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Chapter 1

General introduction

Breast cancer

In 2018 there were about 2.1 million newly diagnosed breast cancer cases worldwide [1]. 
Among females breast cancer is the most commonly diagnosed cancer with a 24.3% in-
cidence rate and is the main cause of cancer death (15% mortality rate) [1]. It accounts 
for < 1% of all cancer cases in men and the female-to-male ratio is approximately 100:1. 
Surgery is the mainstay treatment for non-metastatic breast cancers. However, more exten-
sive disease requires various therapeutic approaches including endocrine therapy, radiation 
therapy, chemotherapy and targeted therapy such as HER2 monoclonal antibodies, tyrosine 
kinase inhibitors, PARP inhibitors, mTOR inhibitors and cyclin-dependent kinase inhibitors. 
The selected treatment depends on both tumor biology characteristics and clinical-related 
factors as described in more detail below.  

Breast cancer is a complex disease having very distinct clinical, morphological and molecular 
entities. Clinically, this heterogeneous disease is categorized into three basic therapeutic 
groups defined by expression of the estrogen receptor (ER), progesterone receptor (PR) and 
the epidermal growth factor receptor ErbB2/Her2 (Her2 positive). The Luminal A subtype 
(ER+ and/or PR+, HER2−, low Ki67) is the most numerous and diverse with clinical charac-
teristics of slow-growth, less aggressive and low recurrence rates making this breast cancer 
subtype having the best prognosis. The Luminal B subtype (ER+ and/or PR+, HER2+ or HER2− 
with high Ki67) is characterized by high proliferation rates and has worse prognosis than Lu-
minal A subtype. For Luminal breast cancer, endocrine therapy is the mainstay for treatment 
that includes tamoxifen, aromatase inhibitors and fulvestrant. Metastatic Luminal breast 
cancer may develop resistance to standard hormonal therapies and additional novel tar-
geted strategies are available such as CDK4/6 inhibitors, mTOR inhibitors, PI3K inhibitors 
and Histone Deacetylase (HDAC) inhibitors. HER2 overexpressing subtype (HER2 amplified, 
ER−, PR−) tends to grow and disseminate faster than other subtypes and patients are often 
diagnosed at high grade and node positivity. For treating HER2+ breast cancer, anti-HER2 
monoclonal antibodies such as trastuzumab and pertuzumab are available, but also tyrosine 
kinase inhibitor (TKI) inhibitors and PI3K/Akt/mTOR inhibitors are being used for treatment. 
Triple negative breast cancer (TNBC) lacks expression of ER, PR and HER2, and usually pres-
ents at younger age displaying a high histologic grade and higher rates of distant recurrence 
after surgery. Standard chemotherapy remains the mainstay of treatment for TNBC but re-
sistance limits efficacy of this treatment. This together with absence of  effective targeted 
therapy results  in an especially poor prognosis for this patients with this subtype [2].

Endocrine therapy in Luminal subtype of breast cancer 
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The luminal-A subtype, the most diagnosed breast cancer subtype, originates from the lu-
minal epithelium of small mammary ducts and expresses luminal/epithelial markers such 
as E-cadherin, ERα, PR and luminal-associated transcription factors GATA3 and FOXA1 [3]. 
Luminal-A breast cancer is sensitive to ER-directed endocrine therapy and has a favorable 
prognosis [4]. Estrogens are known to bind specific nuclear receptors, the ERs, that regulate 
normal growth and development of the mammary tree. ERα expression is regarded as a 
favorable prognostic indicator in breast cancer [5, 6]. The dependency of luminal A cancers 
on ERα forms the rationale for ‘hormonal’ therapies involving antiestrogens or CYP19/aro-
matase inhibitors [7].

Endocrine therapy, the mainstay of treatment in ER+ breast cancers, aims to block ER func-
tioning with either tamoxifen or by depleting estrogen availability by inhibiting its synthesis 
using aromatase inhibitors (AIs). AIs are used in postmenopausal women and gonads activ-
ity is impaired in premenopausal women by ovariectomy. These therapeutic strategies are 
implemented both for early and metastatic breast cancer. However, not all patients benefit 
from tamoxifen endocrine therapy. Despite initial responses about 30% of ER+ patients ulti-
mately display local recurrence and distant metastases resulting in reduced survival [8-10]. 
A number of studies have suggested that the mechanisms conferring tamoxifen resistance 
include the modification or loss of ERα expression [11], deregulation of signal transduction 
pathways, aberrant expression of specific driver proteins and abnormality in tamoxifen met-
abolic activity [12, 13].

Chemotherapy and resistance in triple negative breast cancer 

TNBC represents an aggressive receptor-negative subtype that constitutes 12%–18% of 
breast cancer patients [14]. For women presenting with TNBC, endocrine therapies such as 
tamoxifen, aromatase inhibitors or anti-Her2 therapy like Trastazumab and Lapatinib, are 
not efficacious. With no effective specific targeted therapy readily available for TNBC, these 
patients have a high risk of relapse and a poorer overall survival (OS) compared to luminal 
subtypes [15].

The standard treatment of TNBC patients is neoadjuvant chemotherapy with taxanes (mi-
totic inhibitors) and anthracyclines (DNA intercalators). Platinum agents have seen renewed 
interest in TNBC since women with BRCA1 mutations have a high rate of response to cispla-
tin [16, 17]. However, TNBC patients with advanced disease typically respond poorly to cur-
rent chemotherapeutics and patients that respond initially well to chemotherapy develop in 
about 30%–50% resistance leading to poor overall survival [14, 18]. 

It has been demonstrated that several mechanisms play an important role in chemoresis-
tance of TNBC, including presence of ATP-binding cassette (ABC) transporters, mutations in 
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DNA repair enzymes such as topoisomerase II and DNA mismatch repair enzymes, aberrant 
activation of NF-κB or PI3K/AKT signaling pathways, alterations in genes involved in apopto-
sis such as p53, but also the presence of cancer stem cells (CSCs) and various signals origi-
nating from the tumor microenvironment (TME). In addition, recently, increasing evidence 
has indicated that activation of the epithelial-to-mesenchymal transition (EMT) program 
contributes critically to the development of drug resistance in a variety of cancer types, 
thereby permitting clinical relapse [19]. Taken together, molecular pathways as targets or as 
predictors of response to chemotherapy remain to be further identified. 

EMT and metastasis

The vast majority of breast cancer-related deaths involve metastatic disease [1, 3]. For gen-
erating distant metastasis tumor cells at the primary site need to undergo a sequence of 
events.  Tumor cells  must invade, disseminate through blood vessels or lymphatics, seed 
and colonize at distant organ sites  to form macrometastases leading to secondary tumors 
[20]. One of the pivotal processes that induces tumor metastasis is conversion of epithelial 
cells to a mesenchymal phenotype through a molecular program known as EMT [3, 21]. The 
EMT program is involved in normal embryogenesis and in various pathological processes, 
including tissue fibrosis, wound healing and carcinoma progression. In tumors, EMT com-
prises a series of intricate biological and biochemical changes that include loss of cell–cell 
junctions and apical-basal polarity, acquisition of cell motility and invasion potential linked 
with cytoskeletal alterations, altered cell–matrix adhesion and ability to reorganize and 
degrade extracellular matrix (ECM). Together this results in loss of epithelial- and gain of 
mesenchymal-like phenotypic characteristics, such as an elongated, spindle-shaped mor-
phology and a high degree of motility [19, 22, 23]. Various signaling pathways implicated in 
the induction of EMT have been identified such as TGFβ–SMAD signaling, the canonical or 
non-canonical Wnt pathway, growth factor–receptor tyrosine kinase signaling and ECM–in-
tegrin signaling pathways [24-26]. EMT-inducing signals converge on several transcription 
factors, including ZEB1, ZEB2, Snail, Slug and Twist [27-29]. In addition, other transcription 
factors, such as YAP/TAZ, Notch1, and SOX4, also have critical roles in EMT induction [30-32]. 
EMT can be monitored by suppression of genes associated with an epithelial phenotype like 
E-cadherin, and upregulation of mesenchymal markers, such as fibronectin, N-cadherin, and 
vimentin[19].  

EMT is reversible. Cancer cells that have undergone EMT and traveled to distant organs of 
the body must have a mechanism that allows them to infiltrate tissues and settle down to 
form a secondary tumor [33]. Mesenchymal to epithelial transition (MET), the opposite of 
EMT, has been proposed as an important process for establishment of the metastatic neo-
plasm [34]. EMT is thought to be crucial for the initial transformation from benign to inva-
sive carcinoma, whereas MET is important for the later stages of metastasis. For instance, 
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Chao et al. found that 62% of metastatic lesions in breast cancer patients had increased 
E-cadherin expression  compared to the primary tumor [35]. However, whether MET is req-
uisite for tumor metastasis is still controversial. Somarelli et al. generated MET reporter mo-
dels and revealed that metastasis occurred via both MET-dependent and MET-independent 
mechanisms in carcinosarcomas and in prostate cancer, respectively [36]. Thus, a nuanced 
view on role of EMT/MET in cancer metastasis remains to be determined.

Notch family

The Notch signaling pathway is evolutionary conserved in multicellular organisms and is 
important at various stages during development. Notch was originally discovered through 
mutation analyses in fruit fly Drosophila melanogaster with notched wings more than 100 
years ago. In 1980s, Michael Young’s and Spyros Artavanis-Tsakonas’ research groups suc-
cessfully cloned the Notch receptor and were able to attribute the wing-notching phenotype 
to gene haplo-insufficiency [37, 38]. In mammals, there are four different Notch receptors 
(Notch1-4), and five ligands, delta-like ligand 1 (DLL1), delta-like ligand 3 (DLL3), delta-like 
ligand 4 (DLL4), Jagged-1 (JAG1) and Jagged-2 (JAG2) [39].

Notch receptors are produced in the endoplasmic reticulum (ER) and processed by furin-
like convertase (S1 cleavage) in the Golgi compartment during trafficking to the cell mem-
brane. When Notch receptors interact with ligand by cell-to-cell contact, receptor–ligand 
engagement triggers a second NECD (Notch Extracellular Domain) cleavage (S2 cleavage) by 
a metalloproteinase ADAM (known as Kuzbanian in Drosophila melanogaster). After that, 
γ-secretase cleaves Notch within its transmembrane domain at site 3 (S3 cleavage) to re-
lease various forms of the Notch Intracellular Domain (NICD). Released NICD translocates 
to the nucleus, where it forms a transcriptional complex with the DNA binding factor RBPJ 
(also known as CSL), and Mastermind (Mam) and transcriptional co-activators to drive the 
expression of Notch target genes [40].  

The Notch signaling cascade is critical for cell proliferation, differentiation, development and 
tissue homeostasis [40, 41]. Deregulated Notch signaling has been implicated in tumorigen-
esis and metastasis of breast cancers and the development of therapeutic agents that target 
the key steps in the Notch signaling pathway may provide strategies to inhibit tumor growth 
[42]. Notch-1 and Notch-4 are responsible for tumorigenesis and Notch-2 was identified as 
a tumor suppressor gene in various studies [43-46]. Harrison et al. showed that Notch4 and 
Notch1 signaling enhances breast cancer stem cell (CSC) activity, and inhibition of Notch4 or 
Notch1 reduces tumor formation in vivo [47]. The role of Notch3 in breast cancer is contro-
versial. Bouras et al. found that Notch3 levels are specifically elevated in mouse mammary 
luminal progenitor and epithelial cells, but not in mammary stem cells [48]; similar results 
were also reported by transcriptome analysis [49]. In transformed breast cells, Notch3 is re-
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quired for breast luminal filling by inhibiting apoptosis [50]. In transgenic mice, Notch3 pro-
motes lobular-alveolar epithelial cell expansion and leads to tumor formation [51]. Pasquale 
et al. reported that an IL-6 autocrine loop could induce long-term enhancement of the ag-
gressive features of breast cancer cells by sustaining upregulation of the Notch-3/CA-IX axis 
[52]. However, Wang et al. found that Notch3 knockdown promotes breast tumor growth 
by inducing IL6 expression and activation of STAT3 [53]. In addition, Cui et al. demonstrated 
that Notch3 functions as a tumor suppressor by controlling cellular senescence, inhibiting 
breast cancer cell proliferation by up-regulating p21 [54] involving the induction of CDH1 ex-
pression [55]. Overall, the mechanistic details underlying Notch family roles in breast cancer 
and how broadly applicable they are to cancer remain to be ascertained.

CD146/MCAM

Melanoma cell adhesion molecule (MCAM) also named cluster of differentiation 146 
(CD146) or Mucin 18 (MUC18) was first discovered by J.P. Jonhson in 1987 and identified 
as a marker of metastasizing melanoma. It is an integral membrane glycoprotein belonging 
to the immunoglobulin (Ig) superfamily originally discovered in metastatic melanoma and 
associated to a poor prognosis [56, 57]. 

As a cell adhesion molecule, CD146 locates on the cell surface and is involved in the binding 
to other cells or to the ECM involving homotypic or heterotypic protein interactions to facil-
itate inter- and extra-cellular interactions in response to physiological signals. In addition to 
proposed CD146-CD146 interactions, currently several ligands for CD146 have been identi-
fied including Laminin-411 that was shown to facilitate T cells entry into the central nervous 
system (CNS) [58].

Subsequent studies revealed that CD146 is highly expressed in many cancers such as breast 
cancer, gastric cancer, non-small cell lung cancer and prostate cancer [59]. In addition, 
CD146 is regarded as a marker of endothelial and pericyte cells playing a crucial role in vas-
cular development including tumor angiogenesis [60, 61]. It has been reported that CD146 
is higher expressed in tumor vessels compared with normal blood vessels. CD146 was iden-
tified as a component of the VEGF signalosome being a co-receptor of vascular endothelial 
growth factor receptor-2 (VEGFR-2) able to promote tumor angiogenesis [62, 63]. Recently, 
CD146 was discovered to be a mesenchymal marker and a unique EMT inducer in breast 
cancer and a predictor of poor prognosis [64, 65]. What’s more, CD146 can activate PI3K/
AKT, NF-κB pathway and inhibitor of DNA binding 1 (ID1), depicting mechanisms by which 
CD146 contributes to tumor metastasis. In small-cell lung cancer, CD146 has been reported 
to mediate chemoresistance via regulating the PI3K/AKT/SOX2 pathway [66]. Thus, better 
understanding the functions and regulatory mechanisms of CD146 are crucial in order to 
exploit its potential as therapeutic target in cancer.
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Glioblastoma

In this thesis we also performed studies in highly malignant brain tumors, glioblastoma  
(GBM). GBM is the most common and lethal primary malignant brain tumor among tumors 
of the CNS, comprising for 47.7% of cases (United State statistical data) [67]. GBM is more 
common in older adults (median age of 65 years) and the average age-adjusted incidence 
rate is 3.21 per 100,000 people (United State statistical data) [67]. Primary GBM is charac-
terized by rapid, aggressive growth and there are no curative treatment options currently 
available. Despite maximal initial resection followed by radiation and chemotherapy, about 
70% of GBM patients will experience disease progression within one year of diagnosis [68], 
with 40.2% survival at 1-year and just 5.6% survival at 5-year; median survival with standard 
of care is approximately 14 to 15 months [67].

