is an aggressive subgroup of human breast cancer,
characterized by high rates of relapse and frequent metas-
tasis. Since unresponsiveness to current treatment is often
observed, the development of novel strategies to treat also this
form of breast cancer is urgently required.

Several pathways are involved in the pathogenesis of
TNBC. Among them, Notch signaling plays a key role in
tumor initiation and mainly in tumor progression. Indeed,
several experimental studies documented the role of Notch
signaling in promoting EMT for cancer cell seeding to
secondary organs and in sustaining the maintenance of
CSCs which are responsible for chemoresistance. Therefore,
inhibition of Notch signaling has been considered as an
attractive strategy for the treatment of TNBC. Several pan-
Notch inhibitors are currently under clinical trials in combi-
nation with chemotherapy [163] but they fail to distinguish
individual Notch receptors and cause intestinal toxicity. In
addition, since individual Notch receptors can have opposite
role in the same cancer, their simultaneous inhibition may
have pleiotropic effects possibly resulting in tumor stimula-
tion.

This review covers the roles of individual Notch receptors
in TNBC development and progression, thus showing that
they only partly share the same functions in TNBC context.
As a result, determining the Notch receptor which is specif-
ically involved in different TNBC subtypes might be useful
to identify patients who are most likely able to respond to
different targeted therapy, paving the way for avoidance or
likely reduction of the therapeutic complications associated
with nonselective Notch inhibitors. In conclusion, this review
will aid further research in identifying a suitable treatment for
TNBC, as the specific inhibition of a single Notch receptor or
ligand might promote new clinical trials aiming to evaluate
more selective and less toxic alternatives for Notch inhibition
in the treatment of TNBC-bearing patients (Figure 2).
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Triple negative breast cancer (TNBC), representing 10-15% of breast tumors diagnosed each year, is a clinically defined subtype of
breast cancer associated with poor prognosis. The higher incidence of TNBC in certain populations such as young women and/or
women of African ancestry and a unique pathological phenotype shared between TNBC and BRCA1-deficient tumors suggest that
TNBC may be inherited through germline mutations. In this article, we describe genes and genetic elements, beyond BRCA1 and
BRCA2, which have been associated with increased risk of TNBC. Multigene panel testing has identified high- and moderate-
penetrance cancer predisposition genes associated with increased risk for TNBC. Development of large-scale genome-wide SNP
assays coupled with genome-wide association studies (GWAS) has led to the discovery of low-penetrance TNBC-associated loci.
Next-generation sequencing has identified variants in noncoding RNAs, viral integration sites, and genes in underexplored regions
of the human genome that may contribute to the genetic underpinnings of TNBC. Advances in our understanding of the genetics
of TNBC are driving improvements in risk assessment and patient management.

1. Introduction

Breast cancer is a complex disease characterized by clini-
cal, pathological, and molecular heterogeneity, which may
influence risk assessment, diagnosis, treatment, and clinical
outcomes [1]. Pathological characterization of breast dis-
ease includes a number of variables such as histological
architecture, degree of cellular differentiation, tumor size,
presence of local or distant metastasis, and hormone receptor
and human epidermal growth factor receptor 2 (HER2)
status.

Triple negative breast cancers (TNBC), which do not
express the estrogen (ER) or progesterone receptors (PR)
and have little or no HER2 protein expression, account for
10-15% of breast cancers diagnosed each year [2]. TNBC

represents an aggressive form of disease, often diagnosed
at a later stage, characterized by high-tumor grade, larger
size, poorly differentiated histology, more frequent lymph
node metastases, and younger age at diagnosis [3]. TNBC
is more likely to present as an interval cancer, appearing
between screening mammograms, possibly due to higher
proliferation rates than other tumor types [4]. Risk of distant
metastasis and death are significantly higher in patients with
TNBC within five years of diagnosis [3], and TNBC displays
distinctive patterns of metastasis with a higher affinity for
lung, brain, and distant lymph nodes compared to other
subtypes.

Like all types of breast cancer, TNBC exhibits marked
heterogeneity in terms of histology, patterns of metastatic
dissemination, response to therapies, and patient outcomes.
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While the majority of TNBC are invasive ductal carcinomas,
other histologies may be triple negative as well, with five-
year survival outcomes ranging from 100% in patients with
medullary tumors to 56% in those with metaplastic TNBC
[5]. Although there is significant overlap between TNBC
and basal-like tumors, as defined by immunohistochemistry
(IHC) and patterns of gene expression, 28% of TNBC
are classified as luminal A, luminal B, HER2-enriched, or
normal-like [6]. Evaluation of TNBC at the gene expression
level has shown variability in levels of estrogen related genes,
genes involved in oxidation reduction, and proliferation
genes, suggesting that additional subclassification of TNBC
is warranted [7]. Cluster analysis of 587 TNBC identified six
subtypes including basal-like 1, basal-like 2, immunomodu-
latory, mesenchymal, mesenchymal stem-like, and luminal
androgen receptor, each of which may be responsive to
different targeted or chemotherapeutic agents [8].

A number of risk factors have been associatedwith TNBC
that have not been linked to increased risk for other cancer
subtypes. In contrast to luminal A tumors, TNBC/basal-
like tends to be associated with younger age at diagnosis,
African ancestry, younger age at menarche and at first full-
term pregnancy, higher parity, lack of breastfeeding, and
higher BMI and waist-to-hip circumference ratio [2, 9–11].
The frequency of TNBC in African Americans (29.8%) is
intermediate between that in West African women (53.2%)
and White American women (15.5%), suggesting a genetic
component to TNBC [12]. Strong associations between
TNBC and BRCA mutation status have been reported: 70-
90% and 16-23% of breast tumors in BRCA1 and BRCA2
mutation carriers are TNBC [11]; however, germline muta-
tions in BRCA1 and BRCA2 only account for 15.4% of patients
with TNBC [13], and the prevalence of BRCA1 and BRCA2
mutations is lower in African American women (20.4%) with
TNBC compared to European American women (33.3%)
[14]. These data suggest that TNBC has a genetic component
and genes other than BRCA1 and BRCA2 may play a role
in disease etiology. In this review we examine current data
regarding the contribution of germline mutations in high-
and moderate-penetrance genes to TNBC. In addition, we
evaluate the latest genome-wide association studies (GWAS)
and candidate gene approaches to identify low-penetrance
genes. Finally, we consider the role of nontraditional genetic
variants including single nucleotide polymorphisms (SNPs)
in microRNA (miRNA) binding sites, retroelements, and
novel sequences not present in the current reference genome
in the etiology of TNBC.

2. Methods

Relevant literature was identified by searching the PubMed
database (https://www.ncbi.nlm.nih.gov/pubmed). Search
terms included TRIPLE NEGATIVE BREAST CANCER,
GENETICS, HEREDITARY CANCER, miRNA, and VIRUS
INTEGRATION. Only articles written in English were
included. To ensure data presented here were current,
articles published within the last 12 months and/or meta-
analyses are highlighted.

3. GENES

3.1. High-Penetrance Breast Cancer Genes

3.1.1. BRCA1 and BRCA2. BRCA1 and BRCA2 are known
to be tumor suppressor genes that function in DNA repair
pathways. Cells lacking functional BRCA1 or BRCA2 are defi-
cient for double-stranded break repair, resulting in genomic
instability that leads to cancer predisposition. Current clinical
data suggest BRCA1- and BRCA2-deficient tumors may have
heightened sensitivity to platinum agents or poly (ADP-
ribose) polymerase I (PARP) inhibitors [25]. In a large
collection of families with hereditary breast cancer (n=237),
52% of families had disease that was likely attributable to
mutations in BRCA1 while 32% had disease linked to BRCA2
[26]. Rebbeck et al. investigated whether the location or type
of BRCA1/BRCA2 mutations is associated with variation in
breast and ovarian cancer risk. Patients carrying mutations
in exon 11 of BRCA1 appeared to have different disease
phenotypes than patients carrying other BRCA1 mutations.
Similarly,mutations in exon 11 ofBRCA2were associatedwith
variability in breast and ovarian cancer risk [27].Mutations in
both genes have been associated with increased risk of TNBC
albeit at different frequencies and within different age groups.

The first breast cancer susceptibility gene, BRCA1, was
identified in 1994 [28]. BRCA1 is located on chromosome
17q21 and is comprised of 24 exons, 22 of which encode an
1863 amino acid protein. The BRCA1 protein has multiple
sequence motifs including RING, DNA-binding, and BRCA1
C-terminus (BCTR) domains that allow BRCA1 to interact
with other proteins and assist in subcellular localization.
BRCA1 is a tumor suppressor gene that contributes to repair
of damaged replication forks and double-strand breaks,
transcriptional regulation in response to DNA damage, chro-
matin remodeling, and regulation of cell division, apoptosis,
and transcription [29]. BRCA2 is a tumor suppressor gene
located on chromosome 13q12 that was identified in 1995
[30]. BRCA2 has 27 exons and the BRCA2 protein interacts
with RAD51 through the BRC motif. BRCA2 is also a
transcriptional coregulator involved in DNA repair through
homologous recombination.

As early as 1998, histological characterization revealed
that in comparison with sporadic tumors, tumors in BRCA1
mutation carriers exhibited a distinct phenotype that includes
high mitotic counts, pushing margins, and lymphocytic infil-
tration [31]. Histologic characteristics of TNBC also include
high-grade with high mitotic indices, regions of central
necrosis, conspicuous lymphocytic infiltrate, and pushing
borders [32]. In fact, TNBC represents the predominant
tumor type in patients with BRCA1 mutations, accounting
for 71% (range 42-100%) of tumors, while TNBC has been
diagnosed in only 25% of patients with germline BRCA2
mutations [33]. In contrast, the frequency of BRCA1 or
BRCA2 mutations in women with TNBC is generally lower,
with an average of 35% (range 9-100%) and 8% (2-12%)
of women with TNBC harboring germline BRCA1 and
BRCA2 mutations, respectively. In addition to differences in
mutation frequency, age distribution differs between BRCA1
and BRCA2 positive patients with TNBC, with an average age
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Figure 1: Frequency of mutations by gene within women carrying
pathogenic germline mutations with TNBC (n=692) or non-TNBC
subtypes (n=2,696). Adapted from Buys et al. 2017.

at diagnosis of 47.2 years and 58.8 years in those with BRCA1
and BRCA2 mutations, respectively [34]. In a recent study
that included over 10,000 patients with TNBC, germline
mutations were associated with odds ratios of 16.27-26.90 for
BRCA1 and 5.42-6.33 for BRCA2 [35].

3.1.2. PALB2. The BRCA2 binding protein known as part-
ner and localizer of BRCA2 (PALB2) stabilizes and regu-
lates BRCA2 through localization and stabilization within
important nuclear structures such as chromatin and the
nuclear matrix and by promotion of recombination repair
and checkpoint functions [36]. PALB2 was recently classified
as a high-risk breast cancer gene with an odds ratio (OR) of
7.46 [95% confidence interval (CI)=5.12-11.19] [37].Mutations
in PALB2 are associated with aggressive disease. Over half
(54.5%) of the familial and sporadic breast cancer patients
from Finland who carried the 1592delT PALB2 mutation
presented with TNBC compared to other familial (12.2%) or
sporadic (9.4%) breast cancer patients [38]. Similarly, in a
predominantly European-Caucasian cohort of women, 46%
of tumors in women with PALB2mutations were TNBC [39].
Whenmutation profiles were determined in a cohort of 4,797
women diagnosed with TNBC, panel testing performed at
Myriad Genetics, found that 1.3% of women had pathogenic
variants in PALB2 (Figure 1) [40]. In a similar cohort of
1,824 women with TNBC unselected for family history of
cancer, deleterious mutations in PALB2 were detected in
1.2% of patients [41]. In a group of 347 Australian women
with TNBC the prevalence of deleterious PALB2 germline
mutations was ∼1% [42]. A recent study of 10,901 women

with TNBC (8,753 women with clinical test results and 2,148
tested in the research setting) found that germline mutations
in PALB2were associatedwith high-risk of TNBC (OR=14.41;
95%CI=9.27-22.60) andwere enriched in patients with TNBC
compared to non-TNBC tumors (OR2.12; 95% CI=1.63-2.74)
[35].

3.1.3. TP53. Tumor protein p53 (TP53), which encodes the
p53 phosphoprotein, is a tumor suppressor gene that plays a
critical role in each of the 10 Hallmarks of Cancer as defined
by Hanahan andWeinberg [43]. As a result of this functional
diversity, the p53 signaling pathway is at least partially
disrupted in most human cancers and TP53 mutations are
the most frequent genetic changes seen in human cancers
[44]. Although the frequency of somatic mutations in TP53
is higher in basal-like tumors than any other subtype [45],
germline mutations in TP53 have not been associated with
an increased risk of TNBC. The mutation rate for TP53 in
a cohort of 2,134 BRCA1/BRCA2 mutation negative women
with familial breast cancer was 0.52% and TP53 mutations
carriers showed enrichment for HER2+ tumors [39]. In a
large cohort of 35,409 women with a single diagnosis of
breast cancer, mutations in TP53 were detected in 0.7%
of women with TNBC compared to 2.1% of those with
non-TNBC subtypes [40]. In 133 women from Taiwan with
early-onset and/or family history of breast cancer, only two
women carried a pathogenic mutation in TP53 and both had
ER+/HER2+ tumors [46]. Similarly, only one of 1,824 women
with TNBC evaluated by Couch et al. [41] carried a TP53
mutation. These results suggest that germline mutations in
TP53 are not associated with increased risk of TNBC.

3.1.4. PTEN. Phosphatase and tensin homolog (PTEN) is
a tumor suppressor gene involved in the regulation of the
phosphoinositol-3-kinase and AKT signaling pathways and
control of cellular proliferation and survival. PTEN is the
second most frequently mutated gene in human cancers
(after TP53) and germline mutations in PTEN are frequently
observed in cancer susceptibility syndromes [47]. PTEN has
recently been shown to protect the genome from instability
by maintaining chromosomal integrity. While women with
Cowden syndrome who carry germline mutations in PTEN
have a lifetime risk of breast cancer of 50% [48], there is
no consistent breast cancer phenotype associated with PTEN
mutations. Most PTEN-associated tumors are more likely to
be luminal than TNBC. Observations that (1) prevalence of
pathogenic mutations in PTEN did not differ significantly in
women with TNBC (n=692) compared to those with non-
TNBC tumors (n=2,696) [40] and (2) only one deleterious
mutation in 267 patients was observed [41] support the idea
thatmutations inPTEN are not associatedwith increased risk
of TNBC.

3.1.5. STK11. The serine/threonine protein kinase 11 (STK11)
gene is a highly penetrant breast cancer gene that regulates
energy metabolism and cell polarity. Patients who carry
mutation in STK11 present with Peutz-Jeghers syndrome
with high risk for various cancers, including breast (lifetime
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risk 24-54%) and cervical cancers [49]. Currently, there is
little evidence to support an association between germline
mutations in STK11 and TNBC as mutations in STK11 were
not observed in (1) a cohort of 2,134 BRCA1/BRCA2mutation
negative women with familial breast cancer, (2) 1,824 women
of primarily white ethnicity with TNBC [39, 41], and (3) 4,797
women of mixed ethnicities with TNBC [40].

3.1.6. CDH1. The Cadherin 1 (CDH1) gene encodes an adhe-
sion molecule involved in maintenance of epithelial cell mor-
phology. Germline mutations in CDH1 have been associated
with increased risk of Hereditary Diffuse Gastric Cancer, a
cancer predisposition syndrome associated with increased
lifetime risk of breast cancer, particularly invasive lobular
carcinoma (ILCA) [48].Given that ILCAs are frequently ER+,
an association between germline mutations in CDH1 and
TNBC is unlikely. Accordingly, germline mutations in CDH1
were rare (0.0-0.3%) in women with TNBC [40, 41].