Classification

The 2016 World Health Organization (WHO) classification of CNS tumors includes both 
molecular markers along with histological features to identify and classify different sub-
types of diffuse glioma. Normally, malignant gliomas are graded between I and IV based 
on pathological characteristics including cellularity, mitotic activity, nuclear atypia, micro-
vascular proliferation and necrosis [69]. GBM are classified as WHO grade IV tumors. Cur-
rently, the Isocitrate Dehydrogenase (IDH) gene mutational status and methylation status 
of the MGMT promoter are used as prognostic markers in GBM [70].  GBMs are divided into 
two categories: IDH-wildtype and IDH-mutant. Despite their similar histology, IDH-mutant 
GBM patients are generally younger and have a somewhat better prognosis than those with 
IDH-wildtype [71, 72]. In addition, tumor transcriptome profiling has been used for interro-
gating pathway functionality and phenotype-based patient classification. In order to under-
stand the biology of GBM, The Cancer Genome Atlas Consortium (TCGA) used nearly 600 
GBMs to perform high-dimensional profiling and molecular classification [73-77]. Common 
mutations in genes such as IDH1,TP53, PTEN, and EGFR, as well as the frequent and concur-
rent presence of abnormalities in the p53, RB, and receptor tyrosine kinase pathways were 
identified. Furthermore, transcriptional profiling has resulted in classification into four GBM 
subtypes, proneural (PN), neural (NE), classical (CL), and mesenchymal (MES), of which PN 
and MES groups appeared most distinct [77].  

The CL subtype was defined by a combination of chromosome 7 amplification with chro-
mosome 10 loss in 100% of cases. In addition, epidermal growth factor receptor (EGFR) 
amplification was increased in 97% of CL tumors with an associated homozygous deletion 
of cyclin-dependent kinase inhibitor 2A (CDKN2A). The MES subtype is often accompanied 
by NF1 and PTEN mutations and exhibits elevated mesenchymal marker expressions like 
YKL40, MET as well as NF-κB. The PN subtype exhibits IDH1 mutations and the highest rate 
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of platelet-derived growth factor receptor alpha (PDGFRA) amplifications. The NE subtype 
was identified based on the expression of neural markers [77]. Tumors with a MES subtype 
are more aggressive, resistant to treatment and are associated with a poor outcome, where-
as PN GBM relate to a more favorable prognosis [77-79]. 

Aggressiveness

GBM is the most aggressive brain tumor. Unlike most other cancers, in which distant metas-
tasis is the leading cause of death, GBM rarely metastasizes outside the CNS [80]. Instead, 
GBM tumor recurrence occurs in the brain, frequently adjacent to the site of the original 
tumor and the high rate of recurrence is the main cause of death. In clinical surgical treat-
ment, extensive and complete resection of GBM is impossible to achieve since these tumors 
always infiltrate to the eloquent areas of the brain, including the important functional areas 
that control speech, senses and motor function. For CT imaging, GBM tumor cells can be de-
tected up to 6 cm from abnormal areas on CT [81]. These invasive tumor cells invariably re-
main within the surrounding brain, leading to tumor recurrence and disease progress [82]. 

EMT is known to play a pivotal role in tumor aggressiveness. Similarly, MES GBM was re-
ported to have the highest degree of invasiveness and radioresistance associated with worst 
outcome. Foxm1, ZEB1, WNT/β-catenin, YAP/TAZ, C/EBP-β and STAT were identified as im-
portant regulators of mesenchymal transition (MT) in GBM [83-86]. The strong invasive be-
havior of GBM is not only an inherent property of GBM cells, but is also highly regulated by 
the TME, particularly by resident macrophages named microglia and hypoxic conditions. For 
example, immune cells and microglia can produce TGF-β, which induces ZEB1 thus promot-
ing MT and aggressiveness in GBM cells [87]. In addition, a hypoxic microenvironment can 
induce tumor cell migration and invasion by promoting a MT mediated by HIF1α-ZEB1 axis 
[88]. 

Glioblastoma stem cells

CSCs, also known as tumor-initiating cells, maintain self-renew potential, high tumorigenic-
ity and display often multilineage differentiation capacity thus contributing to cellular het-
erogeneity within tumors [89-91]. CSCs in malignant gliomas, called glioblastoma stem cells 
(GSCs) often have the potential to differentiate into cells resembling neurons, astrocytes 
and oligodendrocytes that are normally produced from neuronal stem cells. GSCs are also 
characterized by self-renewal potential and increased tumor forming ability, and were also 
linked with immune evasion and trans-differentiation ability into vascular cells contributing 
to angiogenesis in GBM [92-94]. 
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Although the functional criteria defining GSCs have been relatively well established, the 
molecular characteristics of these cells haven’t been fully understood. CD133, a member of 
prominin family of pentaspan membrane glycoproteins, has been widely investigated and 
often, but not always, linked to self-renewal and the tumorigenic potential of stem/pro-
genitor cells in human GBM [95]. Additional markers for GSCs have been identified such as 
SOX2, OCT4, BMI-1, CD15, Musashi-1, NANOG, L1CAM [96-101]. However, like CD133 none 
of these markers are universal and the intracellular localization of some markers make them 
less suitable candidates for both GSC isolation and targeted therapeutic purposes [102]. 

Even though conventional treatment for GBM may eliminate the majority of tumor cells, 
recurrences always occur that has been attributed to the presence of therapy resistant 
GSCs [103-105]. Evidence has suggested that GSCs are strongly preserved and regulated by 
the microenvironment of the niche where the GSCs reside, providing multiple regulatory 
mechanisms that contribute to the chemo- and radioresistance [106]. Vascular and necrot-
ic/hypoxic niches may be the functional and specialized microenvironment which regulate 
GSCs self-renewal and support their expansion and spread, further promoting brain tumor 
growth and invasion [107-109].

Therapeutic resistance

Diagnosed GBM patients require a multidisciplinary treatment including maximal surgical 
resection, followed by concurrent treatment with radiation and temozolomide (TMZ), an 
oral alkylating chemotherapy agent. However, despite this multimodular approach tumors 
regenerate likely by failure to eradicate resistant and highly tumorigenic GSCs. For example, 
the poor radiotherapy (RT) responses of GBM patients have been associated with GSCs 
[103]. RT induces tumor cell death through damaging biomolecules, such as proteins and 
DNA, resulting in halting cell cycle progression and subsequent cell necrosis or apoptosis. 
The success or failure of radiotherapy is determined by repair of DNA damage, redistribu-
tion of the cell cycle, repopulation of tumors and reoxygenation of hypoxic tumor areas 
[110]. Compared with non-stem cells, high radioresistance of GSCs has been correlated 
with hyperactivation of the DNA damage response (DDR) [101],especially with regard to 
double-strand break (DSB) repair [111]. Several kinases orchestrate the DDR including ATR, 
ATM, CHK1, CHK2, WEE1, together with the p53 pathway. Shafiq et al. reported that the 
expression of ATM, ATR, CHK1, and PARP1 are increased in GSCs and contribute to radio-
resistance, which can be counteracted by combined inhibition of cell-cycle checkpoint and 
DNA repair targets providing a promising strategy to overcome radioresistance of GSC [112]. 
Zhang et al. revealed the association between EMT and radioresistance. Ionizing radiation 
hyperactivated ATM and upregulated ZEB1 that directly interacted with USP7 and stabilized 
CHK1, thereby promoting homologous recombination-dependent DNA repair and resis-
tance to radiation. Interestingly, Cheng et al. reported that CD146 protein was up-regulated 
in cervical cancer cells after radiation, but its involvement was not further elucidated [113]. 
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Overall, the role of CD146 in EMT, radiation response and aggressiveness in GBM remains 
largely unexplored.

Aim of the thesis

The defining feature of tumor malignancy entails the aggressive ability to invade adjacent 
tissues and metastasize to distant sites, which is the main cause of cancer-related deaths. 
Chemo- and radiotherapy are still the most common treatments for cancer, however, suc-
cess is usually limited by the development of drug resistance. Thus, targeting specific mol-
ecules involved in tumor cell aggressiveness and therapeutic resistance may offer potential 
strategies for improving the prognosis in cancer. The main aim of the research presented 
in this thesis is to explore the involvement and regulatory mechanism of EMT in relation to 
tumor aggressiveness and therapeutic resistance in breast cancer and GBM. 

Outline of the thesis

In the first part of the thesis we focus on breast cancer. Tamoxifen resistance presents a 
prominent clinical challenge in endocrine therapy for hormone sensitive breast cancer. 
However, the underlying mechanisms that contribute to tamoxifen resistance are not fully 
understood. In order to identify mechanisms of tamoxifen resistance, in Chapter 2, we es-
tablished a tamoxifen resistant MCF-7 cell line model (MCF-7-Tam-R) by continuously incu-
bating MCF-7 cells with 4-OH-tamoxifen. We next investigated whether acquisition of the 
tamoxifen resistance was accompanied by EMT and found that CD146/MCAM, a unique 
EMT inducer, was significantly up-regulated in MCF-7-Tam-R cells. The regulatory mech-
anism of CD146 in promoting tamoxifen resistance in breast cancer cells was further ex-
plored. Finally, we examined the association of CD146 expression in the prognosis of breast 
cancer patients, particularly in the subgroup only treated with tamoxifen.

In breast cancer, the main cause of deaths results from metastasis at distant organs. In 
Chapter 3, we aimed to explore the role of Notch3, a poorly studied Notch family member, 
in EMT and metastasis of breast cancer. Analyzing the expression association among Notch, 
ERα, and EMT markers in breast cancer cell lines and patient tissues, we revealed a positive 
relationship of Notch3 with ERα. We validated the functions of Notch3 in breast cancer 
cells by using in vitro and in vivo models. Further we delineate the role of a Notch3/ERα 
axis in maintaining the luminal phenotype and inhibiting tumorigenesis and metastases in 
breast cancer. Since the regulation of Notch3 is largely unclear, in chapter 4, we performed 
bioinformatic analysis to identify putative microRNAs targeting Notch3. Mechanistic studies 
identified miR-221 /222 as regulators of Notch3 in breast cancer cells. 
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Notch3 and GATA binding protein 3 (GATA-3) have been individually shown to maintain a 
luminal phenotype, associated with ER status and inhibition of EMT in breast cancers. These 
properties prompted us to investigate whether there is a correlation between Notch3 and 
GATA-3. In chapter 5, we identified GATA3 as down-stream target of Notch3 in breast cancer. 
Taken together, in chapter 3 to chapter 5 we identify a novel mechanism whereby a miRNA/
Notch3/GATA3/ERα pathway regulates EMT and metastasis in breast cancer.

Resistance to chemotherapy of TNBC continues to be a critical issue in the clinic. In chapter 
6, the importance of Notch1 in regulating chemoresistance in breast cancer is explored. We 
generated a cisplatin resistant TNBC cell line model to explore the mechanism of chemore-
sistance in TNBC. We found that the expression of Notch1 and CD146 in cisplatin-resistant 
MDA-MB-231 cells are significantly higher than wild-type counterparts. In addition, the ex-
pression of Notch1 and CD146 in TNBC patients’ survival prognosis were analyzed, partic-
ularly in those treated with chemotherapy. Finally, we discovered that Notch1, CD146 and 
EMT regulate chemoresistance of TNBC cells.

The role of CD146 in the malignant behavior of GBM is largely unknown. In Chapter 7 we 
studied the possible function of CD146 in different malignant properties of GBM and an-
alyzed underlying mechanisms. We examined CD146 expression in TCGA database and in 
patient-derived GBM neurosphere models, enriched for GSCs. CD146 appears elevated in 
GBM compared with normal brain tissue and exhibited various expression levels in different 
GBM neurospheres. Using ectopic CD146/GFP fusion protein overexpression model and a 
CD146 CRISPR/Cas9 knockout model, we were able to identify roles of CD146 in multiple tu-
morigenic processes of GBM such as mesenchymal characteristics, stemness and radioresis-
tance. Interestingly, the Hippo/YAP pathway was identified as a novel downstream effector 
of CD146 function in GBM.  

To conclude, in chapter 8, the main results obtained and described in this thesis are sum-
marized and future perspectives are discussed. Finally, summaries in Chinese and Dutch are 
provided in chapters 9 and 10.
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Abstract

Tamoxifen resistance presents a prominent clinical challenge in endocrine therapy for 
hormone sensitive breast cancer. However, the underlying mechanisms that contribute 
to tamoxifen resistance are not fully understood. In this study, we established a tamoxi-
fen resistant MCF-7 cell line (MCF-7-Tam-R) by continuously incubating MCF-7 cells with 
4-OH-tamoxifen. We found that melanoma cell adhesion molecule (MCAM/CD146), a 
unique epithelial-to- mesenchymal transition (EMT) inducer, was significantly up-regulated 
at both mRNA and protein levels in MCF-7-Tam-R cells compared to parental MCF-7 cells. 
Mechanistic research demonstrated that MCAM promotes tamoxifen resistance by tran-
scriptionally suppressing ERα expression and activating the AKT pathway, followed by in-
duction of EMT. Elevated MCAM expression was inversely correlated with recurrence-free 
and distant metastasis-free survival in a cohort of 4,142 patients with breast cancer derived 
from a public database, particularly in the subgroup only treated with tamoxifen. These 
results demonstrate a novel function of MCAM in conferring tamoxifen resistance in breast 
cancer. Targeting MCAM might be a promising therapeutic strategy to overcome tamoxifen 
resistance in breast cancer patients.

Keywords: Breast cancer, tamoxifen resistance, MCAM/CD146, ERα, AKT pathway

1. Introduction

Breast cancer is the most common malignancy in women worldwide. Approximately 70-75% 
of breast tumors are estrogen receptor (ER) and/or progesterone receptor (PR)-positive [1]. 
Endocrine therapy plays an important role in decreasing the recurrence risk for this subset 
of patients with localized disease, and yields clinical benefit in advanced or metastatic dis-
ease [2, 3].

Tamoxifen is the most widely used agent for this indication with excellent efficacy, partic-
ularly for younger patients in adjuvant settings [4]. Unfortunately, acquired resistance to 
tamoxifen significantly compromises effectiveness and presents a prominent challenge in 
the endocrine therapy of hormone-sensitive breast cancer patients. Despite initial respons-
es to tamoxifen treatment, about 30% of ER-positive patients ultimately develop local re-
currence and present with distant metastases, which is frequently associated with reduced 
survival [5]. A number of studies have suggested that the mechanism that confers tamox-
ifen resistance includes modification or loss of ERα expression [6], deregulation of signal 
transduction pathways, aberrant expression of specific driver proteins, and abnormality in 
tamoxifen metabolic activity [7, 8].

Chronic exposure of breast cancer cells to tamoxifen during the course of treatment may 
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promote adaptive changes and is often accompanied by acquisition of aggressive biolog-
ical behaviors, including epithelial-to-mesenchymal transition (EMT) [9] and stem-cell like 
features [10], resulting in enhanced invasive and metastatic properties as well as increased 
self-renewal capacity [11, 12]. Accumulating evidence has revealed that acquired tamoxi-
fen-resistant breast cancer cells share signatures pertinent to an invasive phenotype and 
increased migratory capacity, which are driven in part through a variety of altered oncogenic 
signaling transduction pathways, including ERα [13-15], PI3K/AKT/mTOR, and CDK4/CDK6 
[11, 16-18].

MCAM, also called CD146 or MUC18, was first identified in malignant melanoma and was 
shown to be a key oncogene driving melanoma progression and metastasis [19]. A previous 
study found that MCAM was highly expressed in triple-negative breast cancer and acted as 
a unique EMT activator [20]. Subsequent quantitative proteomic analysis suggested that a 
MCAM-driven EMT processes in breast cancer cells occurred via negative regulation of ERα 
[21]. Clinically, emerging evidence consistently indicates that MCAM confers a poor progno-
sis in patients with breast cancer [22, 23]. However, the relationship between MCAM and 
endocrine response in breast cancer has not yet been reported.

In this study, we explored the role of MCAM on tamoxifen resistance and underlying mecha-
nisms of how MCAM influence ERα status in ER-positive MCF7 cells. Our preliminary findings 
demonstrated that MCAM is aberrantly up-regulated in MCF-7-Tam-R cells. Additionally, we 
evaluated the association between MCAM expression and survival in breast cancer patients, 
specifically in ER-positive patients receiving tamoxifen treatment from an online database.

2. Materials and Methods

2.1 Cell culture and establishment of Tam-R cells

Breast cancer cell lines MCF-7, T47D, SKBR-3, MDA-MB-231, and BT-549 were obtained from 
American Type Culture Collection (ATCC). MCF-7 cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco, CA, USA) 
and 1% pen/strep (Gibco, CA, USA). MCF-7 cells resistant to tamoxifen treatment (MCF-7-
Tam-R) were generated by culturing parental MCF-7 cells continuously in medium contain-
ing 10% FBS supplemented with 1 μM 4-hydroxytamoxifen (Sigma-Aldrich, St Louis, MO, 
USA) for 3 months and then at 3 μM for at least 9 months. All cell lines were maintained in 
a humidified incubator at 37℃ and 5% CO2.   

2.2 Cell proliferation assay

For cell proliferation assay and IC50 determination, 5×103 cells were plated in 96-well plates. 
After 24 hours, the cells were incubated with different concentrations of 4-OH-TAM (Sig-
ma-Aldrich, St Louis, MO, USA) as indicated in the figure legend. The vehicle (0.1% ethanol) 
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was used as a control. Each treatment was performed with 5 replicates in 100 μL media. 
Media was changed with fresh medium containing the same supplements every 2 days. 
Cell proliferation was measured using the Cell Counting Kit (CCK-8) (Beyotime Institute of 
Biotechnology, Jiangsu, China) according to the manufacturer’s instructions. Briefly, 10 μl of 
CCK-8 was added to 100μl medium per well and incubated at 37℃ and 5% CO2 for 2 hours. 
After that cell counts were determined by measuring absorbance at 450 nm using a 96-well 
format plate reader. 

2.3 Plasmids, small interfering RNA, and transfection

The empty vector pCMV-GFP and pCMV-GFP-MCAM plasmids were purchased from Sino 
Biological Inc. (Beijing, China). The ERα promoter (-928 bp upstream of exon1 and extending 
to +72 bp) was sub-cloned upstream (NheI/BglII sites) of a luciferase reporter gene. pRL-
SV40 (Promega, WI, USA) was used as control vector to normalize transfection efficiency. 
Small interference RNAs (siRNA) were purchased from GenePharma Company (Suzhou, Chi-
na). Cells were transfected with plasmids or siRNA using Lipofectamine 2000 (Life Technolo-
gy, NY, USA) according to the manufacturer’s instructions. To generate stable MCF-7-MCAM 
cells, 2 days after transfection 0.5 μg/ml puromycin was added to the medium for selection.

2.4 Western blot analysis

Western blotting was performed as described previously [24]. In brief, cells were lysed in 
RIPA buffer with 1 mM phenylmethylsulfonyl fluoride and phosphatase inhibitors (5 mM so-
dium orthovanadate), and protein lysates were separated by 8% SDS-PAGE and transferred 
onto a PVDF membrane. The membrane was blocked in 5% skim milk and subsequently 
incubated with primary antibodies listed in Supplemental Table 1 at 4°C overnight. After 
washing three times each for 5 min in Tris-buffered saline containing 1% Tween-20 (TBST), 
the membrane was then incubated with peroxidase-conjugated goat anti-mouse IgG or goat 
anti-rabbit IgG and visualized using super ECL detection reagent (Applygen, Beijing, China).  

2.5 RNA isolation and qRT-PCR

Total RNA was isolated from cells using TRIzol (Life Technology, NY, USA) following the man-
ufacturer’s instructions and stored at -80°C. Reverse transcription was performed using the 
PrimeScript™ RT reagent kit (Takara Bio Inc., Dalian, China) according to the manufacturer’s 
instructions. qRT-PCR was performed using SYBR Premix Ex Taq (Takara Bio Inc., Dalian, Chi-
na) on a CFX96 Real-time PCR Detection System (Bio-Rad, CA, USA). Primer sequences for 
qPCR are listed in Supplemental Table 2. PCR reactions were performed at 50°C for 2 min 
and 95°C for 2 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.

2.6 Immunohistochemical staining for cells

Cells were cultured on Millicell EZ 8-well glass slides (Merck Millipore, Germany) and fixed 
with 4% paraformaldehyde for 10 min at 4°C. Cells were permeabilized with 0.5% Triton 
X-100 for 20 min followed by blocking for 20 min with 10% BSA and incubated with primary 
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antibody overnight at 4°C. In the negative controls, primary antibodies were omitted and 
replaced by PBS. Sections were treated with peroxidase-conjugated goat anti-rabbit or an-
ti-mouse anti-bodies at room temperature for 1 h. After washing with PBS, the chromogen 
DAB was added to cells for 3-10 minutes depend on antibodies. Counterstaining was per-
formed using hematoxylin for 3 minutes.

2.7 Transwell migration and invasion assay

Cell culture inserts (8 μM pore size; BD, CA, USA) and Matrigel invasion chambers (BD, CA, 
USA) were used according to the manufacturer’s instructions. A total of 5×104 cells in se-
rum-free medium were inoculated in the upper chamber after cells were serum-starved for 
24 h. Complete medium was added to the bottom chamber. Cells were stained with 0.1% 
crystal violet after 72 h culture. Each assay was performed in triplicate. The number of cells 
from 5 fields in each well was counted by 2 investigators. 

2.8 Immunofluorescence assay

Cells were cultured on Millicell EZ 8-well glass slides (Merck Millipore, Germany) and fixed 
with 4% paraformaldehyde for 10 min at 4°C. Permeabilized cells were treated with 0.5% 
Triton X-100 for 20 minutes followed by blocking for 20 minutes with 10% BSA and incu-
bated with primary antibody overnight at 4°C. Fixed cells were incubated with secondary 
antibodies (Alexa Fluor 594 donkey anti-rabbit IgG, Alexa Fluor 488 donkey anti-mouse IgG) 
at room temperature for 1 hour. Slides were mounted in Vectashield with DAPI (Life Technol-
ogy, NY, USA). Images were visualized with an immunofluorescence microscope (Carl Zeiss, 
Jena, Germany). 

2.9 Wound-healing assay

Cell motility was quantified using in vitro wound-healing assay. Cells were seeded at flat-bot-
tom 6-well plates into a subconfluent cell monolayer and serum starved for 12 hours. 
Wounds were then scratched in the middle of each well using a 100 μL pipette tip. Medium 
with 10% FBS was replaced by serum-free media after washing twice with PBS, and then 
incubated at 37˚C in 5% CO2. Wound width was measured in 5 randomly selected fields by 
light microscopy at the time point of 0-hour and 72-hour. 

2.10 Luciferase assay

We performed luciferase assay with the Dual Luciferase Reporter Assay System (Promega, 
WI, USA) as indicated by the manufacturer’s instructions and measured luciferase activity 
48 hours after transfection. MCF-7 cell were transiently transfected with the ERα promot-
er luciferase reporter vector in the presence of pCMV-MCAM or control vectors in 24-well 
plates. For all reporter assays, pRL-SV40 was co-transfected as a control vector to normalize 
transfection efficiency. 

2.11 Analysis of MCAM expression in patients with breast cancer
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A publicly accessible online clinical database (http://kmplot.com) was used to assess the 
association between MCAM mRNA expression and survival in 4,142 breast cancer patients 
[25]. Kaplan-Meier survival curves according to MCAM (Affymetrix probe set 211042_x_at) 
expression status, together with hazard ratio (HR) and log-rank P values were displayed.

2.12 Statistical analysis

Data from at least 3 independent experiments are expressed as the mean ± SD. Student’s 
t-test was used to determine statistically significant differences, and P<0.05 was considered 
statistically significant unless otherwise specified. Kaplan–Meier survival curve, HR with 95 
% confidence intervals and log-rank P value were calculated and plotted in R using Bio-con-
ductor packages.

3. Results

3.1 MCF-7 cells with acquired tamoxifen resistance exhibit enhanced cell motility and in-
vasive behavior.

To validate tamoxifen resistance in established MCF-7-Tam-R cells, the IC50 of cells was de-
termined using a CCK8 viability assay at different 4-OH-tamoxifen concentrations for 72 hrs. 
The IC50 was 2.18 μM for parental MCF-7 cells and 17.09 μM for MCF-7-Tam-R cells (Figure 
1 A). When both MCF-7-Tam-R and MCF-7 cells were treated with 5 μM 4-OH-tamoxifen, 
MCF-7-Tam-R cell viability was significantly higher than that of MCF-7 cells, demonstrating 
MCF-7-Tam-R cell resistance to tamoxifen (Figure 1B).  

We next investigated whether acquisition of the tamoxifen resistance phenotype was ac-
companied by morphological changes. The MCF-7 cells displayed characteristics typical of 
epithelial cells, growing in tightly packed cobblestone-like clusters. In contrast, MCF-7-Tam-R 
cells displayed a fibroblast-like morphology and appeared to have lost tight cell–cell contact 
(Figure 1C). Given that MCF-7-Tam-R cells had undergone a distinctive mesenchymal-like 
morphology, we hypothesized that these cells would display enhanced motile and invasi-
ve behaviors. Using transwell assays we observed that MCF-7-Tam-R cells had significantly 
higher migration and invasion capacities compared with MCF-7 parental cells (P < 0.001, 
Figure 1D-G). These data indicate that MCF-7-Tam-R cells acquired EMT-like properties and 
more invasive behaviors compared with parental MCF-7 cells.

3.2 MCAM and pAKT increased while ERα is decreased in MCF-7-Tam-R cell lines.

We examined the expression of ERα and key molecules in the AKT pathway in MCF-7-Tam-R 
cells. As shown in Figure 2A and B, both ERα mRNA and protein levels decreased in MCF-
7-Tam-R cells compared to MCF-7 cells. pAKT expression was activated, while PTEN levels 
were diminished in MCF-7-Tam-R cells. In addition, expression of the epithelial marker E-ca-
dherin was decreased, while the mesenchymal marker vimentin was up-regulated.
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Real-time PCR analysis revealed that MCAM mRNA levels were 20-fold higher in MCF-7-
Tam-R cells than in control cells and that MCAM protein expression was dramatically up-re-
gulated (Figure 2A, B). We further investigated the expression and localization of MCAM 
together with the key epithelial marker E-cadherin in both cells by immunofluorescence. 
MCAM protein levels were up-regulated in MCF-7-Tam-R cells and mainly localized in the 
cytoplasm, while E-cadherin was decreased compared with MCF-7 (Figure 2C, D). These 
results indicate that MCAM up-regulation in MCF-7-Tam-R cells may contribute to tamoxifen 
resistance in breast cancer.

Figure 1. MCF-7-Tam-R cells are resistant to 4-OH-tamoxifen treatment and show enhanced motility and invasive 
behaviors. (A) Cell viability was examined using the cell counting kit-8 (CCK-8) assay after treatment with 10 dif-
ferent concentrations of 4-OH-tamoxifen (0 μM, 0.01 μM, 0.1 μM, 1 μM, 5 μM, 10 μM, 15 μM, 20 μM, 25 μM, 30 
μM, 35 μM) for 72 hours. (B) Proliferation rate of MCF-7 and MCF-7-Tam-R cells treated with 5 μM 4-OH-tamoxifen. 
Cell viability was measured once per day using the CCK8 assay. (C) Morphology of MCF-7 and MCF-7-Tam-R cells. 
(D and E) Representative micrographs (×200) and quantitative migration transwell assays. MCF-7 or MCF-7-Tam-R 
cells were counted in 5 random fields. (F and G) Representative micrographs (×200) and quantitative migration 
transwell assays. MCF-7 or MCF-7-Tam-R cells were counted in 5 random fields. Data represent the mean of tripli-
cate experiments ± SEM. ***P<0.001 versus control.
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3.3 MCAM is highly expressed in ERα negative breast cancer cell lines and inversely asso-
ciates with epithelial markers.

To further investigate the potential role of MCAM in breast cancer, we determined its ex-
pression in breast cancer cell lines. Western blotting showed that MCAM was highly expres-
sed in ERα-negative basal-like phenotype MDA-MB-231 and BT-549 or HER2-positive SKBR3 
breast cancer cells. These cells also expressed the fibroblast/stromal cell marker vimen-
tin. In contrast, MCAM protein expression was almost not detectable in luminal epithelial 
phenotype breast cancer cells, which express ERα and the epithelial cell marker E-cadherin 
(Figure 3A). Real-time PCR analyses also demonstrated similar expression profiles of these 
markers at the mRNA level (Figure 3B-E).

Figure 2. MCAM is highly expressed in MCF-7-Tam-R cells. (A) Relative mRNA level of MCAM, ERα, E-cadherin, 
vimentin were detected by RT-PCR in MCF-7 and MCF-7-Tam-R cells. (B) Western blot analysis in MCF-7 and MCF-
7-Tam-R cells. (C and D) Immunofluorescence of MCF-7 and MCF-7-Tam-R cells stained with anti-MCAM (green 
signal) and anti-E-cadherin (red signal) antibody. DAPI (blue), 4’, 6-diamidino-2-phenylindole.

We found a significant decrease in levels of the epithelial marker E-cadherin in cells that 
overexpress MCAM (Figure 3F). In contrast, the mesenchymal transcription factor β-catenin 
was significantly up-regulated (Figure 3F, G). To further evaluate whether MCAM affects 
EMT markers, we transiently transfected MCF-7 cells with pCMV-GFP-MCAM or pCMV-GFP 
plasmids, which both express green fluorescence protein. Immunofluorescence staining re-
vealed that E-cadherin levels were significantly decreased in cells expressing MCAM compa-
red with parental or control transfected cells. Thus, overexpression of MCAM significantly 
reduced expression of epithelial markers and up-regulated mesenchymal markers.

3.4 MCAM induces epithelial-mesenchymal transition and tamoxifen resistance in MCF-7 
cells.
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Tumor cells with acquired EMT are generally characterized by morphological changes and 
typically exhibit enhanced cellular migratory and invasive behaviors. To investigate the ef-
fects of MCAM on EMT, we established stable transfected pCMV-MCAM plasmids in MCF-
7 cells. MCAM-expressing MCF-7 cells showed characteristics of cellular scattering with 
a fibroblast-like morphology in contrast to MCF-7 cells, which maintained a cobblestone 
phenotype with strong cell-cell adhesion (Figure 4A). Moreover, over-expression of MCAM 

Figure 3. MCAM is overexpressed in ERα-negative breast cancer cell lines. (A) Expression of MCAM, ERα, E-cad-
herin, and vimentin was detected by Western blot in various breast cancer cell lines. MCAM (B), ERα (C), E-cadherin 
(D), and vimentin (E) mRNA levels were determined by real-time PCR in breast cancer cell lines. (F) Protein levels of 
MCAM, β-catenin, and E-cadherin were determined by Western blot in MCF-7 cells transfected with pCMV-MCAM 
or control vectors as indicated. (G) MCAM, β-catenin, and E-cadherin were detected by immunohistochemistry. 
(H) Immunofluorescence staining of MCF-7 cells transiently transfected with the pCMV-GFP–MCAM vector using 
anti-MCAM (green signal) and anti-E-cadherin (red signal) antibodies. DAPI DAPI (blue).
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significantly enhanced migration and invasion capacity, when compared to parental MCF-7 
cells (p < 0.001, Figure 4B-F). Together, these findings demonstrate that MCAM can induce 
EMT in MCF-7 cells. 