3.2. Moderate-Penetrance Breast Cancer Genes

3.2.1. RAD51D. The human RAD51, S Cerevisiae, homolog
of D (RAD51D) gene plays an important role in maintaining
genomic integrity through homologous recombination and
repair of double-stranded breaks and inter-strand cross-
links in DNA. Mutations in RAD51D are associated with a
>3-fold increased risk of breast cancer. Mutation rates in
patients with TNBC range from 0.20 to 0.95% and tend to
be higher in women with TNBC (0.90%) compared to those
with non-TNBC tumors (0.5%) [40, 41, 50, 51]. Recent data
from Shimelis et al. [35] found that although the mutation
frequency of RAD51D in 8,243 patients with TNBC was low
(0.3%), risk of developing TNBC was high (OR 6.97; 95% CI
=2.6-18.66). Together, these data suggest that although the
frequency of mutations in RAD51D is low, mutation carriers
are at increased risk for TNBC.

3.2.2. ATM. The ataxia telangiectasia mutated (ATM) gene
encodes a phosphatidylinositol 3-kinase that phosphorylates
key substrates involved in DNA repair and control of the cell
cycle. In a large cohort of European women (42,671 cases
and 42,164 controls) an association with overall breast cancer
risk was observed with the c.7271 T>Gmutation; however, as
tumors were not stratified by subtype, a specific link to TNBC
could not be determined [52]. In a group of Polish women
with TNBC unselected for family history, one woman out
of 158 with TNBC harbored a mutation in ATM whereas no
ATMmutations were detected in 44 women with non-TNBC
hereditary breast cancer [53]. Additional studies observed an
enrichment of ATM mutations in patients with ER positive
tumors [39, 46, 54] and a five-fold increase inATMmutations
in patients with non-TNBC compared to TNBC tumors [40].

3.2.3. CDKN2A. The cyclin-dependent kinase inhibitor 2A
(CDKN2A) gene is a tumor suppressor gene involved in
cell cycle regulation. [37]. The role of germline mutations
in CDKN2A in hereditary breast cancers has been difficult
to study due to the limited number of variants observed in

case-control studies. A mutation frequency of 1.2% has been
reported in 692 patients with TNBC compared to 0.9% in
2,696 patients with non-TNBC [40].

3.2.4. MSH2. The MutS, E. coli, homolog of 2 (MSH2)
gene is involved in DNA mismatch repair and is associated
with autosomal dominant Lynch Syndrome. Mutations in
MSH2may contribute to genomic instability and an increased
mutation rate in cancer cells. Evaluation of the G322D
variant of MSH2 in 70 Polish women with TNBC and age-
matched controls revealed that the D allele was associated
with decreased risk of TNBC (OR=0.11; 95 % CI=0.05-0.21)
[55]. A relatively low mutation rate (0.7%) was observed in
MSH2 in women with TNBC compared to 1.2% in women
with non-TNBC [40].

3.2.5. CHEK2. Checkpoint kinase 2 (CHEK2) encodes a
serine threonine kinase involved in DNA repair that serves
as a cell cycle checkpoint regulator and tumor suppressor
gene. Mutations in CHEK2 have been associated with various
forms of cancer. A large study evaluating CHEK2 mutations
in breast cancer patients from Poland found that CHEK2
carriers were significantly more likely to have ER+ (OR = 3.9;
95% CI = 2.7–5.4) than ER- (OR = 2.1; 95% CI = 1.3–3.3)
tumors [56]. In a similar study, CHEK2 mutations were
enriched in Polishwomenwith hereditary non-TNBC (11.3%)
compared to those with TNBC (1.3%) [53]. In 35,409 women
subjected to panel testing, the frequency of pathogenic
CHEK2mutations was 1.6% in women with TNBC compared
to 14.3% in those with other phenotypes [40].

3.2.6. BARD1. The BRCA1-associated RING domain 1
(BARD1) gene encodes a protein that interacts with BRCA1
to form a heterodimer, which functions in DNA repair.
The heterodimer, essential for BRCA1 stability, may be
disrupted by tumorigenic mutations in BARD1 in patients
with breast or ovarian cancer. Of 42 women with TNBC
enrolled in the neoadjuvant Trial of Principle study, four
harbored missense or nonsense mutations in BARD1, of
which two (1347A>G and Arg658Cys) have been confirmed
as pathogenic [57]. In a study of 105 women with TNBC
from Spain, BARD1 mutations were detected in two patients
(1.9%) [50]. Likewise, nine (0.5%) of the 1,824 women in the
Triple Negative Breast Cancer Consortium (TNBCC), had
BARD1 mutations [41]. Although not exclusive to TNBC,
the mutation frequency in BARD1 was 3.3% in women with
TNBC compared to 1.7% in women with non-TNBC [40]. In
a study of 4,032 Caucasian women with TNBC, the mutation
rate of BARD1 was 0.7% compared to 0.2% in women with
non-TNBC and the OR for an association with TNBC
compared to non-TNBC disease was 3.73 (95% CI=2.3-5.95)
[35].

3.3. Low-Penetrance Breast Cancer Loci. Mutations in high-
and moderate-penetrance breast cancer genes account for
∼14% of all TNBC cases [40, 41]. Genome-wide association
studies (GWAS) over the last decade have identified SNPs that
are associated with breast cancer risk in an additive fashion.
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In an early study to identify susceptibility loci for breast
cancer, ∼266,000 SNPs across the genome were genotyped
in 408 breast cancer cases with a strong family history and
400 controls from the United Kingdom. In the second phase
of this study, ∼12,000 SNPs that showed an association with
breast cancer in phase I were genotyped in an additional
3,990 cases and 3,916 controls [58]. To determine whether
any SNPs were reliably associated with breast cancer risk, the
30 most significant SNPs from phase II were further vali-
dated in an additional 21,860 cases and 22,578 controls. Six
SNPs were associated with increased risk (P<10−5), including
SNPs in or near the fibroblast growth factor receptor 2
(FGFR2; rs2981582) gene, lymphocyte-specific protein (LSP1;
rs3817198), mitogen-activated protein kinase kinase kinase
1 (MAP3K1; rs889312), and tox high mobility group box
family member 3 (TOX3; rs12443621 and rs8051542) and
in the chromosome 8q24 region (rs13281615). These gene
regions were further investigated by ER status in 23,039
cases and 26,273 controls from the Breast Cancer Association
Consortium (BCAC) [59]. SNPs rs2981582 in FGFR2 and
rs13281615 (in 8q24) were more strongly associated with ER+
than ER- disease. Although rs3803662 showed the strongest
association with ER- tumors, with women homozygous for
the variant allele (AA) having an OR of 1.28 (95% CI=1.13-
1.45), risk was higher for women with ER+ disease (OR=1.48,
95% CI=1.37-1.60). A 2011 study evaluated breast cancer
risk associations with eight SNPs identified through GWAS
and two in the candidate genes caspase 8, apoptosis-related
cysteine protease (CASP8), and transforming growth factor,
beta-1 (TGF𝛽1) by immunohistochemistry-defined subtypes
[18]. Within the 885-1,644 TNBC cases available for study,
five SNPs were significantly associated (P<0.02) with TNBC
including rs3803662 (TOX3; OR=1.21; 95% CI=1.11-1.30),
rs889312 (MAP3K1, OR=1.11; 95% CI=1.02-1.20), rs3817198
(LSP1, OR=1.11; 95% CI=1.03-1.21), rs13387042 (chromosome
2q35, OR=1.12; 95% CI=1.05-1.21), and rs1982073 (TGF𝛽1,
OR=1.11; 95% CI=1.01-1.23). In a meta-analysis of 4,754 ER-
breast cancer cases and 31,663 controls from three GWAS,
SNP rs2284378 on chromosome 20q11 was associated with
ER- tumors (P=1.1x10−8) and showed a stronger association
with TNBC (OR=1.16, P=6.4x10−3) than for ER-/HER2+
tumors (OR=1.07; P=0.41), although the differences did
not reach statistical significance [60]. In a second meta-
analysis of three GWAS including 4,193 ER- breast cancer
cases and 35,194 controls, combined with 40 follow-up
studies, variants at rs4245739 located in the 3󸀠 region of
the mouse double minute 4 homolog (MDM4) oncogene
on chromosome 1q32.1 seemed to be specific to TNBC
[16].

In addition to the loci summarized above, a GWAS
approach identified the 19p13 chromosomal region as a
modifier of breast cancer risk in BRCA1 mutation posi-
tive individuals [23]. Five SNPs from 19p13 were geno-
typed in 2,301 women with TNBC and 3,949 controls
to evaluate the association between the 19p13 locus and
TNBC in the general population. Minor alleles for SNPs
rs8170 (OR per A allele =1.28, 95% CI =1.16-1.41) and
rs2363956 (OR per C allele=0.80, 95% CI 0.74-0.87) were

associated with TNBC risk in women without BRCA1
mutations. In the TNBCC, 22 known breast cancer sus-
ceptibility loci were studied in 2,980 Caucasian women
and 4,978 controls to assess relationships with TNBC.
Two SNPs from the 19p13.1 locus [rs8170 (P=2.25x10−8)
and rs8100241 (P=8.66x10−7)] were associated with risk
of TNBC, as were SNPs from the estrogen receptor
(ESR1; rs2046210 and rs12662670), RAD51L1 (rs999737),
and TOX3 (rs3803662) [21]. Subsequent studies in the
BCAC using 48,869 breast cancer cases and 49,787 controls
demonstrated that rs8170 was a TNBC-specific risk variant
(OR=1.25; 95% CI=1.18-1.33) [24]. A haplotype analysis in
this study that included both rs8170 and rs8100241 found
that the C-G and T-G haplotypes were both associated
with risk of TNBC (C-G OR=1.17; 95% CI=1.09–1.25 and
T-G OR=1.35; 95% CI=1.25–1.46) compared with the C-A
haplotype.

AGWAS that includedwomen of both European ancestry
(1,718 ER- cases, 3,670 controls) and African ancestry (1,004
ER- cases, 2,745 controls) identified a SNP on chromosome
5p15 (rs10069690) from the telomerase reverse transcriptase
(TERT) – cleft lip and palate-associated transmembrane
protein 1-like (CLPTM1L) gene region that was associ-
ated with TNBC. Combining genotype data from multi-
ple studies for rs10069690 produced a per allele OR of
1.25 (95% CI=1.16-1.34, P=1.1x10−9) for risk of TNBC. For
women with TNBC diagnosed at <50 years of age, the
risk increased to 1.48 (95% CI=1.30-1.68, P=1.9x10−9) [61].
Lack of an association with ER+/HER2+ or ER+/HER2-
disease suggests that, as observed for the chromosome 19p13
locus, the TERT-CLPTM1L locus is specific to TNBC. In
a subsequent validation analysis using 15,252 BRCA1 and
8,211 BRCA2 mutation positive individuals to assess disease
subtype-specific associations for 74 previously identified
breast cancer susceptibility loci, several chromosomal regions
discussed above, including 5p15.33 (TERT), 6q25.1 (ESR1),
and 19p13.11, showed a significant association with increased
risk of TNBC in BRCA1 mutation positive individuals
[20].

Pooled analysis of the Collaborative Oncological Gene-
Environment Study (COGS) and TNBCC SNP data further
refined the GWAS data [17]. Multiple data sets, consisting
of 22 studies from 7 different countries were combined in
a two-stage analysis. Evaluation of SNPs from 3,677 women
with TNBC and 4,708 controls supported the association of
25 known breast cancer susceptibility loci, including 2q35,
LGR6, MDM4, TERT, ESR1, TOX3, and 19p13.1 with TNBC.
Newly identified associations with TNBC were observed for
an additional 15 SNPs from 14 loci. Interestingly, SNPs in
CASP8, MAP3K1, LSP1, and FTO were not found to be
associated with risk of TNBC. More recently, Milne et al.
performed GWAS in 21,468 patients with ER- disease and
18,908 BRCA1 mutation positive individuals combined with
100,594 controls [15]. When evaluating the subset of individ-
uals with TNBC, associations with 10 previously reported loci
were replicated and 10 new susceptibility loci were identified.
To date, seven chromosomal loci have been associated with
risk for TNBC in multiple studies (Table 1).
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Table 1: Odds ratios for TNBC for loci identified in more than one study.

Location Gene SNP Risk Allele OR/HR 95% CI P-value Reference
1q32 MDM4 rs4245739 C 1.18 1.13-1.23 4.3x10−15 [15]

C 1.17 1.09-1.26 3.1x10−5 [16]
C 1.19 1.11-1.29 4.0x10−6 [17]

2q35 rs13387042 G 0.93 0.87-1.00 0.049 [17]
G 1.12 1.05-1.21 0.001 [18]

5p15 TERT rs10069690 A 1.28 1.23-1.33 2.4x10−33 [15]
A 1.24 1.14-1.34 1.4x10−7 [17]
A 1.25 1.16-1.34 1.1x10−9 [19]
A 1.27 1.20-1.36 5.2x10−14 [20]

rs2736108 T 0.77 0.69-0.87 8.3x10−6 [17]
6q25 ESR1 rs2046210 A 1.16 1.08-1.24 5.3x10−5 [17]

A 1.23 1.16-1.31 5.5x10−12 [20]
A 1.29 1.17-1.42 4.4x10−7 [21]

rs3757318 A 1.33 1.17-1.51 9.3x10−6 [17]
rs12662670 G 1.33 1.15-1.53 1.1x10−4 [21]

14q24 RAD51L1 rs999737 T 0.86 0.80-0.93 3.0x10−4 [21]
T 0.89 0.80-0.98 0.02 [22]

rs2588809 A 0.91 0.83-1.00 0.041 [17]
16q12 TOX3 rs3803662 A 1.09 1.01-1.17 0.022 [17]

A 1.21 1.11-1.30 3.1x10−6 [18]
A 1.17 1.09-1.26 3.7x10−5 [21]

19p13 rs8170 A 1.26 1.16-1.37 1.3x10−7 [17]
T 1.27 1.17-1.38 2.3x10−8 [21]
A 1.28 1.16-1.41 1.2x10−6 [23]
A 1.25 1.18-1.33 3.3x10−13 [24]

rs2363956 C 0.82 0.77-0.88 2.3x10−8 [17]
C 0.80 0.74-0.87 1.1x10−7 [23]

rs8100241 A 0.81 0.76-0.86 2.4x10−13 [20]
A 0.84 0.78-0.90 8.7x10−7 [21]

4. Other Genetic Elements

Genetic elements other than susceptibility genes within the
germline may also contribute to risk of TNBC. miRNAs
represent a group of nonprotein coding RNAs that alter
gene expression by binding to messenger RNA (mRNA)
regions and reducing transcription or promoting mRNA
degradation. Polymorphisms within the germline may elim-
inate or create miRNA binding sites or alter the function
of miRNAs. For example, patients carrying the A allele for
SNP rs743554, located within a predicted miRNA binding
site of the integrin beta 4 (ITGB4) gene, were found to
be at increased risk for ER- breast cancer (OR=2.09; 95%
CI=1.19-3.67). Although HER2 status was not included in
this study and thus associations with TNBC could not be
determined, the A allele was also associated with decreased
survival [hazard ration (HR)=2.21, 95% CI=1.21-3.68] [62].
A GWAS analysis of miRNA-associated SNPs performed
in women of African ancestry found two SNPs that were
associated with increased risk of ER- breast cancer: mir-
4725 (rs73991220; OR=1.27, 95% CI=1.09-1.48) and PAPD4

(rs146287903; OR=0.49, 95% CI=0.33-0.72) [63]. Given the
increased risk of TNBC in women of African ancestry,
future studies are needed to evaluate the potential role of
these two SNPs in TNBC etiology. Similarly, the G allele of
rs2910164, located within miR146a which may bind to the
3󸀠 untranslated regions of the BRCA1 and BRCA2 genes and
thus regulate their expression, has been associatedwith breast
cancer risk (OR=1.77; 95% CI=1.40-2.23) [64]. Although risk
for developing specific subtypes of breast cancer was not
evaluated for this SNP, the link between BRCA1 dysfunction
and TNBC warrant further investigation.

Recent studies suggest that retroviral sequence elements
from ancient retroviral infections may contribute to heritable
TNBC. Some members of the human endogenous retro-
virus HERV-K family are related to the endogenous mouse
mammary tumor virus (MMTV) which can function as a
mammary carcinogen in mice. While HML-2 proviruses
have not been found at significantly higher frequencies in
the genomes of patients with breast cancer compared to
healthy controls and have not been associated with breast
cancer histology [65, 66], the frequencies of detection for
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HERV-K113 and HERV-K115 are significantly higher in indi-
viduals of African ancestry (21.8% and 34.1%, respectively)
compared to individuals from theUnitedKingdom (4.2% and
1.0%) [67]. Given the enrichment of the TNBC subtype in
women of African ancestry, the presence of these sequences
should be evaluated in larger populations with available ER,
PR, and HER2 status. More recently, Marchi et al. mined
whole genome sequence data generated by next-generation
sequencing and identified 17 sites of viral integration not
present in the human reference sequence [68] that may
contribute to breast cancer risk.

Sequences not present in the human reference genome
may harbor additional genes and/or genetic elements that
contribute to risk of TNBC. De novo assembly of whole
genome sequences from Asian and African individuals
revealed ∼5 Mb of novel sequences from both individuals
and populations [69]. The authors estimate that a com-
plete human pan-genome would contain 19-40 Mb of novel
sequence not present in the current reference genome. Sixty-
nine genes, any of which may increase risk of TNBC, were
located within unmapped regions of the African genome.
Data from our own laboratory demonstrated that the inser-
tion frequency of a 30 Kb region of chromosome 7p11 that
harbors the promoter and first three of the four exons that
compromise the phophoserine phosphatase-like (PSPHL)
gene was 76% in African American women compared to
only 21% in EuropeanAmericanwomen [70].While presence
of an intact PSPHL gene was not associated with increased
risk of breast cancer or TNBC, other uncharacterized genes
from regions variably represented between populations may
contribute to increased risk of TNBC

5. Conclusions

Identification of the BRCA1 gene 25 years ago revolutionized
the field of cancer risk assessment. Associations between
germline BRCA1 mutations and TNBC led the National
Comprehensive Cancer Network to amend their BRCA1/2
testing criteria in 2011 to include individuals diagnosed with
TNBC [71]. Current guidelines allow testing for patients
diagnosed with TNBC at ≤60 years of age with or without
a significant family history of breast cancer [72]. BRCA1 and
BRCA2 testing in 439womenwith TNBC from theAustralian
Breast Cancer Tissue Bank supports TNBC pathology as
a sufficient criterion for testing as 59% of women with
pathogenic mutations did not have a family history of breast
or ovarian cancer [34]. In a recent study of 10,901 TNBC
patients, pathogenic variants were detected in TNBC risk-
associated genes in 4.3% of patients not meeting NCCN
testing criteria (diagnosed at>60 years of agewithout a family
history) [35]. Because many of the mutations detected in this
group were clinically actionable, the authors suggest that all
patients with TNBC may benefit from genetic testing.

The importance of identifying the genetic etiology of
TNBC extends beyond risk assessment. Surgical options are
not dictated by tumor subtype; however, BRCA1 and BRCA2
mutation carriers are at increased risk for contralateral breast
and ovarian cancer; thus the option of mastectomy with or
without prophylactic removal of the contralateral breast and

salpigo-oophorectomy should be considered. For carriers of
mutations in other TNBC genes, such as BARD1 and PALB2,
evidence is not yet sufficient to recommend mastectomy
or oophorectomy [72]. Because patients with TNBC do
not respond to hormone- or HER2-targeted treatments,
chemotherapy is the primary treatment option. Carcinomas
from patients with TNBC from patients with pathogenic
BRCA1/BRCA2 mutations have demonstrated unique sen-
sitivity to platinum agents in both the neoadjuvant and
adjuvant settings [73]. More recently, PARP inhibitors, which
exploit DNA repair deficiencies in cells with dysfunctional
BRCA1 or BRCA2proteins, leading to synthetic lethality, have
shown promise with Olaparib approved by the FDA for the
treatment of TNBC in patients with germline BRCA1/BRCA2
mutations [74].

Despite recent achievements in identifying additional
TNBC susceptibility genes and optimizing patient manage-
ment for mutation carriers, future studies are needed. For
example, what is the clinical utility of the low-penetrance
genes/loci SNPs? In perhaps the largest GWAS to date,
comprised of 94,075 cases and 75,017 controls of European
ancestry that were derived from 69 different studies, 313
SNPs were assembled into a polygenic risk score (PRS) for
both ER positive and ER negative tumors [75]. Preliminary
studies evaluating the utility of the PRS are underway in
Canada and Europe; however, given that the models were
developed using cases and controls of European ancestry, the
ability of this assay to accurately determine risk of TNBC in
patients of other ancestries, especially African with its higher
frequency of TNBC in young women, may be suboptimal.
In conjunction, additional studies of nontraditional elements
of the genome including retrotransposons and pseudogenes
may reveal additional heritable risk factors for TNBC. Finally,
for the ∼4% of TNBC patients with germline mutations
in genes other than BRCA1 and BRCA2 [35, 41], effective
management strategies and novel therapeutics are urgently
needed.
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Cathepsin S (CTSS) has previously been implicated in a number of cancer types, where it is associated with poor clinical features
and outcome. To date, patient outcome in breast cancer has not been examined with respect to this protease. Here, we carried
out immunohistochemical (IHC) staining of CTSS using a breast cancer tissue microarray in patients who received adjuvant
therapy. We scored CTSS expression in the epithelial and stromal compartments and evaluated the association of CTSS expression
with matched clinical outcome data. We observed differences in outcome based on CTSS expression, with stromal-derived CTSS
expression correlating with a poor outcome and epithelial CTSS expression associated with an improved outcome. Further subtype
characterisation revealed high epithelial CTSS expression in TNBC patients with improved outcome, which remained consistent
across two independent TMAcohorts. Further in silico gene expression analysis, using both in-house and publicly available datasets,
confirmed these observations and suggested high CTSS expression may also be beneficial to outcome in ER-/HER2+ cancer.
Furthermore, high CTSS expression was associated with the BL1 Lehmann subgroup, which is characterised by defects in DNA
damage repair pathways and correlates with improved outcome. Finally, analysis of matching IHC analysis reveals an increased
M1 (tumour destructive) polarisation in macrophage in patients exhibiting high epithelial CTSS expression. In conclusion, our
observations suggest epithelial CTSS expression may be prognostic of improved outcome in TNBC. Improved outcome observed
with HER2+ at the gene expression level furthermore suggests CTSS may be prognostic of improved outcome in ER- cancers as a
whole. Lastly, from the context of these patients receiving adjuvant therapy and as a result of its association with BL1 subgroup CTSS
may be elevated in patients with defects in DNA damage repair pathways, indicating it may be predictive of tumour sensitivity to
DNA damaging agents.

1. Introduction

Breast cancer is a highly heterogeneous disease and may
be classified into different sub-types which affects treat-
ment approach and patient prognosis [1]. Classification of
breast cancer has been assigned via the presence/absence of
the estrogen receptor (ER) or HER2 amplification, which
allow use of targeted treatments such as tamoxifen and

trastuzumab, respectively. Tumour cells lacking these recep-
tors, in addition to the progesterone receptor (PR), are termed
“triple negative” (TNBC) and have the poorest outcome due
in part to the lack of targeted therapies available. TNBCs are
therefore typically treated with a cocktail of chemotherapies
such as FEC (5-FU, Epirubicin, and Cyclophosphamide).
Despite a high rate of response to chemotherapy, TNBC is
associatedwith high rates of relapse and death [2].This “triple
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negative paradox” is underpinned by a high level ofmolecular
heterogeneity [3]. In response to this, increased efforts have
been made to identify markers which may improve patient
outcome following diagnosis [4, 5], not only to allow better
treatment stratification but also to identify new therapeutic
targets.

The cysteine protease cathepsin S (CTSS) is one of a fam-
ily of 11 cysteine cathepsin proteases, and has been found to
be associated with a variety of pathologies, including cancer
[6, 7]. In contrast to othermembers of the cysteine cathepsins,
CTSS is normally constrained to macrophage and lymphoid
tissues. However, presence of CTSS has been observed in a
number of cancer types, including prostate [8, 9], gastric [10]
and hepatocellular [11] carcinomas. Furthermore, increased
CTSS expression has been shown to hold prognostic value in
grade IV astrocytomas [12], colorectal carcinomas [13], and
gastric cancer [14], where it is associatedwith a poor outcome.
Collectively, these observations have attracted interest in its
therapeutic potential in cancer [7].

The viability of targeting this protease in cancer has
been evaluated using pancreatic and colorectal carcinoma
gene depletion models [15–17], and treatment with a mono-
clonal antibody inhibitor FSN0503 [18] and a selective small
molecule inhibitor compound [19]. Inhibition/depletion of
CTSS produced reductions in tumour invasion, burden, pro-
liferation and vascularisation, as well as increased apoptosis.

Recently, Sevenich and colleagues examined the role of
CTSS in breast cancer progression, identifying a role for
CTSS in breast-to-brain metastases via cleavage of JAM-B, a
junctional adhesionmolecule involved in blood-brain barrier
transmigration [17]. However, the clinical utility of CTSS as
a biomarker in breast cancer has not been investigated to
date. In this study we therefore aimed to understand the
specific expression of CTSS, not only within epithelial and
stromal compartments in breast tumours, but also the known
molecular subgroups. This expression data was correlated
with clinical outcome to investigate the potential prognostic
and/or predictive role of CTSS.

2. Materials and Methods

2.1. Tissue Microarray Patient Sample Selection and Immuno-
histochemical Staining. All tissue samples were located from
the Belfast and the South Eastern Health and Social Care
Trust (BSHSCT) were obtained under the auspices of
the Northern Ireland Biobank (NIB) (www.nibiobank.org),
which has ethical approval (ref: 11/NI/0013) to collect,
store and distribute de-identified/anonymised samples to
researchers. The present study has ethical approval from
NIB approval (reference. NIB14-0125). Tissue microarray
study design, patient selection and construction of the
BR300 cohort has been described previously in Boyle et al.
[20]. This study was designed as outlined in Supplementary
Figure 1. Briefly, the patient cohort compiled 296 female
patients with de novo breast cancer and included matching
clinical, pathological and outcome parameters. All patients
within the cohort were diagnosed and received treatment
in Northern Ireland, with the vast majority of the tissue

resection samples obtained, processed and reported from
one of the two hospitals in the Belfast catchment area
between September 1997 and May 2009. All tissue data
presented here was obtained by surgical resection, com-
prising of total or partial mastectomies with axillary node
clearance. All patients present within the cohort subsequently
received anthracycline-based chemotherapy with or without
radiotherapy. Patients exhibiting positive hormone receptor
or HER2 status were administered hormone therapy or
trastuzumab. None of the patients were treated neoadju-
vantly. Patient exclusion criteria included male sex and past
history of any cancer type. Unique TNBC cases were collated
from two independent bespoke TNBC TMA cohorts avail-
able from the NIB and previously described in Humphries
et al. [21] and Orr et al. [22]. Immunohistochemical staining
of CTSS was carried out in the Northern Ireland Molecular
Pathology Laboratory (QUB). Sections were cut from the
TMA blocks to a diameter of 4 𝜇musing a rotary microtome,
dried at 37∘C overnight, and then used for immunohisto-
chemical staining with rabbit anti-human CTSS antibody
(1:250) (HPA002988, Atlas Antibodies, UK) using an auto-
mated immuno-stainer (Leica Bond-Max, UK). All sections
were visualised with DAB, counterstained with haematoxylin
and mounted in DPX. To avoid bias, scoring was carried out
by at least two independent assessors experienced in IHC
analysis in breast TMAs. Preliminary analysis revealed that
patients with a CTSS score of 0 and 1 behaved similarly
in terms of survival, as were patients with CTSS scores of
2 and 3. Patients were therefore stratified based on low
CTSS (score of 0 and 1) or high CTSS (score of 2 and 3)
expression, and the effect of expression on overall survival
observed.

2.2. Generation of Kaplan-Meier Curves for Analysis of TMA
and Publicly Available Gene Datasets. Matching clinical data
was obtained from the NIB upon completion of CTSS
scoring. The expression data was matched with the clinical
data according to the anonymous patient IDs usingMicrosoft
Excel. Evaluation of CTSS expression on survival was com-
pleted using non-censored data, and was subsequently anal-
ysed using GraphPad Prism.

Comparative analysis of gene expression versus
overall survival (2014; N=1117) and relapse free survival
(N=3971) was carried out using online repository KM
plotter (www.kmplot.com) [23]. Using the breast cancer
dataset, survival dependent on CTSS gene expression
was analysed based on intrinsic patient subtype, using a
collation of previously published and publicly available
Affymetrix microarray datasets, available through GEO,
European Bioinformatics Institute and TCGA. Gene
expression was evaluated using a median expression of
CTSS probes 202901 x at and 202902 s at. Patient overall
survival was split according to a median value cut-off point
into high/low expression and all the data right-censored
at 120 months (10 years). Data was obtained directly from
www.kmplot.com and the figures generated using GraphPad
Prism. Data was presented as percentage survival versus time
in months.

http://www.kmplot.com
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Table 1: Clinicopathological information for BR300 tissue microarray categorised according to compartmental CTSS scores. CTSS scores of 0
and 1 behaved similarly in terms of survival, as were patients with CTSS scores of 2 and 3. Patients were therefore stratified based on low
CTSS (score of 0 and 1) or high CTSS (score of 2 and 3) expression. Differences between clinical information was evaluated based on high and
low CTSS scores in either the epithelial and stromal compartments. Statistical significance determined by Chi-Square test. Figure in brackets
indicates percentage of total. LVI=lymphovascular invasion. N=number of patients.

BR300 Cohort CTSS Epithelial CTSS Stromal
N (%) Low (%) High (%) p-value N (%) Low (%) High (%) p-value

Characteristic 267 (100) 221 (100) 46 (100) 262 (100) 79 (100) 183 (100)
Age N≤51 140 (52) 113 (51) 27 (59) 140 (53) 41 (52) 99 (54)
Median = 51 N>51 127 (48) 108 (49) 19 (41) 0.42 122 (47) 38 (48) 84 (46) 0.79
Grade 1 4 (1) 4 (2) 0 (0) 4 (2) 3 (4) 1 (1)

2 106 (40) 99 (45) 7 (15) 103 (39) 45 (57) 58 (32)
3 157 (59) 118 (53) 39 (85) 0.0004∗∗∗ 155 (59) 31 (39) 124 (68) < 0.0001∗∗∗

Tumour 1 54 (20) 45 (20) 9 (20) 54 (21) 14 (18) 40 (22)
2 171 (64) 146 (66) 25 (54) 166 (63) 52 (66) 114 (62)
3 36 (13) 24 (11) 12 (26) 36 (14) 11 (14) 25 (14)

4/4b 6 (2) 6 (3) 0 (0) 0.035∗ 6 (2) 2 (3) 4 (2) 0.9
Node 0 114 (43) 86 (39) 28 (61) 113 (43) 33 (42) 80 (44)

1 93 (35) 83 (38) 14 (30) 91 (35) 26 (33) 64 (35)
2 34 (13) 31 (14) 3 (7) 33 (13) 13 (16) 20 (11)
3 26 (10) 25 (11) 1 (2) 0.020∗ 26 (10) 7 (9) 19 (10) 0.66

LVI Yes 168 (63) 145 (66) 23 (50) 164 (63) 51 (65) 113 (62)
No 96 (36) 73 (33) 23 (50) 96 (37) 26 (33) 70 (38)

Unknown 3 (1) 3 (1) 0 (0) 0.076 3 (1) 2 (3) 1 (1) 0.3
Histology Ductal 210 (79) 172 (78) 38 (83) 207 (79) 49 (62) 158 (86)

Lobular 27 (10) 24 (11) 3 (7) 26 (10) 16 (20) 10 (5)
Mixed 24 (9) 21 (10) 3 (7) 23 (9) 12 (15) 11 (6)
Other 6 (2) 4 (2) 2 (4) 0.52 6 (2) 2 (3) 4 (2) < 0.0001∗∗∗

Radiotherapy Yes 220 (82) 182 (82) 38 (83) 215 (82) 70 (89) 145 (79)
No 47 (18) 39 (18) 8 (17) 1.00 47 (18) 9 (11) 38 (21) 0.080

Hormone Yes 157 (59) 147 (67) 10 (22) 157 (60) 65 (82) 88 (48)
Therapy No 110 (41) 74 (33) 36 (78) < 0.0001∗∗∗ 109 (42) 14 (18) 95 (52) < 0.0001∗∗∗

2.3. Analysis of CTSS and Macrophage Polarisation. BR300
CTSS epithelial scores were matched with CD68, CD14 and
CD163 IHC, previously stained and described by Buckley et
al. [24], and split according to no CTSS expression (score =
0) or CTSS expression (score = 1-3). Analysis of macrophage
polarisation by gene signatures was carried out as previously
described by Jezequel et al. and Denardo et al. [25, 26], using
gene expression collected and described in Buckley et al. [24].