Figure 4. MCAM induces epithelial mesenchymal transition and tamoxifen resistance in MCF-7 cells. (A) Morpho-
logy of MCF-7-MCAM and MCF-7 cells evaluated by phase contrast microscopy (×200). (B) Representative micro-
graphs (×40) of the wound healing assay in MCF-7 and MCAM-transfected MCF-7 cells. Cells were photographed 
to measure wound width at 0 and 72 hours. Wound healing lengths were measured in 5 random fields. (C and D) 
Representative micrographs (×200) and quantitative migration transwell assays of MCF-7-MCAM and MCF-7 cells; 
5 random fields were counted. (E and F) Representative micrographs (×200) and quantitative invasion transwell 
assays. Stably expressing MCAM MCF-7 cells or MCF-7 cells were counted in 5 random fields. (G) Cell viability was 
examined using the CCK-8 assay after treatment with 4 different concentrations of 4-OH-tamoxifen for 72 hours in 
MCF-7 and MCAM-expressing MCF-7 cells. (H) Cell viability was examined using the CCK-8 assay after treatment 
with 4 different concentrations of 4-OH-tamoxifen for 72 hours in MCF-7, MCF-7-Tam-R, and siMCAM transfected 
MCF-7-Tam-R cells. Data represent the mean of triplicate experiments ± SEM. ***P<0.001 versus control.
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To determine whether MCAM expression is correlated with tamoxifen resistance, we tre-
ated MCF-7-MCAM and MCF-7 cells with 0 to 20 μmol/L 4-hydroxytamoxifen in vitro for 
72 hours. MCF-7-MCAM with high MCAM expression had higher survival rates at 5 and 10 
μmol/L 4-OH-TAM compared with control MCF-7 cells (Figure 4G). We next investigated if 
down-regulation of endogenous MCAM would result in reversed tamoxifen sensitivity in 
MCF-7-Tam-R cells. We transfected MCAM RNAi (siMCAM) or siNC in MCF-7-Tam-R cells and 
treated them with different 4-OH-TAM concentrations. In the siMCAM group, cell viability 
was reduced by 30% at 5 μmol/L 4-OH-TAM, 60% at 10 μmol/L 4-OH-TAM, and 40% at 20 
μmol/L 4-OH-TAM compared with the control group (Figure 4H). Thus, these results show 
that overexpression of MCAM induces tamoxifen resistance in MCF-7 cells, on the other 
hand, inhibition of endogenous MCAM in generated MCF-7-Tam-R cells restores sensitivity 
to tamoxifen treatment.

3.5 MCAM suppresses ERα and activates AKT pathway in MCF-7 cells.

Negative correlation between expression of MCAM and ERα in breast cancer cells led us to 
investigate whether MCAM regulated ERα directly at transcriptional level. Western blotting 
and real-time PCR analysis showed that ERα was markedly suppressed by overexpressing 
MCAM at both protein and mRNA levels (Figure 5A, B). Immunofluorescence staining reve-
aled that ERα protein level was significantly decreased in the MCF-7-MCAM cells compared 
with parental or control transfected cells (Figure 5C).

To further analyze the mechanism of ERα regulation by MCAM, we cloned the ERα promoter 
(928 bp upstream of exon1, extending to +72 bp) prior to a luciferase reporter gene and eva-
luated ERα promoter activity. When co-transfected with 100 ng and 200 ng MCAM plasmid, 
ERα promoter activity decreased by approximately 25% and 50%, respectively (Figure 5D). 
This result implies that MCAM transcriptionally regulates ERα expression. Previous studies 
have shown that Slug suppresses ERα expression by binding to the E-box of the ERα pro-
moter [26]. As expected, the transcription factor Slug was up-regulated when MCAM was 
overexpressed in MCF-7 cells (Figure 5A). Moreover, we found that the inhibitory effect of 
MCAM on ERα promoter was rescued by co-transfection of RNAi against Slug (Figure 5E). 
Therefore, we postulated that MCAM repressed ERα by up-regulating Slug expression.

We then examined the impact of MCAM on the AKT pathway, which has previously been re-
ported to contribute to tamoxifen resistance in breast cancer. Western blot analysis showed 
that pAKT, but not total AKT, expression was dramatically restored, while PTEN expression 
was decreased when transfected with MCAM in MCF-7 cells (Figure 5F). Immunohistoche-
mical staining also displayed that MCAM down-regulated ERα while up-regulated pAKT (Fi-
gure 5G). These findings indicate that MCAM is a pivotal mediator of tamoxifen resistance 
by modulating ERα status and the AKT pathway in breast cancer.
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Figure 5. Over-expression of MCAM suppresses ERα and activates the AKT pathway. (A) Protein levels of MCAM, 
ERα, and pAKT (B) MCAM and ERα mRNA expression were determined by Western blot and real-time PCR in MCF-7 
cells transfected with pCMV-MCAM or control vectors as indicated. (C) Immunofluorescence staining of MCF-7 cells 
transiently transfected with the pCMV-GFP–MCAM vector using anti-MCAM (green signal) and anti-ERα (red signal) 
antibodies, DAPI (blue signal). (D, E) Luciferase activity was measured in MCF-7 cells by co-transfection of an ERα 
promoter reporter vector with an MCAM expression plasmid with or without Slug RNAi, fold change was expressed 
with Renilla luciferase as an internal control. (F) Protein levels of MCAM, PTEN, AKT, and pAKT were determined by 
Western blot in MCF-7 cells transfected with pCMV-MCAM or control vectors as indicated. (G) ERα and pAKT were 
immunohistochemically stained in MCF-7 cells transfected with pCMV-MCAM or control vectors as indicated, bar 
represents 50 μm. Data represent the mean of triplicate experiments ± SEM. ***P<0.001 versus control.
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3.6 Elevated MCAM expression predicts poor survival in breast cancer patients, especially 
in the subgroup treated only with tamoxifen.

To elucidate the association of MCAM with clinical outcomes in patients with breast cancer, 
especially in those with ER-positive tumors who received tamoxifen treatment, we used an 
online database to determine the association between MCAM mRNA expression and clinical 
endpoints in 4,142 breast cancer patients [25, 27]. In all patients, high MCAM expression 
was significantly associated with shortened overall survival (OS, P=1.1e-07, HR=1.91) as well 
as reduced recurrence-free survival (RFS, P =2.5e-14, HR=1.56) and distant metastasis-free 
survival (DMFS, P =4.4e-06, HR=1.61) (Figure 6A-C).  

Of note, in patients with ER-positive tumors, increased expression of MCAM was significant-
ly associated with a poorer OS (P =0.00017, HR=2.25). In addition, a similar correlation was 
also observed between MCAM status and RFS (P =0.00011, HR=1.41) and DMFS (P =0.0028, 
HR=1.74) (Figure 6D-F), which implies that MCAM might be an important indicator of tumor 
relapse and distant metastasis in ER-positive breast cancer patients.
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Subgroup analysis of the patients receiving only tamoxifen treatment demonstrated that 
elevated expression of MCAM was significantly correlated with shortened durations across 
all three survival endpoints, including OS (P =0.016, HR=2.78), RFS (P =0.014, HR=1.47), and 
DMFS (P =0.00096, HR=1.88) (Figure 6G-I). Thus, MCAM appears to be a strong marker of 
poor prognosis in patients treated with tamoxifen. 

4. Discussion

Tamoxifen has been used to treat both pre- and post-menopausal breast cancer patients 
for over 40 years and remains a cornerstone in endocrine therapy for breast cancer [28]. 
However, intrinsic or acquired resistance to tamoxifen presents a particular clinical concern 
[29]. Although resistance to tamoxifen can be counteracted by switching to aromatase inhi-
bitors [30] or fulvestrant [31], underlying aggressive biological behaviors of the tumor, often 
with a variety of altered signaling transduction [32], are associated with an unfavorable 
prognosis [33]. The present study, for the first time, demonstrates that MCAM is overexpres-
sed in MCF-7-Tam-R cells compared to tamoxifen-sensitive counterparts. MCAM expression 
was inversely correlated with ERα expression in a subset of breast cancer cells. In addition, 
MCAM silencing significantly reversed tamoxifen resistance into a sensitive phenotype. The-
se findings imply that MCAM plays a crucial role in the development of tamoxifen resistance 
and may be an essential determinant of tamoxifen resistance in breast cancer.

In this study, we established and characterized a MCF-7 cell model resistant to tamoxifen 
to investigate the potential function of MCAM in the acquisition of tamoxifen resistance 
in breast cancer. Compared to parental MCF-7 cells, MCF-7-Tam-R cells displayed changes 
in phenotypic features with enhanced motility and invasive behaviors, as well as altered 
expression of EMT markers, including E-cadherin, vimentin, and β-catenin, all of which indi-
cate that tumor cells are undergoing the EMT process. This observation is also supported by 
earlier studies reporting that EMT is a prominent determinant of tamoxifen resistance in a 
breast cancer cell model [9, 34]. 

MCAM was first discovered in metastatic melanoma with markedly high abundance, but 
was shown to be absent in normal melanin cells or pigment nevus. MCAM has been exten-
sively implicated in a variety of oncogenic signaling transduction pathways, such as NF-kB 
[35], VEGF/VEGFR [36-38], and PI3K/AKT [39], and acts as a key driver of progression and 
metastasis in multiple cancer types, including breast and lung cancers [19, 40]. In the pre-

Figure 6. The prognostic effect of high and low expression of MCAM in patients with breast cancer and ta-
moxifen-treated patients. (A) OS (n=1117, P=1.1e-07, HR=1.91), (B) RFS (n=3554, P=2.5e-14, HR=1.56), (C) DMFS 
(n=1609, P=4.4e-06, HR=1.61) for all patients. (D) OS (n=377, P=0.00017, HR=2.25), (E) RFS (n=1802, P=0.00011, 
HR=1.41), (F) DMFS (n= 577, P=0.0028, HR=1.74) for ER-positive patients. (G) OS (n=65, P=0.016, HR=2.78), (H) RFS 
(n= 762, P=0.014, HR=1.47), (I) DMFS (n= 555, P=0.00096, HR=1.88) for tamoxifen-treated patients.
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sent study, forced expression of MCAM promoted invasive behaviors in MCF-7 cells, similar 
to the characteristics observed in MCF-7-Tam-R cells. Studies further showed that overex-
pression of MCAM in MCF-7 cells induced tamoxifen resistance, while MCAM silencing sig-
nificantly reversed tamoxifen resistance in MCF-7-Tam-R cells. The mechanisms contributing 
to tamoxifen resistance are likely multifactorial, but remain largely unknown. 

Our study showed that MCAM is primarily overexpressed in basal-like or Her-2 overexpres-
sion, but not luminal, breast cancer cell subtypes, and we found an inverse correlation bet-
ween MCAM and ERα expression levels in breast cancer cell lines. Given that the effects of 
tamoxifen are primarily mediated through its binding to ER and the status of ERα has long 
been considered the primary determinant of a clinical response to tamoxifen, loss of ER ex-
pression could confer resistance to therapy [41]. MCAM could suppress ERα at the transcrip-
tion level by up-regulating Slug expression. A previous study by Li et al suggested that Slug 
binds directly to E-boxes in the ERα promoter region to control ERα activation and function. 
Knockdown of Slug increased sensitivity to tamoxifen treatment in MCF-Tam-R cells [26]. In 
addition, Zeng et al demonstrated that MCAM overexpression contributed to activation of 
Slug and RhoA and induced EMT in breast cancer [20]. Therefore, we postulated that MCAM 
transcriptionally down-regulates ERα expression partially by up-regulating Slug.

In addition, many studies have demonstrated that AKT is a critical factor in conferring re-
sistance to tamoxifen [42, 43]. Activation of the PI3K/AKT pathway is recognized as one 
of the mechanisms contributing to endocrine resistance [44]. We demonstrated that pAKT 
was dramatically activated in MCF-7-Tam-R cells. We also specifically showed that forced 
expression of MCAM suppressed PTEN expression and induced pAKT activity. The results are 
consistent with a previous study by Li et al showing that MCAM was constitutively implica-
ted in the AKT signaling pathway [39]. Moreover, another study has indicated that MUC1-C, 
a member of the same cellular adhesion family as MCAM (MUC-18), exerted its function by 
activating the PI3K/AKT pathway in the development of breast cancer [45]. Taken together, 
our result implied that MCAM also induced tamoxifen resistance by activating the AKT pa-
thway, at least in part. 

Furthermore, overexpression of MCAM was significantly correlated with poor RFS and DMFS 
in a large public clinical microarray database of 4,142 breast cancer patients. Especially, 
elevated expression of MCAM was significantly correlated with poor OS, RFS, or DMFS in 
a cohort of ER-positive breast cancer patients. Interestingly, overexpression of MCAM was 
significantly correlated with shorter OS, RFS, or DMFS in the cohort of patients who only 
received tamoxifen treatment. Therefore, MCAM might serve as a unique predictive marker 
of tamoxifen resistance for breast cancer. 

In conclusion, our study demonstrates that, MCAM confers tamoxifen resistance and is an 
important modulator of EMT-like properties in breast cancer cells. We explored a novel me-
chanism of acquiring tamoxifen resistance mediated by MCAM, at least in part, through sup-
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pressing ERα expression and activating the AKT pathway (Figure 7). We further show that 
High MCAM overexpression is associated with a poor prognosis in ER-positive patients who 
received tamoxifen therapy. Therefore, targeting MCAM is a promising therapeutic strategy 
to overcome tamoxifen resistance in breast cancer patients.

Figure 7. Proposed schematic model for tamoxifen resistance mediated by MCAM in ERα positive breast cancer 
cells. MCAM activates AKT signaling directly or via inhibition of PTEN, and transcriptionally down-regulates ERα 
via activating Slug, ultimately resulting in tamoxifen resistance in endocrine therapy sensitive breast cancer cells.
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Supplementary Tables

Table S1. Proteins and corresponding antibodies

antibodies origin mono/poly dilution

MCAM Abcam Rabbit/mono 1:3000 (WB)

β-catenin CST Rabbit/mono 1:3000 (WB)
AKT CST Rabbit/mono 1:3000 (WB)
pAKT CST Mouse/mono 1:2000 (WB)
ERα CST Rabbit/mono 1:3000 (WB)
E-cadherin CST Rabbit/mono 1:3000 (WB)
Vimentin CST Rabbit/mono 1:2000 (WB)
PTEN CST Rabbit/mono 1:3000 (WB)
GAPDH Santa Cruz mouse/mono 1:3000 (WB)
MCAM CST mouse/mono 1:200 (IF, IHC)
ERα CST Rabbit/poly 1:200 (IF, IHC)
E-cadherin CST Rabbit/mono 1:200 (IF, IHC)

pAKT CST Rabbit/mono 1:200 (IF, IHC)
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Table S2. Oligonucleotide sequences for real-time PCR and siRNA constructs

Assay 　 Sequences (5’ to 3’) Product (bp)

qRT-PCR

MCAM F  AGCTCCGCGTCTACAAAGC 102

R  CTACACAGGTAGCGACCTCC

ERα F  CTCTCCCACATCAGGCACA 157

R  CTTTGGTCCGTCTCCTCCA

E-cadherin F  AAAGGCCCATTTCCTAAAAACCT 172

R  TGCGTTCTCTATCCAGAGGCT

Vimentin F  GACGCCATCAACACCGAGTT 238

R  CTTTGTCGTTGGTTAGCTGGT

PTEN F  AAAGGCACAAGAGGCCCTAGAT 195

R  CAAGTTCCGCCACTGAACATTGGAA

β-actin F  GAGACCTTCAACACCCCAGCC 264

R  AATGTCACGCACGATTTCCC

SiRNA

siMCAM CCA GCU CCG CGU CUA CAA AdTdT

　 siNC UUCUCCGAACGUGUCACGU 　
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Supplemental figure 1. Over-expression of MCAM suppresses ERα and activates the AKT pathway in ERα positive 
cell line T47D. Protein levels of MCAM, β-catenin, E-cadherin, ERα, Slug, AKT and pAKT were determined by Wes-
tern blotting in T47D cells transfected with control vector or pCMV-MCAM.
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Abstract

The luminal A phenotype is the most common breast cancer subtype and is characterized 
by estrogen receptor α expression (ERα). Identification of the key regulator that governs 
luminal phenotype of breast cancer will clarify the pathogenic mechanism and provide 
novel therapeutic strategies for this subtype of cancer. ERα signaling pathway sustains 
epithelial phenotype and inhibited epithelial-mesenchymal transition (EMT) of breast 
cancer. In this study, we demonstrated that Notch3 positively associated with ERα in both 
breast cancer cell lines and human breast cancer tissues. We found that overexpression of 
Notch3 intra-cellular domain, an Notch3 active form (N3ICD), in ERα negative breast cancer 
cells re-activated ERα, while knock-down of Notch3 reduced ERα transcript and proteins, 
with alteration of down-stream genes, suggesting its ability to regulate ERα. Mechanistically, 
our results showed that Notch3 specifically binds to CSL binding element of ERα promoter 
and activates ERα expression. Moreover, Notch3 suppressed EMT, while suppression of 
Notch3 promoted EMT in cellular assay. Overexpressing N3ICD in triple-negative breast 
cancer suppressed tumorigenesis and metastasis in vivo. Conversely, depletion of Notch3 
in luminal breast cancer promoted metastasis in vivo. Furthermore, Notch3 transcripts 
were significantly associated prolonged relapse free survival in breast cancer, in particular 
in ERα positive breast cancer patients. Our observations demonstrated that Notch3 governs 
luminal phenotype via trans-activating ERα expression in breast cancer. These findings 
delineate the role of a Notch3/ERα axis in maintaining the luminal phenotype and inhibiting 
tumorigenesis and metastases in breast cancer, providing a novel strategy to re-sensitize 
ERα negative or low expressing breast cancers to hormone therapy.