2.4. Statistical Analysis. The TMA IHC clinicopathological
analysis and the macrophage IHC was analysed by Chi-
Square test. Differences in overall survival within the CTSS
BR300 and the TNBC bespoke IHC, as well as the publically
available gene expression (overall survival and relapse free
survival) were evaluated by Log-Rank test and hazard ratios
with 95% confidence limits reported. Statistical evaluation of
CTSS expression St. Gallen and Lehmann subtypes, as well
as the macrophage polarisation gene expression signatures
within the BR300 cohort, were analysed using one-way
ANOVA. Significance is defined as ∗p <0.05, ∗∗p <0.01, and
∗∗∗p <0.001.

3. Results

3.1. Patho-Physiological Characterisation of CTSS Expression
in the Patient Samples. To first investigate the role of CTSS
expression in breast cancer, we applied IHC of CTSS on
a tissue microarray (TMA) representing a cohort of 296
patients (hereafter referred to as BR300 cohort) [20]. Pre-
viously, several groups have indicated an importance for
either tumour infiltrating lymphocyte- (TIL-) derived [27]
or epithelial-derived CTSS expression [16] in tumour pro-
gression. Therefore, CTSS protein expression was evaluated
for epithelial and stromal compartments separately. Based
on initial assessment of staining patterns, expression was
categorised as either; 0: no expression, 1: low expression,
2: moderate expression and 3: high expression, in both
epithelial and stromal cells (Figure 1). When matched with
the clinical data, a significant association between increased
CTSS expression and tumour gradewas observed in epithelial
(p=0.0004) and stromal (p<0.0001) cells (Table 1). In addi-
tion, there was a significant association between high CTSS
expression, and increased tumour stage (p=0.035) in the
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Figure 1: Representative images of CTSS expression in patient samples. CTSS-specific expression is indicated by brown staining versus blue
nuclear counter staining. Samples represent either epithelial or stromal CTSS staining. Black arrows indicate areas of CTSS expression, which
was separated according to high (3), moderate (2), low (1), or no expression (0).

epithelial cells. We also observed decreased node (p=0.020)
as well as reduced lymphovascular invasion (LVI), which
approached significance, in patients with high epithelial
CTSS expression. Finally, increased expression of CTSS in
the stromal cells revealed a significant association with
ductal breast cancer (p<0.0001), though it is important to
note that the study is underpowered to robustly assess any
association with other histologies. No significant differences
were observed between histology and epithelial cell CTSS
expression, and no significant difference was observed in
the age of patients comparing high or low CTSS expression
in either epithelial or stromal cells. Interestingly, despite
no significant differences with respect to radiotherapy with
CTSS expression, a significantly larger number of patients
with high epithelial and stromal CTSS expression did not
receive hormone therapy, suggesting a negative association
between CTSS expression and ER status (p<0.0001) (Table 1).

3.2. Increased CTSS Expression in Epithelial Cells Associated
with Improved Outcome. Preliminary analysis revealed that
patients with a CTSS score of 0 and 1 behaved similarly
in terms of survival, as were patients with CTSS scores
of 2 and 3. Patients were therefore stratified based on
low CTSS (score of 0 and 1) or high CTSS (score of 2

and 3) expression, and the effect of expression on overall
survival analysed. The resulting Kaplan-Meier plots revealed
distinct patterns for epithelial and stromal cell CTSS expres-
sion with respect overall survival. Consistent with previ-
ous findings, high stromal CTSS expression was associ-
ated with poor outcome (HR=1.66 (CI=1.00-2.70) p=0.049)
(Figure 2(a)). Intriguingly, the opposite was observed with
respect to high epithelial CTSS expression, which was
highly significantly associated with an improved outcome
(HR=0.45 (CI=0.25-0.81) p=0.0082) (Figure 2(b)). This led
us to further investigate if the expression of epithelial-
derived CTSS was specific to certain sub-types of breast
cancer.

3.3. Increased Epithelial Cell CTSS Expression Is Associated
with Improved Outcome in Triple Negative Breast Cancer.
Following evaluation of CTSS protein expression and the
association with survival using the BR300 patient cohort, we
next wished to observe differential CTSS expression within
breast cancer subtypes. Patients were subdivided into their
respective subtypes according to St. Gallen classification [28].
While high CTSS was associated with good outcome, there
were very few cases, which prohibited further robust analysis
(Supplementary Figures 2(a)-2(e)).
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Figure 2: CTSS expression is differentially associated with patient outcome based on cell compartment. Kaplan-Meier curve stratified overall
survival (OS) based on high or low CTSS expression in (a) stromal and (b) epithelial compartment. Log-Rank p-value and hazard ratio (HR)
with 95% confidence intervals indicated. N=number of patients.

Interestingly, matching outcome data for the triple neg-
ative breast cancer patients (N=69) to the CTSS epithelial
expression revealed an association of high CTSS expression
with a significantly improved outcome (HR=0.37 (CI=0.14-
1.00) p=0.049) (Figure 3(a)(i)). Analysis of stromal CTSS
expression revealed a non-significant trend towards poor
outcome which may be due to the low number of patients
within the low CTSS expression arm (HR=1.68 (CI=0.36-
7.82) p=0.51) (Figure 3(a)(ii)).

To supplement this observation, scoring of CTSS in a
bespoke triple negative breast cancer cohort (N=84) was
carried out [21, 22]. Analysis of the stromal CTSS expression
revealed no significant difference to outcome, but reassur-
ingly, a trend complementing the outcome in the BR300
cohort was observed, with high CTSS epithelial expression
demonstrating improved outcome in triple negative breast
cancer patients, however, given the relatively small size of this
cohort, significance was not quite reached (p=0.073) (Fig-
ure 3(b)). To enhance statistical power, the two cohorts were
combined and as a result demonstrated a clear and significant
improvement for TNBC patients with epithelial derived
CTSS expression (HR=0.41 (CI=0.22-0.75) p=0.0036) (Fig-
ure 3(c)(i)) in contrast to stromal CTSS expression which
showed no significant difference to outcome (Figure 3(c)(ii)).

3.4. IncreasedCTSSGene ExpressionAssociatedwith Improved
Outcome in Triple Negative Breast Cancer. Given the results
from the TMA analysis, we investigated if CTSS gene
expression could also predict outcome. This allowed us to
interrogate the role of CTSS further using publicly available
gene expression datasets.We first validated the TMAfindings
using a gene expression dataset matched to the BR300 cohort
[29]. Consistent with the IHC analysis, we observed CTSS to
be expressed highest in TNBC (Figure 4(a)). Lehman subtype
analysis of the TNBC subgroup revealed CTSS expression
varied significantly across all subgroups with the highest
expression observed in the IM group and lowest expression

in the LAR and M groups (Figure 4(b) and Supplementary
Figure 3). Refinement of the Lehmann subtype study has
since shown that the molecular signatures defining the IM
and MSL groups were derived from infiltrating lymphocyte
and stromal cells [30]. Therefore the high CTSS expression
in the IM group is most likely associated with tumour
associated immune cells. Analysis of CTSS across the four
epithelial-derived subgroups displayed a significant variation
in expression as a whole with expression in the BL1 subtype
significantly higher than the LAR and M subtypes. Of note,
the BL1 subgroup is also associated with improved outcome
[30].

To supplement these observations made with our in-
house patient dataset, evaluation of the relationship of gene
expression and survival was carried out with publicly avail-
able datasets using KM Plotter [23]. The results indicated
no significant differences between high and low CTSS gene
expression on overall survival (OS) or relapse free survival
(RFS) of breast cancer patients as a whole (Supplementary
Table 1; Supplementary Figure 4). Further dissection of CTSS
expression with respect to individual subtypes revealed no
significant difference between high and low CTSS expression
on either OS or RFS in luminal A, nor luminal B (Supple-
mentary Table 1; Supplementary Figure 4). However, a strik-
ing significant correlation between CTSS and survival was
observed in HER2+ (OS HR=0.38 (CI=0.20-0.71) p=0.0031,
RFS HR=0.47 (0.32-0.70) p=0.0002) and TNBC patients (OS
HR=0.43 (CI=0.27-0.71) p=0.0009, and RFS HR=0.46 (0.36-
0.60) p<0.0001) (Figure 5) (Supplementary Table 1).

3.5. Expression of CTSS in TNBC Epithelial Cells Is Asso-
ciated with the Enhanced Presence of M1 Macrophages.
In order to understand some of the molecular pathol-
ogy underpinning the observed association between CTSS
and good outcome in TNBC patients, we interrogated the
tumour microenvironment for possible clues. Given the
association between CTSS expression with macrophages, we
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Figure 3: Increased epithelial cell CTSS expression is associated with improved outcome in TNBC. Kaplan-Meier curves stratifying overall
survival (OS) of (a) the BR300 TNBC patients-alone, (b) the bespoke TNBC enriched cohort-alone, and (c) the combined BR300 and bespoke
TNBC cohorts, based on high or low CTSS expression in the (i) epithelial and (ii) stromal compartment. Log-Rank p-value and hazard ratio
(HR) with 95% confidence intervals indicated. N=number of patients.

decided to examine the expression of activated M1 (tumour
destructive) or alternatively activatedM2 (tumour protective)
macrophage polarisation markers in the context of CTSS
expression.

IHC scoring of CTSS in the TNBC epithelial cells
correlated significantly with an increased expression of
macrophagemarker CD68 (p=0.0011), indicative of increased

macrophage infiltration (Figure 6(a)). With this increased
presence of macrophages, there was a significant increase in
M1 marker CD14 (p=0.014) (Figure 6(b)), and no significant
change in the expression of M2 marker CD163 (Figure 6(c)).
Using two gene expression based algorithms [25, 26], previ-
ously utilised in our TNBC cohort [24], analysis revealed a
significant enhancement in M1-like phenotype with presence
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Figure 4:CTSS gene expression is highest in BR300 TNBC subtype and associated with DNA damage/cell cycle pathways.CTSS gene expression
was evaluated using an in house dataset containing 300 breast cancer patients. Analysis revealed (a) CTSS expression to be highest in TNBC.
(b) Lehman subgroups analysis of the TNBC patients revealed an association with the BL1 group which encompasses DNA damage and cell
cycle pathways. Significance for both panels was determined by one-way ANOVA. ∗p <0.05, ∗∗p <0.01, and ∗∗∗p <0.001.
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Figure 5: Analysis of publicly available gene expression datasets reveal improved outcome with high CTSS expression in HER2+ and TNBC
patients. Kaplan-Meier curves stratifying (a) HER2+ and (b) TNBC patients based on high or low CTSS expression and evaluating (i)
overall survival (OS) and (ii) relapse free survival (RFS). Log-Rank p-value and hazard ratio (HR) with 95% confidence intervals indicated.
N=number of patients.
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Figure 6: Epithelial cell CTSS expression in TNBC patients is associated with an M1 macrophage phenotype. Immunohistochemical epithelial
CTSS scores were matched with (a) macrophage marker CD68, (b) M1 polarisation marker CD14 and (c) M2 polarisation marker CD163.
Shading indicates proportion of IHC score for each marker. Statistical significance determined by Chi-Square analysis. Macrophage
polarisation was analysed using gene expression algorithms and correlated with CTSS IHC expression generating (d) M2/M1 and (e)
CD68/CD8 signature scores. Statistical significance determined by one-way ANOVA. N=number of patients. ∗p <0.05, ∗∗p <0.01, and
∗∗∗p <0.001.

of epithelial CTSS expression (p<0.001 and p<0.05) (Figures
6(d) and 6(e)).

Taken together, this suggests increased expression of
CTSS in the epithelial cells associates with increased

infiltration of M1 polarised macrophages thus resulting
a more immunocompetent microenvironment, and ratio-
nalises the improved survival observed with epithelial CTSS
expression in the TNBC sub-type.
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4. Discussion

In this study we have demonstrated a multifaceted role for
CTSS as a biomarker in TNBC. This investigation began
by observing differences in patient outcome based on CTSS
expression, with stromal-associated CTSS expression shown
to be associated with a poor outcome, whereas high CTSS
expression in epithelial cells is associated with an improved
outcome. Interestingly, the observation of epithelial CTSS
expression in TNBC patients revealed an association with
improved outcome, which remained consistent in gene
expression analysis. We furthermore observed increased M1
polarisation of macrophage in patients exhibiting high CTSS
expression in the epithelial cells. Taken together, we found
differential CTSS expression had compartmental and sub-
type effects on patient outcome, highlighting a potentially
novel role for this protease in TNBC.

Due to their potent and promiscuous proteolytic func-
tion, cysteine cathepsins have previously been implicated in a
number of pathological roles as a result of extracellularmatrix
remodelling including angiogenesis, invasion and metastases
[7]. As such, increased CTSS expression has been shown
be associated with poor clinical features in a number of
cancer types [8–11], as well as holding prognostic value with
expression associated with poor outcome in others [12, 13].
To the best of our knowledge, this is the first investigation
of CTSS expression in breast cancer using clinical samples
evaluating clinical outcome, and furthermore, accounting for
outcome based on epithelial or stromal CTSS expression.

We observed clinicopathological patterns with respect
CTSS expression and compartment type. When comparing
high versus low CTSS scores, we observed an increase in
the number of patients with grade 3 tumours with high
CTSS expression in both epithelial (53.39% low versus 84.78%
high) and stromal (39.24% low versus 67.76% in high) cells.
Furthermore, patients with high epithelial CTSS expression
also demonstrated decreased node scoring and LVI positivity,
indicators of improved outcome. In the epithelial cells, a
significant association with increased tumour stage was also
observed with high CTSS expression. These are consistent
with observations made elsewhere regarding CTSS expres-
sion in breast cancer [31]. Interestingly, high CTSS expression
in infiltrating cells was associated with poor outcome. This
is consistent with the increased aberrant expression of this
protease in other carcinomas where as a result of pro-
tumorigenic role of this protease in cancer, increased CTSS
has been associated with poor outcome reported as a result
of tumour associated macrophages (TAMs) [15]. In contrast
to this, CTSS expression in the epithelial cells displayed an
opposite phenotype. Upon further analysis of subtypes, and
within the context of this cohort, we found highCTSS expres-
sion to be associated with improved outcome with epithelial
CTSS expression in TNBC patients. Taken altogether, this
indicates a dual role for this protease in tumour development
based on compartmental and subtype expression.

Further in silico analysis confirmed these clinical outcome
findings, and also highlighted a potential association of
CTSS and outcome in the HER2+ subgroup, suggesting a
role for CTSS as a biomarker in ER- disease as a whole.

This complements the increased number of patients with
high epithelial CTSS who did not receive adjuvant hormone
therapy (78%), suggesting these tumours exhibit an ER- back-
ground. Interestingly, Gautam and colleagues also observed
an association between high epithelial CTSS expression and
ER- subtype [31]. From a clinical perspective, patients with
ER- breast cancers are significantly associated with poor
outcome compared to ER+ breast cancer patients, as they
lack the relevant targets for therapy [32–36]. Consequentially,
there is a real need to stratify these patients further, to
maximise improved outcome in patients. Based on our
observations, there may be value in further characterising
CTSS expression in a larger ER- patient comparative cohort,
as this protease may hold utility as a prognostic biomarker in
this setting.

An important feature of this study was the use of
patient samples who all received adjuvant treatment prior
to collection of tumour resections. Analysis of our in-house
TNBC gene expression dataset using the Lehmann subgroups
demonstrated an association of CTSS expression with the
BL1 group, characterised by defects in DNA damage repair
pathways. Interestingly, previous investigation using publicly
available gene datasets representing 300 TNBC patients who
received neo-adjuvant chemotherapeutic treatment, revealed
the BL1 subgroup to display the greatest pathological com-
plete response versus the BL2 and LAR patient subgroups
[30]. This suggests that expression of CTSS in epithelial cells
may be associated with tumours defective in DNA damage
repair, and therefore, indicates CTSS expression may be
predictive of sensitivity to DNA damaging chemotherapies.
Whilst this study has focused on IHC analysis of resected
tumours, others have demonstrated that CTSS levels can
be detected in patient serum for a variety of diseases [7].
Considering the suggested link between CTSS expression
from a prognostic and predictive perspective, it may be of
interest to further investigate in liquid biopsies.

The relevance of the tumour immune microenvironment
is becoming more important with the development of ther-
apeutic strategies to target this compartment [37]. Conse-
quentially, appreciation of underlying biological associations
between tumour and immune cells may help better guide
therapies in the future. Here we show a positive correlation
between TNBC epithelial derived CTSS expression and a
more favourable M1 microenvironment. The relationship
between CTSS and TAMs has been widely reported using
in vivo models [16, 17, 27, 38–40]. These studies have
highlighted the relevance of macrophages as a source of
CTSS at the tumour site. Furthermore, these studies have
associated an M2-marcophage phenotype (tumour protec-
tive), and have implicated CTSS in a modulating role via an
autophagy-mediated mechanism [40, 41]. Interestingly, the
epithelial CTSS expression in TNBC patients demonstrated
an enriched M1 polarisation phenotype, consistent with the
observed improved outcome. We believe this underlines a
more complex relationship between tumour epithelial and
stromal cell compartments than has been demonstrated
in pre-clinical models, and possibly between cancer types,
highlighting a need for further in-depth analysis in patient
samples.
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5. Conclusion

In conclusion, we have characterised the expression profile of
CTSS in breast cancer patient samples and have found that
both compartmental and subtype expression of this protease
can affect patient outcome. This study highlights a need for
further investigation into this protease within breast cancer,
to consolidate the potential predictive and prognostic utility
of CTSS expression in different subtypes. Furthermore, a
deeper appreciation of the biology underlying this disease
will help guide treatment regimens and possible application
of CTSS inhibitors in the future.
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Tumor biomarkers are developed to indicate tumor status, clinical outcome, or prognosis. Since currently there are no effective
biomarkers for canine mammary tumor (CMT), this study intended to verify whether kynurenine 3-monooxygenase (KMO), one
of the key enzymes involved in tryptophan catabolism, is competent for predicting prognosis in patients with CMT. By investigating
a series of 86 CMT clinical cases, we found that both gene and protein expression of KMO discriminated malignant from benign
CMTs and was significantly higher in stage IV and V tumors than in lower-stage CMTs. About 73.7% of malignant CMTs showed
strong expression of KMO which correlated with lower overall survival rates in patients. Further, downregulation of KMO activity
significantly inhibited cell proliferation of CMT cells. Taken together, the findings indicated that KMO is a potential biomarker for
tumor diagnosis, and this might open up new perspectives for clinical applications of CMT.

1. Introduction

Dogs are viewed as a desirable animal model for human
cancer research, as they share a living environment closely
related to humans, with similar development patterns of
spontaneous tumors and cancer epidemiology [1]. In addi-
tion, the genes associated with cancer are much more closely
related between dogs and humans than between mice and
humans [2]. Recently, many studies have highlighted the
similar risk factors are associated with breast cancer among
dogs and humans. For example, the outbred nature of dogs
compared with mice provides a similar level of genetic
diversity among dogs as that found among humans [1]. The
BRCA gene acts as the tumor suppressor and is significant
for the development of canine mammary tumors (CMTs)
and human breast cancer [3]. Studies demonstrated that

BRCA 1/2 made approximately equal contributions to early-
onset human breast cancer, and higher prevalence of BRCA
gene mutation was found in breast cancer patients from
China and England to show its relevance in the development
of breast cancer [4, 5]. Moreover, inbreeding traits within
particular breeds of dogs result in low genetic variation
[6], which may also aid the identification of potential risk
factors or biomarkers for both human and canine cancer
malignancy.

Biomarkers are useful tools in cancer diagnosis, tumor
monitoring, and prognosis. Most biomarkers are involved
in tumor development and therefore can be applied in
cancer therapies [7–10]. Estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth factor receptor
2 (HER2) are biomarkers measured in routine examinations
for human breast cancer. The progression of breast cancer
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and canine mammary tumors is mainly stimulated by hor-
mones. In human breast cancer, patients with tumors that
are ER-positive and/or PR-positive have a better response
to hormonal treatment and there is a lower risk of mor-
tality after diagnosis as compared with patients with ER-
negative and/or PR-negative tumors [11]. In caninemammary
tumors, studies have demonstrated that the expression of
ER-𝛼 or PR is related to the histological subtype of canine
mammary tumors [12], the occurrence of metastases [13],
and the survival rate [14–16], but some studies showed
no correlations between these factors [17, 18]. HER-2 is
a cell membrane surface-bound receptor tyrosine kinase
that is involved in several signal transduction pathways
and promotes cell growth. Protein overexpression or gene
amplification of HER-2 in breast cancer often correlates with
poorer clinical outcomes [19–22], and therefore HER-2 is
used as an indicator for prognosis [20, 23–25]. The role of
HER-2 overexpression in canine mammary tumors is still
controversial. Some studies have demonstrated that a high
level of HER-2 protein is related to poorer outcomes, such
as a higher tumor grade or a greater mitotic count [26, 27],
while other studies have demonstrated opposite results [28,
29]. Although other molecular markers have shown potential
for diagnosis and prognosis, there is no sufficient evidence
proving their efficacy for routine examination and treatment
[30–32]. Therefore, it is important to discover new potential
biomarkers for clinical application for canine mammary
tumor therapy.

Kynurenine 3-monooxygenase (KMO) is a key enzyme
in the kynurenine pathway. KMO catalyzes the hydroly-
sis of kynurenine (KYN) to form 3-hydroxy kynurenine
(3-HK) and further generates the downstream metabolite
quinolinic acid. Both 3-HK and quinolinic acid may lead
to excitotoxicity in the CNS and act as important factors
in neurodegenerative diseases [33–36]. As KMO is located
at the critical branching point in the kynurenine pathway,
elevation of KMO protein shifts the pathway towards the
formation of 3-HK instead of kynurenine acid, which is an
antagonist of NMDA receptors to protect neuronal cells from
the excitotoxicity. KMO plays a role in balancing NMDA
receptor agonists and antagonists; therefore, KMO inhibitors
can be applied in therapy for neurodegenerative diseases
[37]. Presently little is known about KMO for its significance
on tumor development. Jin et al. found that high KMO
expression is correlated with aggressive malignant phenotype
of human hepatocellular carcinoma (HCC) cells and poor
prognosis and thus concluded that KMO can be served as a
promising biomarker of HCC prognosis [38]. A high level of
KMO promotes the synthesis of downstream metabolites of
the kynurenine pathway, such as 3-HK, 3-hydroxyanthranilic
acid, and quinolinic acid, which participate in the regulation
of the immune response and tumor tolerance [39, 40]. On the
other hand, a high level of quinolinic acid might stimulate
more NMDA receptors, which promotes tumor proliferation
through the ERK pathway.

No other study has investigated the role of KMO in
canine tumor development. In this study we disclose the
association between KMO expression and the malignancy of
canine mammary tumors.This study aimed to verify whether

KMO is a potential biomarker for the diagnosis of CMT
and whether KMO can be a useful molecule in prognostic
prediction and therapeutic development for mammary
tumors in the future.

2. Materials and Methods

�.�. CanineTissue Specimens. Caninemammary tumor tissue
specimens were collected in accordance with regulations of
the Institutional Animal Care and Use Committee (IACUC)
at National Taiwan University Veterinary Hospital and con-
formed to the guidelines of the protocol IACUC-NTU-101-
EL-106. The patients were diagnosed and underwent surgery
to remove tumors from 2012 to 2016. All of the patients
underwent surgical removal of CMT without other therapy.
The clinical histories of the patients were recorded in depth,
and follow-up informationwas continually documented until
May 2018. The histological classification and stage of CMT
were determined according to the guidelines of the World
Health Organization [41]. All tumor pathological diagnoses
in this study were done before analyzing the role of KMO in
CMT malignancy, but the blind tests were performed by our
operators to investigate theKMOgene and protein expression
of the tumor cases.

�.�. Real-Time RT-PCR. Total RNA was extracted from col-
lected CMT specimens using TRIzol (Invitrogen) and treated
with DNase I (Fermentas) to remove contaminated genomic
DNA for real-time RT-PCR analysis. Reverse transcription
was carried out using a Mastercycler Personal thermal
cycler (Eppendorf) with SuperScript II RT (Invitrogen) to
synthesize complementary DNA. Primers that specifically
bind to canine indoleamine 2,3-dioxygenase (IDO) and
KMO genes were designed using Primer Express software
(Applied Biosystems). The housekeeping genes used were 𝛽-
actin and hypoxanthine-phosphoribosyl transferase (HPRT),
which represents one of the best reference genes for canine
mammary gland [42] (Table 1). Real-time RT-PCR was per-
formed on a Bio-Rad real-time PCR machine with the use
of SYBR Green PCR Master Mix according to the procedure
described previously [43]. Data were presented as fold change
in gene expression level in the sample normalized to the
housekeeping genes using 2-ΔCt method.

�.�. Immunohistochemistry and Protein Scoring System. Sec-
tions (5-𝜇m-thick) of formalin-fixed, paraffin-embedded
tumor specimenswere deparaffinized by submerging slides in
two changes of xylene for 20 min each time. Fresh xylene was
used for the second tank. The sections were then rehydrated
in graded ethanol for 5 min each. After rehydration, the
sections were rinsed with distilled water and antigen retrieval
was performed with citrate buffer (10.2mMTrisodium citrate
dihydrate, 1.9mMCitric acid hydrate, pH 6.0) in a decloaking
chamber (BIOCARE MEDICAL) at 121∘C for 3 min and
then at 90∘C for 30 s. Endogenous peroxidase activity was
quenched using 3% hydrogen peroxide in PBS for 30 min at
room temperature, and then the slides were rinsed with Tris-
buffered saline (TBS, 24.7 mM Tris-base, 136.9 mM Sodium
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Table 1: Primers for canine IDO, KMO, actin, andHPRT.

Gene Forward Reverse
IDO CAGCTCACCGGGACTTTCTT TCCATGGCATTAGTGCCTCC
KMO ATGGAGTCATCAGACGTTCA GTGACCCCATGGAGTTTGCA
Actin CGACCTGACCGACTACCTCA TTTGATGTCACGCACGATTT
HPRT TGCTCGAGATGTGATGAAGG TCCCCTGTTGACTGGTCATT

Table 2: Classification of KMO expression as determined by immunoreactive score (IRS).

Intensity of immunoreactivity Score Proportion reactive Score
No staining 0 No staining 0
Weak cytoplasmic staining 1 < 10% 1
Moderate cytoplasmic staining 2 10%-50% 2
Strong cytoplasmic staining 3 > 50% 3

chloride, pH 7.6) and were blocked with 3% bovine serum
albumin (BSA) in TBS for 1 h at room temperature. After
blocking, the slides were incubated with rabbit anti-human
KMO polyclonal antibody (Proteintech) at a 1:50 dilution
in blocking buffer. The rabbit anti-human KMO polyclonal
antibody was pretested on human and dog’s kidneys as a pos-
itive control. Rabbit normal serum (Biogenex) replaced the
primary antibody in the same protocol as a negative control.
All of the slides were incubated with the primary antibodies
overnight at 4∘C. On the next day, the slides were rinsed
with TBS buffer and the signals of proteins were detected by
BioGenex Super Sensitive� Detection Systems (BioGenex).
Briefly, the slides were incubated with Super enhancer� and
Polymer-HRP (BioGenex) for 1 h each at room temperature.
TBS buffer was used to wash the slides following each
staining step.The slides were treated with Diaminobenzidine
tetrahydrochloride (DAB) (BioGenex), which was used as
a substrate to visualize protein signals for 1 min and then
stained with Mayer’s hematoxylin (Sigma-Aldrich) for 30 s.
The sections were washed with distilled water for 10 min
and then dried at room temperature. After dehydration, the
slides were mounted by water-soluble glycerol gelation and
examined under a bright-field microscope (Olympus).

All of the immunohistochemical slides were examined by
a veterinary pathologistwhodid not have the patients’ clinical
information. A total of 5 random fields were chosen from
tumor regions to evaluate the expression of each protein.The
IHC staining of the samples was evaluated by a gynecological
histopathologist using the immunoreactive scoring (IRS)
system as described previously [44]; the system is used to
rank the protein expressions and the value that equals the
staining intensity multiplied by the percentage of positive
cells [45]. Grading was performed in a blinded fashion.
Samples were interpreted as COX-2-positive if the IRS was
≥4.The standard IRS scores are shown in Table 2.The level of
KMO protein was examined under high-power microscopic
fields (HPFs, 400×) and scored by the IRS system. The
standard for staining intensity is shown in Figure 3.

�.�. Assays for Verifying KMO Biofunctions. Canine CMT
cell lines CMT-1 and MPG were kindly provided by Dr.

Lin CT of the School of Veterinary Medicine, National
Taiwan University (Taipei, Taiwan). Both were cultured in
Dulbecco’s modified Eagle’s Medium (DMEM, Gibco) sup-
plemented with 10% fetal bovine serum (FBS, Caisson) and
1% penicillin/streptomycin (Caisson) at 37∘C in a humidified
atmosphere of 5% CO

2
. To verify the role of KMO in

cell growth, 3000 cells/well of CMT-1 or MPG cells were
seeded in a 96-well plate and treated with KMO inhibitor,
Ro 61-8048 (Sigma-Aldrich), at the indicated concentrations
for 24, 48, and 72 h. After the treatment, quantification
of cell proliferation was performed using WST-1 reagent
according to the manufacturer’s protocol (Roche). For KMO
knockdown, small interfering RNAs (siRNAs), including
control and KMO, were used, and the reagents were all
purchased from Santa Cruz Biotech Inc. CMT-1 and MPG
cells were transfected for 48 h with siRNAs against KMO
(Forward 5󸀠-CCAAGGUAUUCCCAUGAGATT-3󸀠 , reverse
5󸀠-UCUCAUGGGAAUACCUUGGTT-3󸀠; scramble siRNA
duplex: forward: 5󸀠-UUCUCCGAACGUGUCACGUTT-3󸀠;
reverse: 5󸀠-ACGUGACACGUUCGGAGAATT-3󸀠 ). The cell
viability of the cells was quantified using WST-1 and cell
extracts were analyzed by KMO immunoblotting.

�.�. Western Immunoblotting. The sample (30 𝜇g of pro-
tein/lane) was subjected to SDS-PAGE and blotted from
12% (w/v) polyacrylamide gel to a hydrophobic polyvinyli-
dene difluoride (PVDF) membrane for WB analysis. After
blocking the PVDF membrane in PBS, 0.05% Tween 20
(PBST) plus 5% skim milk for 2h, the membrane was then
sequentially incubated with the anti-human KMO polyclonal
antibody (1:2000) (Proteintech) for 2h, and horseradish per-
oxidase conjugated anti-rabbit IgG (A9169, Sigma-Aldrich)
for 1 h at room temperature. Finally, the membrane was
washed extensively with PBST and developed with a chemi-
luminescent peroxidase substrate (Sigma-Aldrich).

�.�. Statistical Analysis. Comparisons of mean values were
performed using independent two-sample t tests with SPSS
16.0 statistics software.The associations between the variables
of the categorical factors, including clinical outcomes and the
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Figure 1: Comparison of the KMO gene expression in CMTs. (a) KMO gene expression in benign (n = 30) and malignant CMT tissues (n =
54). (b) KMO gene expression in canine malignant CMTs at stages I/II/III (n = 37) and stages IV/V (n = 17). (∗ ∗ ∗P < 0.0001).
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Figure 2: Expression level of the IDO gene in CMTs. (a) IDO gene expression in benign and malignant CMT tissues. (b) IDO gene expression
in canine malignant CMTs at stages I/II/III and stages IV/V.

expression of proteins, were calculated by Spearman’s corre-
lation coefficient. The significance of the difference between
the variables of the categorical factors was determined using
a two-tailed 𝜒2 test. The Kaplan–Meier method was used
to estimate the survival durations through the follow-up
period.