Key words: Notch3, estrogen receptor α, epithelial–mesenchymal transition, breast cancer, 
luminal phenotype

Introduction

The majority of breast cancer deaths results from metastasis at distant sites[1]. One of 
the pivotal processes that induces tumor metastasis is conversion of epithelial cells to a 
mesenchymal phenotype, or epithelial-mesenchymal transition (EMT)[2]. ERα, a typical 
marker of the luminal epithelial phenotype in breast cancer cells, is a good indicator of breast 
cancers that respond to endocrine therapy. E2/ERα signaling promotes the differentiation 
of mammary epithelia along a luminal/epithelial lineage, in part through transcriptional 
activation of luminal/epithelial-related transcription factors[3]. For instance, in ERα positive 
breast cancer cells, knockdown of ERα decreased the luminal epithelial marker E-cadherin 
expression and promoted invasion and motility[4-7]. The mechanisms that ERα inhibited 
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invasion attributed to repressing Slug transcription and phosphorylated inactivation of GSK-
3β[4]. Thus, loss of ERα could promote metastasis of breast cancer cells [8, 9]. However, 
the mechanisms that regulate ERα in breast cancer cells are still poorly understood. Thus, 
elucidating the regulatory mechanisms of ERα may aid in understanding breast cancer 
metastasis and facilitate development of novel targets for breast cancer therapy. 

Notch family members play a critical role in the tumorigenesis and metastasis of breast 
cancers, and the development of therapeutic agents that target the key steps in the 
Notch signaling pathway may provide strategies to inhibit tumor growth[10]. Increasing 
evidence has demonstrated that Notch family proteins have distinct activities and biological 
functions[11]. Hao et al. demonstrated that Notch1 promotes growth of ERα-positive breast 
cancer [12]. Harrison et al. showed that Notch4 and Notch1 enhance breast cancer stem 
cell activity, and inhibition of Notch4 or Notch1 reduces tumor formation in vivo [13]. Yen 
et al. confirmed that suppression of Notch2/Notch3 inhibits tumor growth and reduces the 
number of stem cells in breast, lung, ovarian, and pancreatic cancers [14-16]. 

Little is known about Notch3’s potential roles in cancer development. Bouras et al. found 
that Notch3 levels are specifically elevated in mouse mammary luminal progenitor and 
epithelial cells, but not in mammary stem cells [17], and similar results were also reported 
by transcriptome analysis [18]. In transformed breast cells, Notch3 is required for breast 
luminal filling by inhibiting apoptosis [19]. In transgenic mice, Notch3 promotes lobular-
alveolar epithelial cell expansion and leads to tumor formation [20]. As ERα promotes 
mammary luminal/epithelial cell differentiation[3], these results suggest a close correlation 
between Notch3 and ERα expression in luminal epithelial differentiation of breast 
development and breast cancer. However, Notch3 has been shown to play different or even 
opposing roles in modulating EMT in various cancers. For example, Notch3 induces EMT and 
promotes metastasis and invasion in glioma, hepatocellular carcinoma and ovarian cancer 
cells [21-23]. In contrast, Notch3 was shown to promote glandular differentiation and 
squamous differentiation in gastric and esophageal cancers, respectively, and reverses EMT 
or promotes mesenchymal epithelial transition (MET) [24, 25]. Recently, our group showed 
that Notch3 inhibits cell cycle by inducing Cdh1 and suppresses EMT through activating 
Kibra-mediated Hippo/YAP signaling in breast cancer epithelial cells [26, 27], suggesting 
Notch3’s role in tumorigenesis and metastasis in breast cancers. 

These collective findings prompted us to investigate the role of Notch3 in tumorigenesis/
metastasis and ERα regulation of breast cancer, particularly its relationship to molecular 
subtypes of breast cancer. In this study, we investigated the regulatory mechanisms of EMT 
via Notch3 and ERα expressions in breast cancer. 
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Materials and Methods 

Cell culture and transfection 
MCF-7, T47D, SKBR3, BT-549 and MDA-MB-231 cell lines were obtained from the American 
Type Tissue Collection and cultured in DMEM medium supplemented with 10% FCS and 
penicillin/streptomycin. For Notch3 knockdown in MCF-7 cells, siRNAs targeting Notch3 
and control siRNAs were synthesized by GenePharma (Suzhou, China). Oligonucleotide 
siRNAs are listed in Supplementary Table S2. For Notch3 overexpression in MDA-MB-231 
cells, pCLE-N3ICD (Plasmid 26894) and control vector pCLE (Plasmid 17703) were obtained 
from Addgene (MA, USA). A stable Notch3-silenced cell line, MCF-7shN3, was generated 
by transfection of pGPU6/GFP/Neo-shNotch3#1 containing oligonucleotides specifically 
targeting Notch3, while its control cell line was also established with vector containing 
scramble sequence (see Supplementary Table S2) (GenePharma, Suzhou, China). A stable 
Notch3 ICD over-expressing cell line, MDA-MB-231-N3ICD, was generated by transfection 
of the pCLE-N3ICD vector. Lipofectamine 2000 was used for transfection according to the 
manufacturer’s instructions. To establish stable MCF-7-shN3 and MDA-MB-231-N3ICD cell 
lines, 1μ g/ml of G418 was added to the medium, for selection, 2 days following transfection. 

RNA purification and real-time PCR analysis 
RNA purification and cDNA synthesis were performed using Takara kits according to the 
manufacturer’s instructions. To detect mRNA expression, quantitative real-time PCR was 
performed with SYBR Select Master Mix (Thermo Fisher, MA, USA) and the CFX96 Real-time 
PCR Detection System (Bio-Rad, CA, USA). Primer sequences used in real-time PCR are listed 
in Supplementary Table S2.

Western blot analysis
Protein extraction and western blot were performed as described previously [28]. 
Characteristics of the antibodies used are listed in Supplementary Table S3.

Immunofluorescence 
After 48 hours of transfection, cells were fixed with 4% paraformaldehyde for 10 min, 
washed in cold PBS 3 times. Then cells were permeabilized with 0.5% Triton-X-100 in PBS for 
20 min. Cells were washed with cold PBS 3 times and blocked in 3% BSA in PBS for one hour 
at room temperature and then incubated overnight at 4°C with primary antibody diluted 
in blocking buffer. After that, cells were washed with cold PBS 3 times and incubated with 
appropriate secondary antibodies (Alexa Fluor 594 Donkey Anti-Rabbit IgG, Alexa Fluor 488 
Donkey Anti-Mouse IgG). Cells were washed again in PBS 3 times, and counterstained for 10 
min with DAPI (Life, USA). Images were visualized with an inverted microscope.

IHC and scoring 
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Tissue sample processing and immunohistochemistry were performed as previously 
described [29]. Briefly, the sample was processed by deparaffinization, rehydration, antigen 
retrieval, IHC staining and pathology scoring. Scores include the proportion of positive-
staining tumor cells and staining intensities. The proportion of positive tumor cells was 
given scores of 0 (no tumor cells stained), 1 (<10%), 2 (10%-50%), or 3 (>50%). The intensity 
of staining was scored as 0 (no staining), 1 (light yellow), 2 (yellow), or 3 (brown). The score 
of intensity × proportion was regarded as low expression (<3) and high expression (≥3). 
Interpretation of IHC results were evaluated by two independent observers. ERα was scored 
as negative (-) and positive (+) staining according to expression. The antibodies used in 
immunohistochemistry staining are listed in Supplementary Table S3.

Wound healing assay 
Cells were pretreated with mitomycin C (25 mg/ml) 30 min before a scratch wound was 
applied. The wound was made with a 2 mm-wide tip on cells plated in culture dishes at 90% 
confluency. After rinsing with phosphate-buffered saline, cells were allowed to migrate in 
complete medium, and photographs were taken (×40) after 24 hours (MDA-MB-231) or 48 
hours (MCF-7). An average of five random widths along the injury line was measured for 
quantitation.

Transwell migration and invasion assay 
Cell culture inserts (8μM pore size; BD) and Matrigel invasion chambers (BD) were used to 
perform migration and invasion assays, respectively. Transfected cells were serum-starved 
for 24 h and 2×104 MDA-MB-231 cells or 5×104 MCF-7 cells in serum-free medium were 
inoculated in the upper chamber. Complete medium was added to the bottom chamber. 
Cells were stained with 0.1% crystal violet for migration assays at 48 hours (MDA-MB-231) 
or 48 hours (MCF-7) and 48 hours (MDA-MB-231and MCF-7) for invasion assays. Each assay 
was performed in triplicate. The number of cells from 5 fields in each well was counted by 
two independent investigators.

Transient transfection and dual-luciferase reporter assays 
The ERα promoter (-928 upstream of exon1 and extending to +72 bp) was cloned into the 
NheI/BglII sites of a luciferase reporter vector (Panomics, USA). The ERα promoter deletion 
constructs Δ2CSL (-928 to -389 bp upstream of exon1) and ΔCSL (-928 to -169 bp upstream 
of exon1) were engineered into the same reporter vector. Transfection was performed using 
Lipofectamine 2000 according to the manufacturer’s instructions. pRL-SV40 (Promega, WI, 
USA) was used as control vector to normalize transfection efficiency. To detect the influence 
of silenced or overexpressed Notch3 on ERα promoter activity, the ERα reporter construct 
or its deletion constructs were co-transfected into MCF-7 cells with siRNA or expression 
vectors. A dual luciferase reporter assay kit (Promega, WI, USA) was employed to detect 
luciferase activity. Results were obtained by dual luciferase reporter assay or BLI using a 
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Xenogeny IVIS Kinetic system.  

Chromatin immunoprecipitation (ChIP) assay 
MCF-7 cells were cultured in a 100 mm dish to 80% confluence. CHIP assays were performed 
as previously described[21]. Cell lysates were incubated with IgG (Santa Cruz Biotechnology) 
as an IP control or an antibody specific to Notch3 (CST). Cell lysates (10%) were used for input 
PCR amplification. The PCR reaction amplified the 239 bp (located -527 to -298 bp, ERαP2) 
and 230 bp products (located -328 to -90bp, ERαP1) from the ERα promoter containing CSL 
binding elements (located -380 to -384 bp and -159 to -155 bp upstream of exon 1). A 243 bp 
PCR reaction product (located -628 to -386 bp), which was near CSL binding elements, but 
did not contain them, was used as a negative control. Primers and antibodies used in ChIP 
assays are listed in Supplementary Tables S2 and S3, respectively.

Electrophoretic mobility shift assay (EMSA) 
Nuclear extracts were obtained from MCF-7 cells. Oligonucleotides containing CSL 
binding elements were used in EMSAs. EMSA was performed according to manufacturer’s 
instructions (Viagene, FL, USA). In competition assays, excessive amounts of unlabeled 
competitor were added 20 min before addition of the labeled probes. For the supershift 
assay, anti-Notch3 monoclonal antibody (2 μg, CST) was added and incubated at 4°C for 60 
min. Probe sequences and mutated competitors used in EMSA are shown in Supplementary 
Tables S2. 

Tumor xenograft models 
All animal protocols were approved by the Animal Care and Use Committee of Shantou 
University Medical College (SUMC). We used 6-week-old Nu/Nu female mice (purchased 
from Vital River, Beijing, China) for all the experiments. Briefly, MDA-MB-231NC-Fluc 
or MDA-MB-231N3ICD-Fluc cells were injected via the lateral tail vein (1×106 cells) or 
unilaterally injected into the fourth mammary fat pad (2×106 cells) of each mouse. Tumor 
growth was monitored by measuring the length and width of tumors twice a week. Tumor 
volumes were estimated using the formula: length×width2×0.5. The development of whole-
body metastasis was monitored by an IVIS Kinetic imaging system (PerkinElmer, MA, USA) 
once every 3 days. Fifteen minutes before imaging, mice were injected i.p. with 150 mg/
kg D-luciferin (PerkinElmer, MA, USA). Mice were euthanized after 31 days following vein 
tail injection, or 42 days following mammary fat pad injection. At the time of killing, organs 
were harvested and visualized by the IVIS Kinetic imaging system. Tumor xenografts, lungs 
and livers were excised, fixed in 4% paraformaldehyde and embedded in paraffin. HE 
staining and immunohistochemistry were performed for tumor phenotype or detection 
of Notch3, ERα, E-cadherin and vimentin expression. For MCF-7 cells, Nu/Nu female mice 
were anesthetized and 2×106 MCF-7shNC or MCF-7shN3 cells were injected via the tail 
vein. Mice were euthanized after 8 weeks. Lungs and livers were excised and fixed in 4% 
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paraformaldehyde and embedded in paraffin. H&E staining was performed on the harvested 
organs. Tumor formation was identified by experts of the Department of Pathology in the 
Cancer Hospital of SUMC. 

Kaplan Meier analysis of Notch3 expression in breast cancer patients 
A publicly accessible online clinical database (http://kmplot.com) was used to assess the 
association between Notch3 expression and recurrence-free survival information in 4142 
breast cancer patients [30, 31]. Kaplan-Meier survival curves, Hazard ratio (HR), 95 % 
confidence intervals and log-rank P were calculated and displayed on the webpage according 
to Notch3 expression status.

Statistical analysis
All experiments were performed in triplicate. Data are shown as the mean ± SEM, unless 
otherwise stated, and were statistically analyzed using a two-sided Student’s t-test. 
P≤0.05 was considered statistically significant. Kaplan–Meier survival curve, HR with 95 
% confidence intervals and log-rank P value were calculated and plotted in R using Bio-
conductor packages.