3. Results

�.�. KMO Gene Expression and Tumor Malignancy. KMO
gene expression in clinical CMT specimens was first iden-
tified in 84 cases using real-time PCR. Interestingly, signifi-
cantly higher expressions ofKMO (p < 0.0001) were observed
in malignant CMTs than in benign CMTs (Figure 1(a)). In
addition, the KMO gene (p < 0.0001) was overexpressed
in stage VI/V CMTs (Figure 1(b)). The data showed that

KMO gene expression discriminated dogs with malignant
CMTs from dogs with benign CMTs and indicated that the
expression level of the KMO gene may provide valuable
information for the diagnosis of malignancy and metastasis
in canine CMTs.

�.�. 
e Correlation between the Expressions of KMO and
Indoleamine-�,�-Dioxygenase Genes in CMTs. Indoleamine-
2,3-dioxygenase (IDO) is located upstream of KMO in the
kynurenine pathway [46]. We therefore sought to clarify
whether the overexpression of KMO was related to the IDO
expression. The results showed that there was no significant
difference in IDO expression between malignant and benign
CMTs or between CMTs with or without metastasis (Figures
2(a) and 2(b)). These findings indicated that KMO overex-
pression was not IDO-dependent in CMTs.
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(a) (b)

(c) (d)

Figure 3: Immunohistochemical analysis of KMO protein expression in CMTs. (a) CMT stained without antibody against KMO as a negative
control, which did not show immunoreactivity in the cytoplasm. (b) CMTwith weak KMO cytoplasmic staining (1+). (c) CMTwithmoderate
KMO cytoplasmic staining (2+). (d) CMT with strong KMO cytoplasmic staining (3+). Scale bar = 50.00 𝜇m.

�.�. 
e Correlation between KMO Protein Expression and
CMT Malignancy. To further determine the association
between KMO and tumor progression, KMO expression in
CMTswas analyzed by immunohistochemistry and scored by
immunoreactive scoring (IRS) under the conditions listed in
Table 1: Primers for canine IDO, KMO, actin, and HPRT.

Table 2 shows that the standards for scoring KMO pro-
tein are shown in Figure 3. According to the IRS, KMO
expression could be classified into three groups.Thus, tumors
were identified as KMO negative (IRS 0-3), weak (IRS 4-
6), and strong (IRS 7-9). Further analysis showed that the
level of KMO expression was significantly associated with
ovariohysterectomy (OHE) status; 21/39 (53%) patients with
a strong KMO expression had OHE prior to the surgery to
remove tumors (p < 0.05). The level of KMO expression was
also significantly associated with tumor malignancy, tumor
size, and tumor recurrence. In total, of 39 CMTs with a
strong KMO expression, 27/39 (69%) tumors were malignant
(p < 0.001). The correlations between the level of KMO
expression and the characteristics of the patients with CMTs
are summarized in Table 3. Moreover, as shown in Figure 4,
KMO IRS in malignant CMTs was significantly higher than
that in benign CMTs (p < 0.001).These results suggested that
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Figure 4: Correlation between KMO IRS and pathologic malignancy
in CMTs. The expression of the KMO protein was analyzed by
immunohistochemistry and scored by immunoreactive score (IRS).
KMO IRS showed a statistically significant association with tumor
malignancy (P < 0.05). KMO IRS in malignant CMTs was signifi-
cantly higher than that in benign CMTs (∗ ∗ ∗P < 0.001).
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Table 3: Characteristics of the patients correlated with expression of KMO protein.

Characteristics KMO P value
Negative 0-3 Weak 4-6 Strong 7-9

All patients 6/ 86 (7%) 41/86 (48%) 39/86 (45%)
Age
<9 years 4/6 (67%) 12/41 (29%) 6/39 (15%)
≥ 9 years 2/6 (33%) 29/41 (71%) 33/39 (85%) 0.271
Tumor size
≤ 5 cm maximum diameter 4/6 (67%) 31/41 (76%) 25/39 (64%)
> 5 cm maximum diameter 2/6 (33%) 10/41 (24%) 14/39 (36%) 	.	��∗
Ovariohysterectomy status
No 5/6 (100%) 37/41 (90%) 18/39 (47%) 	.	��∗
Yes 1/6 (0%) 4/41 (10%) 21/39 (53%)
Malignancy
Benign 6/6 (100%) 31/41 (76%) 12/39 (31%)
Malignant 0/6 (0%) 10/41 (24%) 27/39 (69%) 	.			�∗∗
Tumor stage (N=��)
I, II and III --- 3/10 (30%) 11/27 (41%)
IV and V --- 7/10 (70%) 16/27 (59%) 	.	��∗
Lymph node metastasis
No --- 7/10 (70%) 16/27 (59%) 0.208
Yes --- 3/10 (30%) 11/27 (41%)
Distant metastasis
No --- 8/10 (80%) 24/27 (89%) 0.951
Yes --- 2/10 (20%) 3/27 (11%)
Recurrence
No 6/6 (100%) 19/41 (46%) 9/27 (33%)
Yes 0/6 (0%) 22/41 (54%) 18/27 (67%) 	.	��∗
∗P < 0.05; ∗∗P < 0.01.

the KMO level can be used to discriminate malignant CMTs
from benign tumors.

�.�. 
e Association between KMO Expression and the Sur-
vival Time in CMT Patients. Because tumor malignancy
determines the survival outcome of cancer patients, we next
evaluated the association between KMO expression and the
overall survival rate of dogs with CMTs.TheKMO expression
could be classified into three groups according to the IRS.
The Kaplan–Meier survival curves showed that patients with
strong KMO-expressing tumors had a significantly shorter
survival time and a remarkably lower survival rate than
those with negative or weak KMO-expressing tumors (p <
0.001) (Figure 5). Taken together, the results shown here were
similar to the profile of the kmo gene, demonstrating that
KMO is a potential biomarker for predicting the prognosis
of CMT dogs.

�.�. 
e Role of KMO in the Proliferation of CMT Cells.
High KMO expression was proved to be associated with the
malignancy of CMT and indicated a poor outcome of the
patients. The role of KMO in CMT development was next
verified. We first examined the KMO expression in CMT
cell lines (CMT-1 and MPG cells) and found that both had
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Figure 5: Association between KMO expression and survival time
of CMT patients. Patients with KMO strong staining tumors had a
significantly shorter survival time and a remarkably lower survival
rate than those with KMOnegative or weak tumors (∗∗∗P < 0.001).

identifiable KMO protein amounts (Figure 6(a)). Incubation
of CMT-1 and MPG cells with a KMO inhibitor (Ro 61-
8048) for 1∼3 days significantly inhibited cell proliferation
(Figure 6(b)), and similar results were also observed when
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Figure 6:Downregulated KMO activities with KMO inhibitor or siRNA inhibited cell proliferation in CMT cells. (a) KMO expression in CMT-1
and MPG cells. (b) Cells treated with Ro 61-8048 for 24, 48, and 72 hrs were found to exhibit significantly suppressed cell proliferation of
CMT-1 and MPG cells. (c) Knockdown of KMO with siRNA reduced cell proliferation in comparison to cells with control siRNA treatment.
Columns, mean; bars, SD (n = 3). ∗∗P < 0.01.
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silencing KMO expression with specific siRNAs against KMO
(Figure 6(c)). The data suggested that KMO might play an
important role in CMT cell growth.

4. Discussion

CMT is the most frequently diagnosed type of cancer in
female dogs [47, 48], and approximately half of CMTs
are malignant [49]. Surgical excision is the most effective
treatment for CMT, but dogs with CMT have around a 30-
58% recurrence or metastasis rate within 2 years following
surgical removal [49, 50], and about 40-60% die from cancer-
related diseases within the first 2 years [51]. The low survival
rate of patients implies a low rate of specific diagnoses
and ineffective therapies in CMT treatment. Challenges of
CMT treatment include complex histological classification
as well as unpredictable tumor behavior and prognosis [52].
Therefore, it is necessary to improve the accuracy of diagnosis
to facilitate the determination of appropriate therapies.

Herein, we identified KMO as a novel and potential
biomarker in CMT, which can help to improve diagnosis and
predict the prognosis of CMTs. Our results showed that 31.8%
of the total CMTs and 73.7% of the malignant CMTs had
strong expressions of KMO protein (Table 3). This indicated
that the expression of KMO protein issignificantly associated
with tumor malignancy and demonstrated the potential of
KMO in discriminating malignant tumors from benign ones.
Furthermore, the survival rate of patients with a strong
KMO protein expression was lower than that of those with
weak or negative KMO expression. This result suggested that
KMO could be a promising biomarker not only for tumor
malignancy but also for predicting the prognosis of CMT
patients.

KMO is involved in the metabolism of tryptophan and
catalyzes the conversion of kynurenine into 3-HK and 3-
hydroxyanthranilic acid, which are further converted into
quinolinic acid, generating NAD+ for essential cell survival
[53]. The kynurenine pathway involves physiological and
pathological processes in the nervous and immune systems.
KMO is notable because it has been proven to be a potential
therapeutic target for stroke, seizures, and Huntington’s
disease [54]. IDO is located upstream of KMO in the
kynurenine pathway [43]. The potential association between
IDO expression and cancer has been intensively studied [55];
however, their relationship is still ambiguous and sometimes
controversial. Reports have shown that IDO overexpression
in human tumors is related to tumor growth, but other
reports have suggested that IDO expression in tumor cells
and antigen-presenting cells inhibits tumor proliferation [55].
In our results, KMO overexpression was independent of IDO
expression in CMTs, suggesting that KMO might induce
tumormalignancy via a novel mechanism not involving IDO.

We also demonstrated that knockdown of KMO expres-
sion or blocking of its activity could suppress proliferation of
CMT cells. Herein, we found that though CMT-1 and MPG
are both cell lines of canine mammary gland tumors, CMT-
1 is developed from canine mammary carcinoma (epithelial
cell origin) while MPG is derived from the canine mixed

mammary gland tumor. The different cell origins of CMT-
1 and MPG may have relied on differently growth signal
pathways and therefore have different sensitivities to KMO
knockdown. KMO has been reported to play a role as an
agonist for the N-methyl-D-aspartic acid (NMDA) receptor
[56]. NMDA receptors are known to initiate gene activa-
tion and cell proliferation and promote cell survival via
the extracellular signal-regulated kinase (ERK1/2) pathways
[57]. Recently, a report showed that NMDA receptors were
overexpressed in human breast cancer cell lines [58]. Another
metabolite of kynurenine produced by the action of KMO,
3-hydroxyanthranilic acid, causes apoptosis of Th1 cells
by activating caspase-8 [59] and induces apoptosis of T-
cells through the inhibition of NF-𝜅B [60]. Taken together,
although the detailed mechanisms still need to be fully
elucidated, our results have offered significant evidences of
involvement of KMO in CMT progression and provided
precious advice for further study on human breast cancer
therapy.

5. Conclusions

A significant parallel increase of KMO mRNA and protein
expression in malignant CMT was revealed and correlated
with shorter survival time in CMT patients. Our results
also showed that KMO plays a role in controlling cell
growth and malignancy in canine mammary tumors. These
findings indicate the potential applications of KMO in cancer
prognosis and therapeutic developments.
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Purpose. This study aims to evaluate the prognostic value of human Mitotic Centromere-Associated Kinesin (MCAK), a
microtubule-dependent molecular motor, in breast cancers. The posttranscriptional regulation of MCAK by microRNAs will also
be explored. Methods. The large-scale gene expression datasets of breast cancer (total n=4,677) were obtained from GEO, NKI,
and TCGA database. Kaplan-Meier and Cox analyses were used for survival analysis. MicroRNAs targeting MCAKwere predicted
by bioinformatic analysis and validated by a dual-luciferase reporter assay. Results. The expression of MCAK was significantly
associated with aggressive features of breast cancer, including tumor stage, Elston grade, and molecular subtypes, for global gene
expression datasets of breast cancer (p<0.05). Overexpression of MCAKwas significantly associated with poor outcome in a dose-
dependent manner for either ER-positive or ER-negative breast cancer. Evidence from bioinformatic prediction, coexpression
assays, and gene set enrichment analyses suggested thatmiR-485-5p andmiR-181c might target MCAK and suppress its expression.
A 3’UTR dual-luciferase target reporter assay demonstrated that miR-485-5p and miR-181c mimics specifically inhibited relative
Firefly/Renilla luciferase activity by about 50% in corresponding reporter plasmids. Further survival analysis also revealed thatmiR-
485-5p (HR=0.59, 95%CI 0.37-0.92) andmiR-181c (HR=0.54, 95%CI 0.34-0.84) played opposite roles ofMCAK (HR=2.80, 95% CI
1.77-4.57) and were significantly associated with better outcome in breast cancers. Conclusion. MCAK could serve as a prognostic
biomarker for breast cancers. miR-485-5p and miR-181c could specifically target and suppress the MCAK gene expression in breast
cancer cells.

1. Background

Microtubules (MTs) are essential biological polymers of
fundamental importance for mitosis in eukaryotic cells. The
human Mitotic Centromere-Associated Kinesin (MCAK)
gene, also recognized as Kinesin FamilyMember 2C (KIF2C),
encodes a kinesin-like protein that can depolymerize micro-
tubules at the plus end, thereby promoting mitotic chromo-
some segregation during mitosis [1].MCAK can interact with

KIF18B to form an MCAK-KIF18B complex, which is nega-
tively regulated by Aurora kinases through phosphorylation
of MCAK [2]. Aurora kinases regulate MT plus-end stability
through control of MCAK-KIF18B complex formation to
constitute the major microtubule plus-end depolymeriz-
ing activity in mitotic cells. MCAK and KIF2B stimulate
kinetochore-microtubule dynamics during distinct phases of
mitosis to correct malorientations [3]. MCAK plays a role
in chromosome congression and is required for the lateral
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to the end-on conversion of the chromosome-microtubule
attachment [4]. Both protein and mRNA levels of MCAK
were upregulated in colorectal cancer, and expression levels
correlated stronglywithKi-67 expression [5].Overexpression
of MCAK was also considered an independent predictor
of overall survival and lymph node metastasis in colorectal
cancer [6]. The MCAK gene expression was also found to be
increased in glioma samples and associated with histopatho-
logical grades that impact poor survival of glioma [7].

Breast cancer is a common malignant disease among
women in the world [8, 9]. Because of the heterogeneity of
breast cancer cells, there is tremendous variation in clinical
outcomes [10, 11]. Molecular-based classification of breast
cancers has been widely used to predict outcomes and select
the appropriate therapeutic regimen for patients. Currently,
more therapeutic targets and corresponding inhibitors for
breast cancers are being explored to improve treatment
efficacy with fewer adverse side effects. Here, we hypothesize
that MCAK could be a driver gene for tumorigenesis and
could serve as prognostic biomarkers and/or therapeutic
targets for breast cancer treatment.

In many cases, microRNAs play essential roles in gene
regulation [12]. miR-485-5p has been reported to suppress
mitochondrial respiration, cell migration, and invasion in
breast cancer cell lines [13]. In oral tongue squamous cells,
miR-485-5p antagonizes PAK1 to reverse epithelial to mes-
enchymal transition and promote cisplatin-induced cell
death [14]. miR-485-5p also could serve as a prognostic
biomarker and associate with better survival in gastric cancer
[15–17]. Other microRNAs like miR-181c were reported to
reduce the proliferation, migration, and invasion of neurob-
lastoma cells through targeting Smad7 [18]. However, another
report demonstrated that miR-181c functioned as an onco-
gene and promoted proliferation through inhibiting PTEN
protein expression by targeting 3’-UTR of PTEN mRNA in
inflammatory breast cancer SUM149 cells [19]. The mature
form of miR-181c could also translocate into mitochondria
and suppress themitochondrial function through targeting of
the mt-Cox1 gene [20]. Moreover, miR-181c was also reported
to be involved in chemoresistance and antagonized long
non-coding RNA GAS5 in pancreatic cancers [21, 22]. It
also contributed to the resistance of cisplatin in non-small
cell lung cancer cells by targeting Wnt inhibition factor 1
[23]. Neither miR-485-5p nor miR-181c has been previously
reported to target MCAK gene and reduce its expression level
in cancers.

Here, we explored the clinical meaning and prognostic
significance of MCAK by using 13 independent breast cancer
datasets from Gene Expression Omnibus (GEO) and the
Cancer Genome Atlas (TCGA). All eligible microRNAs that
target MCAK were predicted by using bioinformatics and
biostatistics analysis and validated by dual-luciferase 3’-UTR
report assay. The clinical significance of MCAK and above
two microRNAs were also observed.