Study approval 
The study was approved by the ethics committee of the Cancer Hospital of Shantou University 
Medical College, and a written informed consent was obtained for all patients enrolled in 
this study. The protocol for animal study was approved by the Institutional Animal Care and 
Use Committee of SUMC. 
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Results

Notch3 expression is correlated with the luminal epithelial phenotype in breast cancer. 
To investigate the potential role of Notch signaling in breast cancer, we examined Notch 
expression in breast cancer cell lines. Western blotting showed that both full-length (FL) 
Notch3 and Notch3 intracellular domain (ICD) were mainly expressed in breast cancer cells 
with a luminal epithelial phenotype, as shown by increased ERα and E-cadherin expression 
in MCF-7 and T-47D cell lines (Figure 1A). However, Notch3 expression was not detected 
in either basal-like MDA-MB-231 and BT-549 breast cancer cell lines, or the HER2-positive 
SK-BR-3 breast cancer cell line, which expresses the stromal cell marker vimentin (Figure 

Figure 1. Notch3 expression is associated with the luminal epithelial phenotype in breast cancer in cell lines 
and clinical cases. (A) Expression of Notch3, ERα, and EMT-related markers, such as E-cadherin and vimentin, was 
detected by western blot in breast cancer cell lines MCF-7, T47D, MDA-MB231, SKBR3 and BT549. (B and C) Rela-
tive ERα and Notch3 mRNA levels were quantified in breast cancer cell lines by real-time PCR. (D) N1ICD, N2ICD 
and N4ICD protein levels were detected by western blot in breast cancer cell lines. (E, F and G) Notch1, Notch2 
and Notch4 mRNA levels were determined by real-time PCR in breast cancer cell lines. (H) Immunofluorescence 
staining for Notch3 and ERα was performed in MCF-7 (upper panel) and T47D (bottom panel) cells, and nuclei were 
stained with DAPI (4’, 6-diamidino-2-phenylindole). A merged image was obtained by combining Notch3, ERα and 
DAPI fluorescent staining images. The scale bar represents 50 μm. (I) ERα and Notch3 protein expression was im-
munohistochemically stained in ERα-positive (a, b) and ERα-negative (c, d) human breast cancer tissues.
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1A). We further detected Notch3 and ERα mRNA expression by real-time PCR in several 
breast cancer cell lines. As expected, high levels of Notch3 and ERα mRNA were expressed 
in the ERα-positive MCF-7 and T-47D breast cancer cell lines, but not in the ERα-negative 
MDA-MB-231, BT-549 and SK-BR-3 breast cancer cell lines (Figure 1B, C). In contrast, Notch1 
and Notch2 were relatively highly expressed both in ERα-positive and -negative cells, and 
Notch4 was primarily expressed in ERα-negative cells at protein (Figure 1D) and mRNA le-
vels (Figure 1E-G). Immunofluorescence further revealed that Notch3 was expressed in the 
ERα-positive MCF-7 and T47D cell lines, but not in ERα-negative MDA-MB-231 and BT-549 
cells (Figure 1H, Supplementary Figure 1A). Our results, in general, suggest a possible link 
between Notch3 and the luminal epithelial phenotype in breast cancer.

To determine the relationship between Notch3 and the luminal phenotype in clinically di-
agnosed breast cancer, we examined Notch3 expression patterns in human tumor samples 
from luminal A and triple-negative (TNBC) breast cancers. Using immunohistochemistry, we 
observed that Notch3 was highly expressed in luminal A compared with TNBC tissues (Figu-
re 1I and Supplementary Table S1). 

Notch3 up-regulates ERα expression at the protein and mRNA levels. 
Because Notch3 was highly expressed in ERα-positive breast cancer cells and Notch3-ex-
pressing cells acquired the characteristics of mammary luminal progenitors that give rise 
to the ERα-positive luminal lineage [17, 32, 33], we speculated that Notch3 regulates ERα 
expression in breast cancer. To examine this hypothesis, we silenced and overexpressed 
Notch3 in breast cancer cells. As expected, downregulation of Notch3 by siRNA caused de-
creased ERα expression at both the mRNA and protein levels in ERα-positive MCF-7 and 
T47D cells (Figure 2A-D). Conversely, overexpression of the active form of Notch3, N3ICD, 
resulted in upregulation of ERα at both the mRNA and protein levels in ERα-positive MCF-
7 and ERα-negative MDA-MB-231 cells (Figure 2E-H). Immunofluorescence confirmed that 
Notch3 and ERα co-localized in the nuclei of ERα-positive MCF-7 and T47D cells, whereas 
Notch3 silencing also resulted in decreased ERα expression (Figure 2I). These results suggest 
that Notch3 up-regulates ERα expression in breast cancer cells.

Notch3 activates ERα expression by binding to CSL binding elements in the ERα promoter. 
To explore the mechanism underlying transcriptional regulation of ERα by Notch3, the ERα 
promoter (approximately 1 kb) was cloned into the upstream of a luciferase reporter gene, 
and luciferase activity was determined in the absence or presence of the active Notch3 
(N3ICD). Luciferase activity of the ERα promoter was decreased after silencing Notch3 in 
MCF-7 cells (Figure 3A), and was activated in a dose-dependent manner by N3ICD overex-
pression in MDA-MB-231 cells (Figure 3B). We identified 2 CSL-binding motifs located at 
the upstream (-159 to 155bp and -380 to -384bp) of exon 1 in the ERα promoter, to which 
Notch3 can potentially bind (Figure 3C). We compared full length ERα promoter activity 



60

Chapter 3

Figure 2. Knockdown or over-expression of Notch3 down- or up-regulates ERα gene transcription in breast can-
cer cells. (A and B) ERα-positive MCF-7 cells were transiently transfected with 2 different siRNAs against Notch3 (#1 
and #2) for 48 hours, and then Notch3 and ERα protein and mRNA expression levels were detected and quantified 
by western blot (a) and quantitative real-time PCR (B). (C and D) ERα-positive T47D cells were transiently trans-
fected with 2 different siRNAs against Notch3 (#1 and #2) for 48 hours, and Notch3 and ERα protein and mRNA 
expression levels were detected and quantified by western blot (C) and quantitative real-time PCR (D). (E and F) 
Protein (E) or mRNA (F) levels for Notch3 and ERα were determined by western blot or quantitative real-time PCR 
in MCF-7 cells transfected with an N3ICD-expressing or control vector as indicated. (G and D) Protein (G) or mRNA 
(H) levels for Notch3 and ERα were determined by western blot or quantitative real-time PCR in MDA-MB-231 cells 
transfected with the N3ICD-expressing or control vector as indicated. (I) Confocal fluorescence microscopy of DAPI/
Notch3/ERα staining in T47D (upper) and MCF-7 (bottom) cells treated with control siRNA or siNotch3. The scale 
bar represents 50 μm.
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with mutant ERα promoter vectors, containing deletions in one (ΔCSL2 construct) or both 
(ΔCSL1&2 construct) CLS binding elements.  We found that the mutant reporters with either 
one CSL or two CSL deletions showed significantly decreased luciferase activities by 50% or 
75%, respectively, following co-transfection with N3ICD into MDA-MB-231 cells (Figure 3C 
and D). These results show that Notch3 up-regulates ERα promoter activity through binding 
to CSL binding elements.

Figure 3. Notch3 regulates ERα expression by binding to CSL binding elements in the ERα promoter. (A) MCF-7 
cells, silenced by control siRNA or siNotch3, were co-transfected with an ERα promoter-driven firefly luciferase 
(ERα-Luc) and an internal control plasmid pRL-SV40 expressing Renilla luciferase. Promoter activity was expressed 
as the ratio of firefly luciferase/Renilla luciferase. (B) MDA-MB-231 cells were transiently co-transfected with ERα-
Luc and N3ICD at incremental doses as indicated, and Renilla luciferase was transfected as an internal control. (C) 
Schematic representation of wild-type ERα-Luc and mutant constructs ΔCSL (deletion of one CSL binding element) 
or Δ2CSL (deletion of both CSL binding elements) used in reporter assays. (D) Luciferase reporter assay with ERα-
Luc or mutant ERα-Luc were performed in the absence or presence of N3ICD in MDA-MB-231 cells. Promoter 
activity was expressed as the ratio of firefly luciferase/Renilla luciferase. (E and F) ChIP assays. Schematic represen-
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To examine whether Notch3 binds directly to the ERα promoter, we performed chromatin 
immunoprecipitation assays (ChIPs), using antibody against Notch3, on MCF-7 cells with IgG 
as a negative control. Two pairs of primers were designed to span the CSL binding elements 
located at the upstream (-328 - 90 bp, ERα P1 and -527 - 298 bp, ERα P2) of exon 1 in the 
ERα promoter (Figure 3E). Significant binding was observed in the two regions containing 
CSL binding elements, but not the in the control region (located at -628-386bp), which does 
not contain CSL binding elements (Figure 3F).

To further investigate the mechanism by which Notch3 regulates ERα expression, electrop-
horetic mobility shift assays (EMSAs) were employed to analyze core elements in the ERα 
promoter for Notch3 binding (Figure 3G), showing that Notch3 binds both core elements. 
Competition assays for Notch3 binding, using an excess of unlabeled oligonucleotides 
(100×), abolished the Notch3-shift band. An excess of unlabeled mutation oligonucleotide 
(TGTCT, 100×) did not compete nor abolish the Notch3-shifted band (Figure 3H). The su-
pershifted band was noted after an anti-Notch3 specific antibody and labeled probe were 
added to MCF-7 nuclear extracts, confirming that Notch3 can bind to the core element (GG-
GAA) of the ERα promoter. Based on previous reports [34, 35], our findings demonstrate 
that Notch3 binds as part of a complex to the ERα promoter.

Overexpressed N3ICD in MDA-MB-231 cells reverses EMT. 
Because ERα is a marker of the luminal epithelial phenotype in breast cancer cells, we spe-
culated that Notch3 regulates the shift of EMT markers. To investigate Notch3’s role in the 
EMT regulation, we examined the shift in EMT markers after Notch3 overexpression in MDA-
MB-231 cells. As expected, overexpressed N3ICD in MDA-MB-231 cells downregulated the 
mesenchymal marker vimentin, and upregulated the epithelial cell marker E-cadherin (Figu-
re 4A). In two-dimensional cell culture, MDA-MB-231-vector-transfected cells had a more 
spindle-shaped, mesenchymal morphology, whereas MDA-MB-231 cells stably expressing 
the N3ICD exhibited a more epithelial phenotype (Figure 4B). In a wound healing assay, 
MDA-MB-231-control cells migrated as single cells to close the wound, whereas MDA-MB-
231-N3ICD cells migrated as a collective sheet. After 24 hours, the gap in MDA-MB-231-
N3ICD cells was 65.5% of the time 0 h injury width, which is much higher than the 20.5% 
displayed by MDA-MB-231-control cells. This shows that Notch3 overexpression inhibits 
cellular motility in MDA-MB-231 cells. The inhibitory effect disappeared (percentage was 
reduced to 32.3%) when ERα was knocked down by siRNA (Figure 4C-D, Supplementary Fi-

tation of the 2 CSL binding element-containing regions (Region 2 and Region 3) and negative control region (Region 
1) used in the ChIP assay. PCR products were detected in the presence of anti-Notch3 antibody. (G) Sequences of 
probes 1 and 2 containing the GGGAA core element for EMSA. (H) EMSA using probes 1 and 2. Competition assays 
were performed by adding either 100-fold (lane 3) excess of unlabeled oligonucleotides containing the core CSL 
binding element, or 100-fold excess of unlabeled mutant oligonucleotides in the core CSL binding element (lane 4). 
Each reporter assay was performed in triplicate.
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gure 1B). Cell migration assays (transwell) showed fewer MDA-MB-231-N3ICD cells migrated 
at approximately 30.4% of vector-transfected control cells after 48 hours. However, when 
ERα was knocked down by siRNA, the number of migrated cells increased more than 2-fold 
compared with MDA-MB-231-N3ICD cells. Similar results were observed in a cell invasion 
assay (transwell) (Figure 4E and F). These data suggest that Notch3 inhibits the motility and 
invasiveness of MDA-MB-231 cells via upregulation of ERα.

Figure 4. N3ICD overexpression in MDA-MB-231 cells reverses EMT. (A) Western blot showing the protein levels 
of E-cadherin and Vimentin after overexpressing N3ICD in MDA-MB-231 cells. (B) Morphology of MDA-MB-231 
cells transfected with N3ICD or a control vector, Scale bars represent 50 μm. (C and D) Representative images (C) 
and quantitative (D) wound recovery data after 24 hrs in MDA-MB-231 cells transfected with N3ICD and ERα siRNA 
Scale bars represent 50 μm. (E and F) Representative micrographs and quantitative of Matrigel-coated or non-coa-
ted transwell assays. Stably transfected N3ICD MDA-MB-231 cells were co-transfected with siERα or siNC. Invading 
or migrating cells were counted in 5 random fields. Scale bars represent 50 μm. All experiments were performed 
at least three times and data were statistically analyzed by two-sided t-test. *P < 0.05 versus control. Error bars 
indicate SEM.
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Knock-down of Notch3 in MCF-7 cells promotes EMT. 
In addition, Notch3 knockdown in MCF-7 cells decreased expression of the epithelial cell 
marker E-cadherin compared to control cells. In contrast, expression of the mesenchymal 
marker vimentin was increased in MCF-7 cells by silencing Notch3 (Figure 5A). We also ob-
served morphological changes associated with EMT in MCF-7 cells following stable Notch3 
knockdown. Control cells maintained their cobblestone-like phenotype with strong cell-cell 
adhesion, while some cells with Notch3 shRNA had a fibroblast-like morphology and sho-
wed cellular scattering (Figure 5B). We examined the effect of Notch3 silencing on cell mo-
tility using a wound healing assay. After 48 hours in cell culture, the gap in shNotch3 MCF-
7 cells was 35.4% of that at 0 hour compared with control transfected shNC MCF-7 cells 
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(56.7%), indicating that Notch3 knockdown enhanced cellular motility. The residual open 
gap was back to 56.1% by transfecting an expression plasmid encoding ERα, showing that 
this change could be rescued by ERα overexpression (Figure 5C and D, Supplementary Figure 
1C). The motility potential of Notch3-silenced MCF-7 cells was determined using a transwell 
migration assay. Notch3 shRNA led to a 5-fold increase in cell migration, which was partially 
rescued by ERα overexpression (Figure 5E and F). Similar results also occurred in the cell 
invasion assay (Figure 5G and H). These data suggest that Notch3 knockdown in MCF-7 cells 
promotes cellular motility and invasiveness via downregulation of ERα.

Notch3 inhibits breast cancer tumorigenesis and metastasis in vivo. 
To explore the role of Notch3 in tumorigenesis and metastasis in breast cancers, we em-
ployed MDA-MB-231 cells overexpressing N3ICD or Notch3-knockdown MCF-7 cells in tu-
mor xenograft models. Orthotopic implantation of MDA-MB-231 N3ICD or control cells in 
mammary fat pads was followed either by caliper measurement or BLI monitoring. After 6 
weeks, mice implanted with N3ICD-overexpressing MDA-MB-231 cells developed fewer xe-
nograft tumors (5/11) that were also smaller in size and weighed less than those in the con-
trol group (9/11), indicating that Notch3 inhibited breast cancer tumorigenesis and delayed 
the onset of breast cancer formation (Figure 6A-C). Similarly, BLI monitoring showed that 
mice bearing N3ICD-overexpressing MDA-MB-231 tumors consistently had an approximate 
100-fold decreased the tumor burden by at 6 weeks after transplantation compared with 
the control group (Figure 6D and E). After transplants were harvested, immunohistochemis-
try showed that tumors derived from control cells expressed higher levels of vimentin, but 
that tumors derived from Notch3-overexpressing cells expressed higher levels of Notch3, 
ERα and E-cadherin, suggesting that the Notch3-mediated shift in expression of mesenc-
hymal makers to epithelial markers was retained in vivo (Figure 6F). BLI analysis of various 
organs ex vivo showed that livers in 4 out of 11 mice derived from control cells developed 
metastases, but no metastases were found in livers derived from Notch3-overexpressing 
MDA-MB-231 cells (Figure 6G and H). These results demonstrate that Notch3 inhibits tu-
morigenesis, shifts mesenchymal markers to epithelial markers and inhibits breast cancer 
metastasis in vivo. 

Moreover, we injected MDA-MB-231 cells via tail vein to examine whether Notch3 affects 
breast cancer metastasis. Thirty-one days after transplantation of N3ICD-overexpressing 

Figure 5. Notch3 knockdown in MCF-7 cells promotes EMT. (A) Notch3 knockdown by shRNA in MCF-7 cells 
downregulated the epithelial cell marker E-cadherin and upregulated the mesenchymal cell marker vimentin. (B) 
Morphology of MCF-7 cells stably transfected with control shRNA and shNotch3. (C and D) Wound healing assay 
showed that Notch3 knockdown enhanced cellular motility in MCF-7 cells; these changes were rescued by transfec-
tion with an expression plasmid encoding ERα. Representative images (C) and quantitative (D) wound recovery data 
after 48 hr in cell culture. (E-H) Notch3 knockdown increased cellular migration and invasion of MCF-7 cells, and 
these changes were rescued by transfection with an ERα plasmid. Representative images (E and G) and quantitative 
data (F and H) from migration or invasion assays. All experiments were performed at least three times and data 
were statistically analyzed by a two-sided t-test. *P<0.05 versus control. Error bars indicate SEM.
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MDA-MB-231 cells or control cells, mice were euthanized and organs were harvested. Lung 
metastases were detected in 5 out of 6 mice harboring vector-transfected MDA-MB-231 
cells, as determined by BLI analysis, while no metastases were observed in mice implanted 
with N3ICD-overexpressing cells (n = 6) (Figure 6I and J). With ex vivo BLI imaging and HE 
staining, we further confirmed that Notch3 overexpression suppressed lung metastasis and 
vessel invasion in our breast cancer model (Figure 6K-N).

Figure 6. Notch3 reserves EMT, tumorigenesis and metastasis in a humanized mouse model. (A) Control vector 
or Notch3-expressing MDA-MB-231 cells (2×106 cells) were injected into the mammary fat pad tissue of immuno-
deficient NU/NU mice (n=11). Tumor size was measured twice a week. Mice were euthanized and examined for 
metastasis when the primary tumor grew to 1.5 cm in diameter. Mice implanted with either vector (upper panel) 
or N3ICD transfected cells (middle panel) at 42 days after implantation. Primary tumors dissected from each group 
of mice are shown in the lower panel. (B) The time course of tumor growth is shown with error bars representing 
±SEM. (C) Weight of primary tumors in the different groups. Error bars show ±SEM. (D) Representative biolumi-
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We then investigated whether Notch3 knockdown in MCF-7 cells increased tumor metasta-
sis in vivo. Mock- and Notch3 shRNA-transfected MCF-7 cells were injected into the tail vein 
of Nu/Nu mice, and formation of tumor metastases was allowed to proceed for 8 weeks. 
As shown in Figure 6O, lungs from mice (2/7) injected with Notch3-silenced MCF-7 cells 
displayed breast cancer metastasis, whereas lungs from mice injected with mock-transfec-
ted MCF-7 cells did not (0/9). The statistical analysis showed a difference trend between 2 
groups (Chi-Square Test, p = 0.074). We did not find breast cancer metastasis in the livers 
from both Notch3-silenced and mock-transfected MCF-7 cells. These results further demon-
strate that Notch3 inhibits breast cancer metastasis in vivo.

nescence imaging and (E) quantitative analysis of imaging was performed. (F) Immunohistochemical staining for 
Notch3, ERα, and EMT markers, as well as HE staining, were performed in dissected tumors. (G) Livers from both 
control and N3ICD expressing groups ex vivo were imaged with BLI (upper panel), and HE staining was also per-
formed (lower panel). (H) Quantitative analysis of liver imaging. (I) Thirty days after tail-vein injection with MDA-
MB-231 N3ICD or control cells, whole body BLI imaging was performed. (J) Quantitative analysis of lung imaging 
in vivo. (K-L) Lungs from mice injected either with vector-transfected or MDA-MB-231 cells expressing N3ICD were 
imaged with BLI after euthanization. (M) Metastatic lesions were detected with HE staining in lungs from mice with 
vector control cells (left panel) or N3ICD-expressing MDA-MB-231 cells (right panel). (N) HE staining shows blood 
vessel invasion in lung metastases from vector transfected cells. (O) HE staining was applied to detect lung meta-
stases in either vector control (left panel) or Notch3-silenced MCF-7 cells (right panel).
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Notch3 mRNA is a favorable prognostic factor in breast cancer patients. 
We further evaluated the prognostic value of low or high expression of Notch3 mRNA in 
a large online clinical microarray database of breast tumors from 4142 patients. Elevated 
expression of Notch3 mRNA in tumor was associated with better recurrence-free survival 
(RFS) (n = 3554, p = 6.7e-07, HR = 0.75) in all breast cancer patients (Figure 7A). In ERα-posi-
tive subgroup of patients, higher Notch3 expression indicated better prognosis with respect 
to RFS (n = 2766, p = 8.5e-05, HR = 0.75) as expected (Figure 7B). In ERα-negative subgroup 
of patients, who often develop metastatic disease and poor prognosis, elevated expression 
of Notch3 in tumors was associated with longer RFS (n = 788, p = 0.0066, HR = 0.72) (Figure 
7C). When the analysis was restricted to the intrinsic subtype of breast cancer, higher ex-
pression of Notch3 mRNA was found to be indicative of favorable prognoses for the recur-
rence-free survival in both luminal A (n = 1764, p = 0.0026, HR = 0.7), luminal B (n = 1002, p 
= 0.00037, HR = 0.69) and basal-like (n = 580, p = 0.0026, HR = 0.66) subtype (Figure 7D-F), 
but not in HER-2 overexpressing subtype (n = 208, p = 0.53, HR = 0.87) (Figure 7G).

Discussion
In this study, we demonstrate for the first time that Notch3 transcriptionally upregulates 
ERα expression and inhibits EMT in breast cancers. In breast development, Notch3 expres-
sion is highly elevated in mammary luminal-restricted progenitor/mature luminal cells com-
pared with bi-potent mammary stem cells, indicating that Notch3 might play a crucial role 
in the regulation of ERα and luminal epithelial development [18, 20]. In the present study, 
we found that Notch3 upregulates epithelial molecular markers, such as E-cadherin, and 
silencing Notch3 increases mesenchymal biomarkers, such as vimentin, in breast cancers. 
Using a conditional Notch3-induced transgenic mouse strain, Lafkas et al. demonstrated 
that Notch3 is expressed in highly clonogenic and transiently quiescent luminal progeni-
tor cells [33]. When the active form of Notch3, N3ICD, is conditionally expressed, p21 and 
p16INK are induced in luminal mammary cells [33]. Similarly, N3ICD overexpression was 
found to result in a very significant expansion of a sub-set of cells, the CD24highCD29low 
cell subpopulations, which are positive for CK6/CK18 and reported to contain luminal pro-
genitors [17]. All of these findings, together with the present study, strongly suggest that 
Notch3 is most likely a biomarker of luminal epithelial cells in breast cancers.

We show a strong correlation between Notch3 and ERα both in breast cancer cells and hu-
man breast cancer tissues. In particular, ectopic overexpression of Notch3 results in activati-
on of ERα in ERα-negative breast cancer cell lines, whereas silencing Notch3 in ERα-positive 

Figure 7. Kaplan-Meier analysis of the probability of correlation between Notch3 expression and patient survival 
in a cohort of 4142 human breast cancer patients in Kaplan Meier Plotter database. (A) Recurrence-free survival 
(RFS) in breast cancer patients according to Notch3 expression. (B, C) RFS of ER-positive and ER-negative breast 
cancer patients. (D - G) RFS in luminal A, luminal B, basal-like or Her-2 subtype breast cancer patients. P values 
were computed by log-rank test.
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cells downregulates ERα. In ERα-positive breast cancer cells, estrogen/ERα signaling has 
been shown to antagonize EMT-promoting transcription factors, such as Slug and Snail, and 
activate MET-promoting factors, such as GATA3 and FoxA1[3]. Taken into consideration that 
loss of ERα might correlate to distant metastases, exploring the role of Notch3 in regulating 
ERα in breast cancer cells would be of significance, e.g. for elucidating ERα generation, in-
creasing breast cancer therapeutic efficacy and preventing metastasis[36, 37]. With regard 
to how ERα is regulated via Notch3, our results demonstrate that N3ICD specifically binds 
to CSL binding elements in the ERα promoter and transactivates ERα expression. However, 
the mechanisms through which Notch3 transactivates ERα, either by specificity of the TAD 
domain or by inducing its ligands, remains unclear.

In addition to the shift from luminal epithelial markers to mesenchymal markers, we obser-
ved that silencing Notch3 drastically promoted the EMT phenotype, including migration and 
invasion in vitro and metastasis in vivo, and increased the proportion of cancer stem cells in 
breast cancers (unpublished data). In contrast, Notch3 overexpression suppressed EMT such 
as migration and invasion in ERα-negative cells. Notably, ectopic ERα expression significantly 
reversed EMT transition induced by silencing Notch3, and conversely, knock-down of ERα al-
most completely reversed MET induced by Notch3 overexpression. The above observations 
strongly suggest that Notch3, at least in part, inhibits EMT through ERα activation/upregu-
lation. Given that ERα is an indicator of effective endocrine therapy in breast cancers, more 
extensive studies are needed to focus on the relationship between Notch3 status and sen-
sitivity/responses to endocrine therapy in both ERα-positive and -negative breast cancers.
    
In an ERα-negative cell line, Notch3 overexpression inhibited tumorigenesis and tumor 
growth in an orthotopic mouse model, as determined by both caliper measurement and 
non-invasive monitoring with molecular imaging. MDA-MB-231 cells overexpressing 
Notch3, after injection via tail vein, demonstrated significantly reduced metastases to lungs 
detected with bioluminescence imaging, revealing that metastatic potential was suppres-
sed by Notch3. In ex vivo assays, increased luciferase activity was detected in resected 
lungs or livers, consistent with the results of in vivo imaging showing the lack of metastasis 
when Notch3-overexpressing cells implanted. We further histologically confirmed liver or 
lung metastases in both orthotopic and tail vein models with H&E staining. Moreover, im-
munohistochemical staining demonstrated upregulation of ERα expression and epithelial 
biomarkers, suggesting that metastatic inhibition by Notch3 overexpression is likely caused 
via modulation of ERα. Although recent reports indicate EMT may be not required for in-
vasion and metastases, evidenced with genetically engineered mouse models, arguing the 
importance of EMT in metastases [38, 39]. In combination with the observation that lung 
metastasis is promoted by silencing Notch3, Notch3 might play an important role in inhibi-
ting tumorigenesis and metastases in breast cancer through inducing ERα and suppressing 
EMT, at least in part. 
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Notch3 high expression detected with immunohistochemistry has shown a controversial 
prognostic predictive value, e.g, poor prognosis in hepatocellular carcinoma, non-small 
cell lung cancer, medullary thyroid cancer, and ovarian cancer [40-44]; whereas favorable 
prognosis in small intestine and gastric cancers [24, 45]. In a large clinical microarray da-
tabase, Notch3 transcripts were significantly associated with better RFS in clinically diag-
nosed breast cancer patients, especially for those with ERα positive tumors. In terms of 
sub-type of breast cancers, Notch3 did show a favorable RFS in luminal type breast cancers, 
but no association with Her2 overexpressed type. However, interestingly, in ER-negative or 
triple-negative subtype, higher expression of Notch3 also predict more favorable prognosis 
than those expressing lower Notch3. It seems that Notch3 suggested a better prognostic 
value independent of ERα in those ER-negative breast cancer patients. Mechanistic ana-
lysis suggested that Notch3 could function as a tumor suppressor by regulating complex 
signaling pathways. For example, our previous studies and study by Cui et al demonstrated 
that Notch3 functions as a tumor suppressor by controlling cellular senescence and inhibits 
breast cancer cell proliferation by up-regulating p21[46], by inducing Cdh1 expression [27], 
and by activating Kibra-mediated Hippo/YAP signaling in breast cancer epithelial cells [26].  
Taken together, clinical data suggest Notch3’s role in predicting recurrence for breast cancer 
patients, in particular, for those with ERα positive luminal phenotype, supporting the expe-
rimentally described role for Notch3 as a potential tumor suppressor by suppressing EMT 
through ERα activation. Moreover, future determination of Notch3 at protein level and its 
sub-cellular localization would provide more insights on its prognostic significance. Jasku-
la-Sztul et.al demonstrated that genetic and/or pharmacological induction of Notch3 had 
a tumor-suppressor role in medullary thyroid carcinoma. AB3, an HDAC inhibitor, induced 
both full length Notch3 and its activated form NICD3, and inhibited cellular proliferation 
by inducing apoptosis, in MZ-CRC-1 and TT cell lines [47]. Thus, it may be useful to explore 
AB3’s potential as a combined therapy option.
    
In summary, the present study demonstrates that Notch3 suppresses EMT through tran-
scriptionally activating ERα expression (Figure 8). These findings delineate the role of a 
Notch3/ERα axis in maintaining the luminal phenotype and inhibiting tumorigenesis and 
metastases in breast cancer, providing a novel strategy to re-sensitize ERα negative or low 
expressing breast cancers to hormone therapy. 
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Supplementary

Table S1. Correlation between Notch3 expression and clinicopathological factors in 
patients with breast cancer

Clinicopathological features

Notch3 (n=60)

P value Negative Positive x2

Age (year)
<50 11 19 2.052 0.252
≥50 6 24
Menstrual conditions
premenopausal 11 27 0.019 1
postmenopausal 6 16
Tumor size (cm)
<2 0 3 2.144 0.37
≥2，<5 12 24
≥5 4 15
LN metastasis
Negative 2 18 4.966 0.034*
Positive 15 25

Stage

I 0 1 1.071 0.871
II 6 20
III 9 21
IV 0 1
ER expression
Negative 11 13 6.033 0.020*
Positive 6 30
PR expression
Negative 12 13 8.163 0.008**
Positive 5 30
HER-2 expression
Negative 15 26 3.573 0.111

Positive 2 15 　 　
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Table S2. Oligonucleotide sequences for siRNA constructs used in real-time PCR and CHIP 
and EMSA assays

Assay Sequences (5’ to 3’) Amplicon 
(bp)

RT-PCR 　 　 　

Notch3 F  ATGCAGGATAGCAAGGAGGA 86
R  AAGTGGTCCAACAGCAGCTT

ERα F  CTCTCCCACATCAGGCACA 157
R  CTTTGGTCCGTCTCCTCCA

E-cadherin F  AAAGGCCCATTTCCTAAAAACCT 172
R  TGCGTTCTCTATCCAGAGGCT

Vimentin F  GACGCCATCAACACCGAGTT 238
R  CTTTGTCGTTGGTTAGCTGGT

β-actin F  GAGACCTTCAACACCCCAGCC 264
R  AATGTCACGCACGATTTCCC

siRNA 　 　 　

siNotch3 #1 UAUAGGUGUUGACGCCAUCCACGCA
siNotch3 #2 GAGCCAAUAAGGACAUGCA

siERα CGAGUAUGAUCCUACCAGA
siNC UUCUCCGAACGUGUCACGU

ChIP 　 　 　

ERαP1 F  CAGTTCCCCCAGCTGCTAAA
R  GGCTTTCTCTAATGTGCTGCCTTA

ERαP2 F  GGGCACATAAGGCAGCACAT
R  CCCTGACATTGGCTTAAACATCAC

NC F  AACTGAGGTCCTGGCAGGTT
R  CGTTGGCTAGAAATACGTAGTG

EMSA 　 　 　

probe or competitor 
1 (P1) AACGAGGAGGGGGAATCAAACAG

P1 mutant AACGAGGAGGTGTCTTCAAACAG
probe or competitor 
1 (P2) TAAAGTTCAGGGAAGCTGCTCTTT

　 P2 mutant TAAAGTTCAATAGCGCTGCTCTTT 　
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Table S3. Proteins and description of corresponding antibodies

Antibodies Vendor Catalog number NO.