2. Materials and Methods

2.1. Breast Cancer Cell Culture. MCF-7 (ER-positive) and
MDA-MB-231 (ER-negative) cell lines were obtained from

ATCC (American Type Culture Collection, Manassas, VA
USA) in June 2011 and September 2013. Cells were incubated
with 5% CO2 at 37

∘C in a humidified incubator in Dulbecco's
Modification of Eagle's Medium (DMEM) (Mediatech, Inc.,
Manassas, VA, USA) supplemented with 10% fetal bovine
serum (FBS) (Omega Scientific, Inc., Tarzana, CA, USA)
and penicillin and streptomycin (Thermo Fisher Scientific
Inc.). Frozen aliquots were stored in liquid nitrogen vapor
phase when we obtained cells from ATCC for long-term
storage. Cells were cultured for no longer than six months
after thawing. Cell lines were authenticated by ATCC before
delivery and not reauthenticated in our laboratory.

2.2. pmirGLO Dual-Luciferase miRNA Target Reporter Assay.
The pmirGLO dual-luciferase miRNA target expression vec-
tors (Promega) were constructed as reporter plasmids. miR-
485-5p and miR-181c, which target MCAK sense/antisense
oligonucleotides, were annealed and then inserted into mul-
tiple cloning sites (MCS, PmeI, and XbaI) in the 3’ untrans-
lated region (UTR) of Firefly (luc2) gene in the pmirGLO
vector.

About 5-10×105MCF7 cells were seeded in each well of a
6-well plate and incubated at 37∘C with 5% CO2 overnight.
The human miR-485-5p and miR-181c mimics were obtained
from Vigene Biosciences (Rockville, MD). These pmir-
GLO reporter vectors and miRNA mimics were transfected
in antibiotic-free Opti-MEM medium (Life Technologies,
Carlsbad, CA, USA) with Lipofectamine 3000 reagent (Life
Technologies) according to the manufacturer’s instructions.
Luciferase activity was performed 48 hours after transfe-
ction.

2.3. Dual-Luciferase Determination. Cells were plated into
24-well plates and transfected with pmirGLO-485-WT,
pmirGLO-485-Mut, pmirGLO-181c-WT, or pmirGLO-181c-
Mut, with corresponding miR-485-5p or miR-181c mimics.
After transfection for 48 hours, luciferase activity of Firefly
and Renilla was determined by a kit of the Dual-Luciferase
Reporter Assay System (Promega). Relative luciferase activity
of Firefly was measured by normalizing expression ratio to
Renilla luciferase activity.

2.4. Worldwide Microarray Gene Expression Datasets. Eleven
independent Gene Expression Omnibus (GEO) breast cancer
microarray datasets (total n=2,248) and two breast cancer
datasets (n=2,429) from the Cancer Genome Atlas (TCGA)
[24] were collected for this study. All participants had
clinical and follow-up annotations. The GEO datasets were
GSE7390 [25], GSE2034 [26], GSE1456 [27], GSE4922 [28],
GSE22226 [29], GSE24450 [30], GSE53031 [31], GSE25066
[32], GSE10885 [33], GSE58812 [34], and NKI [35]. Datasets
without prognostic outcome information were excluded.
Detailed information about these downloaded datasets is
listed in Suppl. Table 1. To normalize the mRNA expression
levels among all datasets, we restratified all MCAK scores and
other related genes into four grades (Q1, Q2, Q3, and Q4)
based on the percentile for each dataset.MCAK-low (Q1+Q2)
and MCAK-high (Q3+Q4) are also divided by the median
value of gene expression.



Journal of Oncology 3

2.5. Gene Set Enrichment Analysis (GSEA). The GSEA soft-
ware v3.0 was downloaded from www.broad.mit.edu/gsea
and run on the JAVA 8.0 platform [36]. All dataset (.gct) and
phenotype label (.cls) fileswere created and loaded intoGSEA
software, and gene sets were updated from the above website.
The detailed protocol could see our previous publications
[37]. Here, the permutations number was 1,000, and the
phenotype label was MCAK-high versus MCAK-low.

2.6. DataManagement and StatisticalMethods. After datasets
were downloaded from GEO and TCGA websites, the origi-
nal datasets were converted, merged, and normalized using
R 3.4.3 and Python 3.6.3. To make datasets compatible, we
prenormalized all participants by Q1, Q2, Q3, and Q4 in each
dataset and then merged for pooled analysis. The JMP and
R software were used for group comparisons, �휒2 analysis,
Fisher’s exact test, and the binomial test of proportions.
Kaplan-Meier andCoxmodels were used to apply for analysis
of overall survival (OS) and progression-free survival (PFS).
Patients with distant metastasis were excluded in PFS anal-
ysis. Multivariate and stratification analyses were applied to
reduce the potential confounding effect on the estimation of
Hazard Ratio (HR). Missing data were coded and excluded
from the analysis.

3. Results

3.1. MCAK Expression Is Associated with an Aggressive Form
of Breast Cancer. The clinical relevance of MCAK mRNA
expression levels was examined on GEO and TCGA datasets.
Analysis results from GEO dataset suggest that MCAK
expression significantly and positively associated with factors
including younger than 50 years of age, tumor equal to or
larger than 2 cm, ER-negative status, and higher Elston histol-
ogy grade (Figure 1(a) and Suppl. Table 2). However, MCAK
expression was not associated with lymph node involvement.
These associations from GEO datasets were consistent with
findings from the TCGAdataset (Figure 1(b) and Suppl. Table
2). We further analyzed the MCAK expression on breast
cancer patients according to molecular subtypes. ANOVA
analysis result confirmed that MCAK mRNA levels were
relatively lower on normal-like and Luminal A patients and
significantly higher in luminal B, HER2-positive, and basal-
like breast cancer cases.This findingwas seen inGEOdatasets
and TCGA datasets (Figures 1(c), and 1(d), and Suppl. Table
2).

The online search results from the STRING database
(https://string-db.org/) [38] indicated that the top 10 proteins
that interact with MCAK are the following: Aurora kinase
B (AURKB), Baculoviral IAP repeat-containing 5 (BIRC5),
Cyclin B1 (CCNB1), Budding uninhibited by benzimidazoles
1 homolog (BUB1), Budding uninhibited by benzimidazoles 1
homolog beta (BUB1B), Cell division cycle 20 (CDC20), Cell
division cycle associated 8 (CDCA8), Centromere protein
A (CENPA), Centromere protein F (CENPF), and Polo-
like kinase 1 (PLK1) (Suppl. Figure 1). The above proteins
are involved in the regulation of mitotic spindle assem-
bly checkpoint, mitotic cell cycle, mitotic nuclear divi-
sion, and the establishment of chromosome localization.

GSEA results indicated that higher expression of MCAK
was significantly associated with gene signatures, including
Poola invasive breast cancer (up) (Normalized Enrichment
Score, NES=1.65, p=0.001) and Riz erythroid differentiation
(NES=2.11, p<0.001) (Suppl. Figures 2A and 2B). Meanwhile,
MCAK also enriched other cancer invasion related gene
sets, such as Mootha mitochondrial, Naderi breast cancer
prognosis (up), Biudus metastasis (up), and Zhang breast
cancer progenitors (up) (Suppl. Figure 2C)

Therefore, those above-mentioned large-scale popula-
tion-based analyses validated that MCAK expression levels
were significantly associated with factors related to the
aggressiveness of breast cancers.

3.2. MCAK Prognosticates Poor Survivability of Breast Cancer.
The above findings suggested that MCAK expression was
associated with higher Elston grade and other aggressive
phenotypes of breast cancer. Here, we hypothesized that the
expression ofMCAKmight be associatedwith poor outcomes
in breast cancer. To address this, we conducted Kaplan-
Meier and Cox analysis to determine if MCAK impacted
survival in breast cancer cases in GEO and TCGAmicroarray
gene expression datasets. Here, we recategorized participants
of each dataset into four subgroups (Q1, Q2, Q3, and Q4)
according to the expression levels of MCAK. First, survival
analysis was conducted for each dataset by using univariate
and multiple Cox proportional hazard analysis (Table 1). The
lowest expression subgroup (Q1) was the relative point of
reference. The HR of MCAK OS and PFS increased as its
expression levels increased in all datasets. In higher MCAK
levels (Q4), the significance could be seen in almost all
datasets.The adjustedHRs of higherMCAK (Q4) forOSwere
2.27 (95% CI 1.30-4.11) and 2.22 (95% CI 1.65-3.01) in pooled
GEO and TCGA datasets, respectively.

The prognostic performance of MCAK was illustrated
in Figure 2. The mRNA level of MCAK was significantly
associated with poor overall survival in breast cancer onGEO
and TCGA datasets (Figures 2(a) and 2(b)). As MCAK levels
increased, survival decreased in a dose-dependent manner.
Generally, ER-negative breast cancers had a poorer prognosis
[39]. We further stratified our Kaplan-Meier analysis and
confirmed that MCAK mRNA levels were significantly asso-
ciated with poor PFS in both ER-negative and ER-positive
breast cancers (Figures 2(c) and 2(d)).This finding could also
be observed on OS analysis from GEO and TCGA datasets.
The prognostic significance of MCAK was also analyzed
among molecular subtypes. In the pooled GEO set, MCAK
significantly impacted survival in basal-like breast cancer
(MCAK-high versus MCAK-low) (Figures 2(e) and 2(f)).
Due to insufficient cases of basal-like breast cancers, this
association could not be validated in the TCGA dataset.
Nevertheless, MCAK prognosticated poor survivability of
breast cancer regardless of ER status.

3.3. Reduction of MCAK Expression by miR-485-5p and miR-
181c on Breast Cancer Cells. In general, microRNAs suppress
gene expression level through posttranscriptional regula-
tion. Here, all possible microRNAs that target MCAK were
identified based on www.microrna.org website. Meanwhile,

http://www.broad.mit.edu/gsea
http://www.microrna.org
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Figure 1: Clinical relevance of MCAK in GEO and TCGA breast cancer datasets. Here, MCAK-high was defined as MCAKmRNA level equal
to or larger than median mRNA levels in each dataset.ThemRNA levels of MCAK, tumor size, lymph node involvement, and Elston grade of
breast cancer were analyzed in GEO (a) and TCGA (b) datasets. ThemRNA levels of MCAK in different molecular subtypes of breast cancer
were also examined in NKI dataset (c) and TCGA dataset (d).

the MCAK coexpressing microRNAs were listed from the
GSE22220 dataset. GSEA also analyzed the targeting gene
sets of microRNA enriched by MCAK. Only those predicted
microRNAs, which were also negatively and significantly
coexpressedwithMCAK,were considered as eligiblemicroR-
NAs targeting MCAK (Figure 3(a)). Here, two candidate
microRNAs, miR-485-5p and miR-181c, were selected. The
binding sites and gene map were outlined in Suppl. Figure
3. A 3’-UTR luciferase reporter assay was used to investigate

inhibitory effects of these microRNAs through binding to the
corresponding sequence on MCAK. The clinical significance
of microRNAs was also evaluated for further validation.

It is based on predicted binding motifs of miR-485-
5p and miR-181c that target MCAK mRNA; double-strand
DNA fragments were synthesized and inserted into multiple
cloning sites (MCS) of pmirGLO Dual-Luciferase miRNA
Target Expression Vector (Figure 3(b)). The pmirGLO plas-
mid was transfected into MCF-7 cells and incubated for
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Table 1: Uni- and multivariate analysis forMCAK and survival in microarray datasets.

Data set (cases) Overall survival Disease-free survival
HR (95% CI) Adjusted HR (95% CI)∗ HR (95% CI) Adjusted HR (95% CI)∗

GSE7390
(n=198) Q1 Reference Reference Reference Reference

Q2 2.93 (1.19-8.23)† 3.14 (1.27-8.84) † 2.30 (1.21-4.62) † 2.26 (1.18-4.55) †
Q3 4.84 (2.09-13.12) ‡ 4.89 (1.96-13.94) ‡ 3.41 (1.82-6.76) ‡ 3.67 (1.85-7.62) ‡
Q4 2.32 (0.90-6.81) 1.72 (0.60-5.75) 1.65 (0.82-3.41) 1.85 (0.80-4.35)

GSE2034
(n=286) Q1 N/A N/A Reference Reference

Q2 1.56 (0.86-2.89) 1.55 (0.86-2.88)
Q3 2.13 (1.21-3.87) ‡ 2.26 (1.27-4.13) ‡
Q4 2.19 (1.24-4.00) ‡ 2.47 (1.35-4.62) ‡

GSE1456
(n=159) Q1 Reference Reference Reference Reference

Q2 10.1 (1.90-187) ‡ 1.6e+9 1.8e+9 1.5e+9
(4.06-2.7e+305) ‡ (6.03-6.6e+179) ‡ (4.55-9.0e+304) ‡

Q3 21.7 (4.46-392) ‡ 3.1e+9 2.9e+9 2.2e+9
(7.91-3.6e+122) ‡ (9.71-1.5e+254) ‡ (6.58-1.8e+34) ‡

Q4 15.2 (3.03-276) ‡ 1.9e+9 2.5e+9 1.4e+9
(4.59-6.9e+100) ‡ (8.38-6.3e+55) ‡ (3.81-1.2e+137) ‡

GSE4922
(n-289) Q1 N/A N/A Reference Reference

Q2 1.25 (0.65-2.41) 1.23 (0.63-2.43)
Q3 1.99 (1.08 -3.76)† 1.82 (0.95-3.56)
Q4 2.33 (1.28-4.36) ‡ 1.65 (0.79-3.50)

GSE22226
(n=129) Q1 Reference Reference Reference Reference

Q2 0.71 (0.14-3.32) 0.92 (0.17-4.99) 0.83 (0.29-2.31) 0.68 (0.20-2.15)
Q3 2.24 (0.70-8.38) 1.73 (0.47-8.30) 1.27 (0.49-3.39) 1.10 (0.39-3.24)
Q4 3.94 (1.37-14.1) ‡ 2.49 (0.71-11.7) 2.95 (1.30-9.27) ‡ 2.18 (0.84-6.15)

GSE24450
(n=183) Q1 Reference N/A Reference N/A

Q2 0.60 (0.12-2.44) 0.50 (0.10-1.89)
Q3 2.07 (0.74-6.66) 1.86 (0.69-5.47)
Q4 4.29 (1.72-12.9) ‡ 4.23 (1.80-11.6) ‡

GSE53031
(n=167) Q1 N/A N/A Reference Reference

Q2 3.58 (1.30-12.6) † 2.87 (1.01-10.3) †
Q3 2.88 (1.00-10.3) † 1.99 (0.66-7.33)
Q4 2.91 (0.99-10.5) 1.30 (0.39-5.16)

GSE25066
(n=198) Q1 N/A N/A Reference Reference

Q2 2.13 (0.67-7.84) 1.62 (0.49-6.25)
Q3 5.03 (1.86-17.49) ‡ 3.86 (1.33-14.2) †
Q4 4.54 (1.66-15.84) ‡ 2.55 (0.80-10.1)

GSE10885
(n=237) Q1 Reference Reference Reference Reference

Q2 1.79 (0.70-4.89) 1.43 (0.49-4.50) 0.85 (0.35-2.02) 0.95 (0.36-2.44)
Q3 1.75 (0.65-4.91) 1.21 (0.40-3.79) 1.95 (0.94-4.22) 1.75 (0.77-4.17)
Q4 2.68 (1.18-6.85) † 2.01 (0.74-6.13) 1.97 (0.98-4.13) 1.77 (0.75-3.47)
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Table 1: Continued.

Data set (cases) Overall survival Disease-free survival
HR (95% CI) Adjusted HR (95% CI)∗ HR (95% CI) Adjusted HR (95% CI)∗

GSE58812
(n=107) Q1 Reference Reference Reference Reference

Q2 0.73 (0.24-2.10) 0.83 (0.27-2.42) 1.39 (0.48-4.22) 1.54 (0.53-4.70)
Q3 1.13 (0.45-2.96) 1.39 (0.54-3.69) 1.84 (0.70-5.33) 2.22 (1.02-7.63)
Q4 0.55 (0.17-1.66) 0.67 (0.20-2.01) 0.91 (0.29-2.99) 1.10 (0.34-3.55)

NKI set
(n=295) Q1 Reference Reference Reference Reference

Q2 3.56 (1.28-12.57) † 2.64 (0.92-8.48) 1.87 (0.99-3.70) 1.60 (0.83-3.21)
Q3 9.12 (3.60-30.71) ‡ 5.47 (2.07-18.9) ‡ 3.89 (2.17-7.40) ‡ 2.95 (1.59-5.80) ‡
Q4 11.16 (4.41-37.54)‡ 4.39 (1.53-16.0) ‡ 3.95 (2.19-7.55) ‡ 2.37 (1.17-5.00) †

TCGA1
(n=526) Q1 Reference Reference Reference Reference

Q2 0.68 (0.36-1.27) 0.74 (0.39-1.38) 1.32 (0.63-2.84) 1.39 (0.66-3.07)
Q3 1.01 (0.55-1.84) 1.17 (0.63-2.16) 0.76 (0.30-1.84) 0.79 (0.30-1.96)
Q4 0.94 (0.52-1.70) 1.01 (0.50-2.02) 1.67 (0.83-3.51) 4.25 (0.78-4.25)

TCGA2
(n=1903) Q1 Reference Reference NA NA

Q2 1.99 (1.53-2.61) ‡ 1.88 (1.43-2.50) ‡
Q3 2.50 (1.94-3.26) ‡ 2.08 (1.57-2.78)‡
Q4 3.00 (2.33-3.89)‡ 2.20 (1.63-2.99) ‡

Pooled GEO
(n=2248) Q1 Reference Reference Reference Reference

Q2 1.83 (1.22-2.80) ‡ 2.04 (1.20-3.60) ‡ 1.64 (1.28-2.11)‡ 1.54 (1.34-2.09) ‡
Q3 3.55 (2.45-5.27) ‡ 3.13 (1.87-5.47) ‡ 2.66 (2.11-3.38)‡ 2.30 (1.71-3.14) ‡
Q4 3.77 (2.61-5.59)‡ 2.27 (1.30-4.11) ‡ 2.66 (2.11-3.38)‡ 1.82 (1.31-2.54)‡

Pooled TCGA
(n=2429) Q1 Reference Reference Reference Reference

Q2 1.71 (1.35-2.19) ‡ 1.85 (1.41-2.45) ‡ 1.32 (0.63-2.84) 1.40 (0.66-3.07)
Q3 2.18 (1.73-2.77) ‡ 2.08 (1.57-2.77) ‡ 0.76 (0.30-1.84) 0.79 (0.30-1.96)
Q4 2.55 (2.03-3.22)‡ 2.22 (1.65-3.01) ‡ 1.67 (0.83-3.51) 1.79 (0.78-4.25)

Note: uni- and multivariate analyses were conducted to evaluate HR ofMCAK.
∗For multivariate analysis, HR was adjusted by age, ER status, and Elston Grade in GSE7390, GSE4922, and GSE25066 and in pool analysis datasets. In the
GSE2034 set, HR was adjusted by ER status and it was adjusted by age and ER status in GSE58812. The probe ofMCAK was 209408 s at.
HR was adjusted by age, ER status, and Elston Grade in GSE10885 and GSE22226 sets, in which the probe ofMCAK was A 23 P34788.
The probe ofMCAK was ILMN 1779153 in GSE24550.
HR was adjusted by age, ER status, and Elston Grade in the GSE53031 set, in which the probe ofMCAK was 11745868 a at.
∗† Statistical significance, P<0.05; ‡ Statistical significance, P<0.01.

48 hours. The breast cancer cell was harvested and tested
by luminescence. The Firefly and Renilla luciferase activ-
ity was dramatically higher in pmirGLO-485-5p-WT and
pmirGLO-181c-WT transfectants compared to blank control.
In Figures 3(c) and 3(d), the analysis indicated that the
Firefly and Renilla relative luciferase activities of pmirGLO-
485-5p-WT and pmirGLO-181c-WT decreased by more than
50% when they were cotransfected with miR-485-5p and
miR-181c expression vectors, respectively (p<0.05). However,
the relative luciferase activity of pmirGLO-485-5p-WT was
not reduced by the miR-181c mimic. The luciferase activity
of pmirGLO-181c-WT was also not inhibited by the miR-
485 mimic. On the other hand, miR-485-5p mimic could

not quench the luciferase activity of pmirGLO-485-5p-Mut
significantly. Similar results also could be seen on pmirGLO-
181c-Mut/miR-181c cotransfection. Therefore, this investiga-
tion revealed thatmiR-485-5p andmiR-181cwould reduce the
expression by specifically binding to corresponding motifs of
MCAK mRNA.

3.4. miR-485-5p and miR-181c Might Suppress MCAK Expres-
sion and Associate with Better Outcome in Breast Cancer.
The scatter plot displayed by the expression of MCAK was
significantly and negatively correlated with miR-485-5p and
miR-181c, respectively (Figure 4(a)) (p<0.001). Meanwhile,
themRNAexpression ofMCAK inmiR-485-5p andmiR-181c
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Pooled GEO Dataset, Basal-like (n=279)
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Figure 2: Survival analysis of MCAK expression in GEO and TCGA breast cancer datasets. The Kaplan-Meier curves were plotted to visualize
MCAKexpression levels and outcomes in breast cancer cases.The upper panel listed the overall analysis results ofMCAKexpression in pooled
GEO dataset (a) and TCGA dataset (b). In the middle panel, MCAK was significantly associated with disease-free survival in ER-positive (c)
and ER-negative (d) breast cancer patients in pooled GEO datasets. MCAK expression was significantly associated with poor disease-free (e)
and overall survival (f) in basal-like breast cancer cases.
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Figure 3: Identification of microRNAs that modulate expression of MCAK in breast cancer cells.The strategy to identify microRNAmodulating
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target MCAK in breast cancer. The double-strand DNA fragments of MCAK binding sites for miR-485-5p and miR-181c were synthesized
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Figure 4:miR-485-5p andmiR-181c negatively correlatedwithMCAK expression and associated with better survival in breast cancer.The scatter
plots between MCAK and miR-485-5p and miR-181c were shown on (a). The mRNA expression of MCAK was reduced by mimics of miR-
485-5p and miR-181c (b). A gene set enrichment analysis for MCAK and signatures of miR-485-5p/miR-181c were also displayed on (c) and
(d). Cases were stratified into high and low subgroups based on expression levels of miR-485-5p and miR-181c. The Kaplan-Meier curves of
these two microRNAs are shown in (e) and (f). Cox proportional hazard analysis for MCAK, miR-485-5p, miR-181c, tumor size, lymph node
involvement, and Elston grade in GSE22220 dataset are shown on (g).
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Table 2: Clinical relevance of miR-485 and miR-181c on GSE 22220 dataset.

has-miR-485-5p has-miR-181c
High (%∗) Low p value† High (%∗) Low p value†

Age
<50 41 (58.6) 29 26 (37.1) 44
≧50 63 (45.0) 77 0.0632 79 (56.4) 61 0.0081

Grade
1 27 (64.3) 15 26 (61.9) 16
2 41 (50.0) 41 47 (57.3) 35
3 40 (35.5) 73 0.0137 22 (35.5) 40 0.0092

Tumor size
<2cm 38 (58.5) 27 36 (55.4) 29
>=2cm 66 (45.5) 79 0.0823 69 (47.6) 76 0.2957

Lymph node
0 59 (49.2) 61 65 (54.2) 55
1-2 21 (47.7) 23 18 (40.9) 26
>=3 24 (52.2) 22 0.9084 22 (47.8) 24 0.3036

ER status
Negative 35 (42.7) 47 33 (40.2) 49
Positive 69 (53.9) 59 0.1120 72 (56.3) 56 0.0233

Note: there are 1, 1, 1, 5, and 1 missing cases in age, tumor size, lymph node, grade, and ER status.
∗% represents positive rate of has-miR-485-5p/has-miR-181c is equal to N High/(N High+NLow)×100%.
† p values were based on the Pearson Chi-square test.

mimic plasmid transfectants was reduced by 13% and 28%,
respectively, in comparison to control vector in MCF-7 cell.
TwomicroRNAs also could suppressMCAK by 36% and 25%
in MDA-MB-231 cell (Figure 4(b)). It was reported that miR-
485-5p targets PAK1 [14], and miR-181c targets Smad7 [18]
and PTEN [19]. Here, themRNAexpressions of PAK1, Smad7,
and PTENwere reduced 21%, 12%, and 22% by corresponding
mimic plasmids In MCF-7 cell. However, it failed to show
statistical significance. Similar results also could be seen in
MDA-MB-231 cell. Further, GSEA also demonstrated that
MCAK could enrich gene sets of miR-485-5p (CAGCCTC)
and miR-181c (TGAATGT) (Figures 4(c) and 4(d)). The NES
for miR-485-5p and miR-181c were 1.36 (p=0.069) and 1.41
(p=0.033), respectively.

The clinical relevance of miR-485-5p and miR-181c was
analyzed on GSE22220 dataset (Table 2). Here, we stratified
breast cancer patients as high and low subgroups based on the
median scores of miR-485-5p and miR-181c, respectively. The
expression of miR-485-5p and miR-181c was likely associated
with age. Interestingly, miR-485-5p was higher in cases
of breast patients younger than 50 years (p=0.0632), but
miR-181c was significantly higher in 50-year-old or older
patients (p=0.0081). Both miR-485-5p and miR-181c were
significantly associated with lower Elston histology grade
(p values were 0.014 and 0.009, resp.). Also, miR-181c,
but not miR-485-5p, was significantly associated with ER-
positive status (p=0.0233). Both miR-485-5p and miR-181c
were not significantly related to tumor size and lymph node
involvement. Because of insufficient clinical data, we could
not analyze the clinical relevance ofmicroRNAsonmolecular
subtypes of breast cancer. Nevertheless, these findings were
compatible with previous MCAK clinical relevance data.

A further outcome study was conducted for miR-485-5p
and miR-181c in breast cancer databases (Figures 4(e) and
4(f)). Here, Kaplan-Meier analysis visualized both microR-
NAs were significantly and positively associated with bet-
ter survival of breast cancers. Further Cox proportional
analyses were conducted to compare the prognostic per-
formance of MCAK, miR-485-5p, miR-181c, tumor stage,
lymph node stage, and Elston histology grade in breast
cancer on GSE22220 dataset (Figure 4(g)). It was shown that
MCAK, tumor and lymphnode involvement, and histological
grade were significantly associated with risk of breast cancer
relapse. However, these two microRNAs significantly reduce
the relative risk of recurrence (p<0.05).TheHRs of miR-485-
5p and miR-181c for PFS were 0.59 (95% CI 10.37-0.92) and
0.54 (95% CI 0.34-0.84), respectively. The HR of MCAK was
2.80 (95%CI 1.77-4.57).Therefore, miR-485-5p and miR-181c
played opposing roles in MCAK outcome in breast cancer
cases.

4. Discussion

In this study, analyses were conducted on GEO and TCGA
datasets to identify prognostic biomarkers related to MCAK
expression in breast cancer. Over 4,600 eligible breast cancer
cases were included in this study. Patient profiles composed
of multiple ethnicities and social-economic backgrounds
(Suppl. Table 1). Because the gene expression data from each
set stems from different platforms and research teams, a
key challenge was to integrate all data without any bias sys-
tematically. The selection and publication biases were taken
into consideration. Individual and pooled analyses were
conducted to avoid biases in this study. Also, stratification
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and multivariate analyses were used to reduce potential
confounders. We believe that all findings yielded from this
study are repeatable and reliable. Results from individual and
pooled analysis consistently revealed that mRNA expression
of MCAK was significantly associated with tumor size and
Elston histological grade in breast cancer. MCAK expression
was also significantly associated with poor outcome of breast
cancer in a dose-dependent manner. The analysis results also
show that MCAK predicts poor outcome in both ER-positive
andER-negative breast cancers, suggesting thatMCAKmight
promote invasion of breast cancer regardless of ER status.
Interestingly, MCAK significantly impacts poor survival in
basal-like breast cancer. Even though the clinical relevance
and prognostic significance of MCAK protein are not clear,
we believe that MCAKmight serve as a prognostic biomarker
for breast cancer.

The biological mechanism of MCAK involving cancer
invasiveness remains unclear. Recent research confirmed that
MCAK plays essential roles in depolymerizing microtubules
and transporting cargo along microtubules. Moreover, stud-
ies have focused on whether MCAK and KIF2A could be
induced in mutant K-Ras-transformed cells [40, 41]. Recent
studies have found that MCAK regulates lysosomal local-
ization and lysosome organization in immortalized human
bronchial epithelial cells (HBECs) [41]. In Ras-transformed
cells, MCAK and KIF2A are required for Ras-dependent
proliferation and migration to support the transformed
phenotype. Depletion of either of these kinesins impairs the
ability of cells transformed with mutant K-Ras to migrate
and invade Matrigel [40]. However, it seems that depletion
of these kinesins could not reverse epithelial to mesenchymal
transition (EMT) caused by mutant K-Ras. The mRNA of
MCAK dramatically increased in breast cancer tissue in
comparison to adjacent normal samples. Inhibition ofMCAK
with small interfering RNA has inhibited the growth of the
breast cancer cell lines T47D and HBC5 [42]. The above
findings may explain how overexpression of MCAK plays a
critical role in breast carcinogenesis. Nevertheless, further
investigation is needed to explore the detailed mechanism of
MCAK in cancer proliferation and invasion.

In addition to identifying the association betweenMCAK
and breast cancer aggressiveness, we also demonstrate that
microRNAs were related to MCAK. Here, several method-
ologies confirm that miR-485-5p and miR-181c target MCAK
and negatively regulate regulatory steps in cancer devel-
opment. First, bioinformatic analysis confirmed that miR-
485-5p and miR-181c bind to CAGCCTC and TGAATGT
motifs in MCAK, respectively (Figure 3(b) and Suppl. Figure
2). In our study, a dual-luciferase 3’-UTR reporter assay
demonstrated that miR-485-5p and miR-181C specifically
inhibited Firefly and Renilla relative luciferase actively by
50% by binding to these motifs (Figures 3(c) and 3(d)).
Even the mimics of these two microRNAs only suppressed
MCAK mRNA expression levels by 13-36% in breast cancer
cells, but our population-based analysis also indicated that
miR-485-5p and miR-181C are significantly and negatively
coexpressed with MCAK in 214 breast cancer cases (p<0.001)
(Figures 4(a) and 4(b)). Meanwhile, GSEA also validated
that MCAK could enrich gene signatures of CAGCCTC

miR-485-5p (NES=1.36, p=0.069) and TGAATGT miR-181a,
181b, 181c, and 181d (NES=1.41, p=0.033), respectively (Figures
4(c) and 4(d)). Previous studies demonstrated that miR-485-
5p significantly reduces the invasive ability of breast cancer
cells (MCF-7 and MDA-MB-231) [13] and gastric cancer cells
(BGC-823 and SGC7901) [17]. Similarly, miR-181c has been
included in prognostic signatures related to breast cancer
[43, 44]. A study also showed that miR-181c inhibits the
migratory and invasive behaviors of SK-N-SH and SH-SY5Y
neuroblastoma cells [18].However, another research team has
reported that miR-181c could promote the proliferation and
invasive ability in inflammatory breast cancer (SUM149 cells)
which accounts for about 6% of breast cancers [19]. Some
inconsistent findings might be due to different signaling
pathways in cancer development. In our study, all participants
included in the pooled analysis are early primary breast
cancer patients [45]. Both miR-485-5p and miR-181c play
opposing roles on MCAK expression but both are associated
with better survival in breast cancer (Figures 4(e) and 4(f)).
Overall, our study suggests that miR-485-5p and miR-181c
suppress MCAK expression and invasiveness capability of
breast cancers by targeting different sites.

5. Conclusions

This study demonstrated that mRNA expression of MCAK
was significantly associated with poor outcome in breast
cancer cases in a dose-dependentmanner. Potentially,MCAK
can serve as an independent prognostic biomarker for either
ER-positive or ER-negative breast cancer. miR-485-5p and
miR-181c expressions suppress MCAK gene expression and
prognosticate better survival for breast cancer patients.
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