Notch1 CST 1 3439

Notch2 CST 2 4530

Notch3 CST 2 5276

Notch4 CST 1 2423

ERα CST 4 8644

E-cadherin CST 13 3195

Vimentin CST 1 5741

P27 Santa Cruz 4 3686

β-actin Santa Cruz C3012 Sc-47778

ERα Santa Cruz 12613 Sc-8002

Notch3
Santa Cruz

12013 Sc-5593
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Supplementary Figure 1 (A) Immunofluorescence staining for Notch3 and ERα was performed in MDA-MB-231 
(upper panel) and BT-549 (bottom panel) cells, and nuclei were stained with DAPI (4’, 6-diamidino-2-phenylindole). 
A merged image was obtained by combining Notch3, ERα and DAPI fluorescent staining images. (B) Western blot 
showing the protein levels of Notch3 and ERα after overexpressing N3ICD and transfecting ERα RNAi in MDA-
MB-231 cells. (C) Western blot showing the protein levels of Notch3 and ERα after transfecting Notch3 RNAi and 
overexpressing pEGFPC1-ERα in MCF-7 cells.
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Abstract
Basal-like breast cancer (BLBC) is an aggressive subtype with a strong tendency to 
metastasize. Due to the lack of effective chemotherapy, BLBC has a poor prognosis 
compared with luminal subtype breast cancer. MicroRNA-221 and -222 (miR-221/222) are 
overexpressed in BLBC and associate with metastasis as well as poor prognosis; however, 
the mechanisms by which miR-221/222 function as oncomiRs remain unknown. Here, we 
report that miR-221/222 expression is inversely correlated with Notch3 expression in breast 
cancer cell lines. Notch3 is known to be overexpressed in luminal breast cancer cells and 
inhibits epithelial to mesenchymal transition (EMT). We demonstrate that miR-221/222 
target Notch3 by binding to its 3’ untranslated region and suppressing protein translation. 
Ectopic expression of miR-221/222 significantly promotes EMT, whereas overexpression of 
Notch3 intracellular domain attenuates the oncogenic function of miR-221/222, suggesting 
that miR-221/222 exerts its oncogenic role by negatively regulating Notch3. Taken together, 
our results elucidated that miR-221/222 promote EMT via targeting Notch3 in breast cancer 
cell lines suggesting that miR-221/222 can serve as a potential therapeutic target in BLBC.

Key words: miR-221/222, Notch3, epithelial–mesenchymal transition, basal-like breast 
cancer

Introduction
The majority of breast cancer deaths result from metastatic disease [1]. One of the pivotal 
processes that induce metastasis of cancers is the epithelial-to-mesenchymal transition 
(EMT) by which epithelial cells are converted to cells with a mesenchymal phenotype that is 
associated with enhanced migratory and invasive properties [2]. EMT is considered to be the 
first step in the complex process of metastasis for many types of cancers [2, 3]. There have 
been conflicting views about the role of EMT in metastasis. Based upon the results from 
genetically engineered mouse models, some investigators found that EMT is not required 
for metastasis but has an important role in chemoresistance [4, 5], while others have 
demonstrated that metastatic dissemination of mammary tumors indeed depends on EMT 
programs [6]. In another example, pancreatic carcinoma cells have been shown to utilize 
EMT during metastatic dissemination [7].
    
Recently, the discovery of microRNAs (miRNAs), which perform important regulatory 
functions in EMT, provides a novel strategy for the treatment of cancer invasion and 
metastasis. miRNAs are a class of small endogenous noncoding RNAs that are involved in 
regulating many biological processes by base-pairing with the 3′ untranslated region (UTR) 
of target messenger RNAs (mRNAs), resulting in their translational inhibition or degradation 
[8]. Both miR-221 and miR-222 (miR-221/222), located on the X chromosome with the 
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same seed sequences, are highly expressed during breast tumorigenesis and metastasis 
[9, 10]. MiR-221/222 are thought to serve as oncomiRs because they inhibit many tumor 
suppressors, including p27KIP1 [11], FOXO3A [12], PTEN, and TIMP3 [13]. A mutual negative 
regulatory loop between miR-221/222 and ERα was also reported by De Leva et al.[12]. 
Moreover, miR-221/222 decrease E-cadherin expression by targeting the 3’-UTR of the 
GATA family-related TRPS1 (tricho-rhino-phalangeal syndrome type 1) and induces EMT by 
negative regulation of ZEB2 [14]. Overall, miR-221/222 have been shown to promote EMT, 
tumorigenesis, and metastasis through multiple mechanisms. 
    
Notch family, including four Notch receptors (NOTCH1, NOTCH2, NOTCH3 and NOTCH4 
(NOTCH1–4)) and five ligands of the Delta–Serrate–Lag (DSL) family (jagged 1 (JAG1), jagged 
2 (JAG2), delta-like 1 (DLL1), delta-like 3 (DLL3) and delta-like 4 (DLL4)), plays vital roles 
in many biologic processes, including cell fate determination, stem cell maintenance, and 
lineage commitment [15]. In human cancers, increasing evidence has demonstrated that the 
outcome of Notch activation is dependent on the cancer type and cellular context [16-19]. 
It has been reported that Notch3 is specifically overexpressed in mouse epithelial cells and 
mammary luminal progenitor and is required for luminal breast filling by inhibiting apoptosis 
[20, 21]. Notch3 is elevated in luminal cells and gives rise to luminal lineages, restricting the 
proliferation and consequent clonal expansion of these cells [22]. Interestingly, our previous 
study found that Notch3 is highly expressed in ER-positive luminal type compared with 
triple–negative breast cancers [23, 24], demonstrating its opposite expression pattern to 
miR-221/222 in breast cancers. Furthermore, we also provided evidence for a pivotal role of 
Notch3 in the suppression of EMT and metastasis via trans-activating ERα in breast cancers 
[23, 24]. 
    
It is well-established that a single miRNA usually regulates a large set of target genes. It 
is likely that miR-221/222 target other genes that are involved in tumorigenesis and 
metastasis. In the current study, we demonstrated that Notch3 is a novel target of miR-
221/222 which directly bind to its 3’UTR inhibiting its translation. We further validated that 
miR-221/222 suppress Notch3, ERα, and E-cadherin-induced EMT. These results indicate 
vital, multi-functional roles of miR-221/222 in the promotion of EMT in breast cancer.

Results

Notch3 is overexpressed in luminal breast cancer cells and has an inverse correlation with 
miR-221/222.
Our earlier study has revealed that Notch3 maintained luminal phenotype and suppresses 
tumor metastasis in breast cancer. As shown in Figure 1A, high levels of Notch3 mRNA were 
specifically expressed in the ERα-positive luminal breast cancer cell lines MCF-7 and T-47D, 
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but not in the ERα-negative breast cancer cell lines MDA-MB-231, BT-549 and SK-BR-3. 
Western blotting showed that both full-length (FL) and intracellular domain (ICD) of Notch3 
were mainly expressed in luminal epithelial phenotype MCF-7 and T-47D cell lines, as shown 
by increased ERα and E-cadherin expression  (Figure 1B). However, Notch3 expression was 
not detected in the basal-like breast cancer cell lines MDA-MB-231, BT-549, and SK-BR-3, 
which express the mesenchymal marker vimentin (Figure 1B).

Figure 1. miR-221/222 have an inverse correlation with Notch3 in breast cancer cells. (A) qRT-PCR analysis of 
Notch3 mRNA expression in breast cancer cell lines. (B) Endogenous Notch3 full length (FL) and the intracellular 
domain (ICD), ERα, E-cadherin, and Vimentin protein levels in breast cancer cell lines. (C, D) Databases to predict 
miR-221/222 target genes and sequence alignment of the human miR-221 and miR-222 seed regions with Notch3 
3’UTR, which contains predicted miR-221/222 binding site. (E) qRT-PCR analysis of miR-221/222 expression in bre-
ast cancer cell lines.
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To investigate the mechanism of Notch3 down-regulation in basal-like breast cancer cell 
lines, we performed bioinformatic searches (including Pictar, DIANAmT, miRanda, miRWalk 
and RNAhybrid databases) to identify putative microRNAs targeting Notch3. Among 
the candidate microRNAs identified, the 3’-UTR of human Notch3 contains regions that 
match the seed sequences of hsamiR-221 and hsamiR-222 (Figure 1C, D). Furthermore, 
we examined the endogenous levels of miR-221/222 by qRT- PCR. The expression of both 
miRNAs was almost undetectable in luminal MCF-7 and T47D breast cancer cells, but miR-
221/222 were highly expressed in the basal-like subtypes SKBR3, MDA-MB-231, and BT549 
cells (Figure 1E). Since our data showed an inverse correlation between miR-221 or miR-222 
and Notch3 expression in breast cancer cells, we speculated that Notch3 might be a target 
of miR-221/222.

MiR-221/222 suppress Notch3 protein expression and induce EMT.
To examine miR-221 and miR-222’s roles in regulating Notch3 and EMT, we transfected 
synthetic oligo mimics for miR-221 and miR-222 into MCF-7 breast cancer cells. Expression 
of both miRNAs was increased around 1000-fold after 48h of transfection with the mimics 
(Figure 2A). Using qRT-PCR, we found that Notch3 mRNA level did not change in miR-221 
or miR-222 transfected cells compared with the control group (Figure 2B). In contrast, 
overexpressing miR-221/222 significantly decreased endogenous Notch3 (both full length 
and ICD), ERα, p27, and E-cadherin protein levels (Figure 2C). Conversely, the addition of 
miR-221/222 inhibitors to MDA-MB-231 cells (Figure 2D) significantly induced Notch3 ICD 
and E-cadherin expression while vimentin expression significantly decreased. The p27, and 
ERα known to be miR221/222 targets, was also upregulated by miR-221/222 inhibition 
as expected (Figure 2F). Intriguingly, Notch3 mRNA levels did not change in miR-221/222 
inhibitor-transfected cells (Figure 2E), indicating that miR-221/222 regulate Notch3 only 
at the translational level. To further confirm miR221/222’s role in regulating Notch3, we 
transiently transfected MCF-7 cells with pcDNA6.2-GW /EmGFP-miR-221/222 as well as the 
empty pcDNA6.2-GW/EmGFP vector. Immunofluorescence staining showed that Notch3 
levels were largely reduced in cells expressing miR-221/222 compared with cells transfected 
with GFP alone or the untransfected cells (Figure 2G).

MiR-221 and miR-222 directly target Notch3 3’UTR to inhibit Notch3 expression.
To verify that Notch3 is a direct target of miR-221/222, the wild type (WT) Notch3 reporter 
pMIR-Notch3-3’UTR WT or control reporter was co-transfected with agomiR221/222 
(mimics) in MCF-7 cells that express low levels of miR-221 and miR-222 (Figure 3A). As 
expected, both agomiR-221 and agomiR-222 decreased luciferase activities of the Notch3 
reporter by about 50~80% in MCF-7 cells in a dose-dependent manner, while the control 
reporter was not affected (Figure 3B, C). Similarly, luciferase activities were also reduced by 
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Figure 2. Notch3 is a target of miR-221/222 in breast cancer cells. (A) MiR-221 and miR-222 expression levels 
were detected by qRT-PCR after forced transfection of miR-221 or miR-222 mimics in MCF-7 cells. (B) qRT-PCR of 
Notch3 mRNA after forced transfection of miR-221 and miR-222 mimics in MCF-7 cells. (C) Western blot analysis of 
endogenous Notch3, ERα, p27 and E-cadherin protein levels in MCF-7 cells after ectopic expression of miR-221/222 
mimics in MCF-7 cells. (D, E) qRT-PCR of endogenous miR-221/222 and Notch3 mRNA in MDA-MB-231 cells after 
transfection with miR-221/222 inhibitors. (F) Western blot analysis of N3FL, N3ICD, ERα, p27, and Vimentin protein 
levels after transfection with miR-221/222 inhibitors in MDA-MB-231 cells. (G) Immunofluorescence staining of 
MCF-7 cells transiently transfected with GFP vector (expressing only GFP), GFP-miR-221 or GFP-miR-222 using an 
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anti-Notch3 antibody. Notch3 signals (red) in miR-221 and miR-222-transfected cells are labeled with arrowheads. 
DAPI, 4’, 6-diamidino-2-phenylindole.

Figure 3. MiR-221/222 directly target Notch3 3’UTR. (A) The schematic luciferase reporter containing predicted 
Notch3 wild-type (WT) or its mutant 3’UTR sequences for miR-221/222. (B, C) MCF-7 cells were co-transfected 
with pMIR-Notch3-3’UTR WT or pMIR control reporters in the presence of agomiR-221/222 (10, 30 and 90nM) 
or miR-control (NC). Fluc/Rluc activities were measured 48 hours post-transfection and normalized to the corres-
ponding vector control. Each transfection was performed in triplicate, and the experiment was repeated three 
times. Data represent the mean ± SEM. ***P < 0.001. (D-E) MCF-7 cells stably transfected with pMIR-Notch3-3’UTR 
were treated with agomiR-221/222 at the indicated concentrations or pMIR-control vector, and luciferase activi-
ties were detected 48 hours after transfection by a molecular imaging device (IVIS KINETIC). (F-G) Quantitation of 
luciferase activities when transfected with agomiR-221 and agomiR-222 in IVIS KINETIC system. (H, I) MCF-7 cells 
were co-transfected with pMIR-Notch3-3’UTR wild-type (WT) or pMIR-Notch3-3’UTRmutant (Mutant) reporters in 
the presence of agomiR-221/222 (10, 30 nM) and antagomiR-221/222 (10, 30 nM) or miR-control (NC). Fluc/Rluc 
activities were measured 48 hours post-transfection and normalized to the corresponding vector control. (J, K) 
MDA-MB-231 cells were co-transfected with pMIR-Notch3-3’UTR reporters in the presence of antagomiR-221/222 
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agomiR-221/222 as visualized by bioluminescent imaging (BLI) and following quantification 
(Figure 3D-G). To further examine whether miR-221/222 directly regulates Notch3 by 
targeting the GTGTAGCT seed binding site, we co-transfected pMIR-Notch3 3’UTR WT or 
mutated reporters with miR-221/222 mimics and inhibitors (antagomiR-221/222) at the 
indicated concentrations in MCF-7 cells. Interestingly, the dose-dependent inhibitory effect 
of miR-221/222 on Notch3 3’UTR activity was rescued by co-expression of miR-221/222 
inhibitors. However, no significant changes in luciferase activity were seen when using the 
Notch3 3’UTR mutant reporter (Figure 3H, I). In contrast, miR-221/222 inhibitors increased 
luciferase activity in MDA-MB-231 cells in a dose-dependent manner when co-transfected 
with a pMIR-Notch3-3’UTR WT reporter. Increased luciferase activity was reversed when 
co-expressed with miR-221/222 mimics (Figure 3J, K). In summary, these results support the 
bioinformatic prediction that Notch3 is a direct target of miR-221 and miR-222.

MiR-221/222 induce EMT through downregulation of Notch3.
To determine the effects of miR-221 and miR-222 on EMT, we established MCF-7 cells stably 
transfected with GFP-miR-221 or GFP-miR-222 plasmids. Western blot analysis revealed 
that overexpression of miR-221 or miR-222 downregulated Notch3, ERα, and E-cadherin 
expression in MCF-7 cells (Figure 4A). Subsequently, we examined whether overexpression 
of miR-221/222 induced morphological changes associated with EMTs in MCF-7 cells. Both 
miR-221- and miR-222-transfected MCF-7 cells displayed fibroblast-like morphologies and 
showed cellular scattering compared with the control cells, which maintained a cobblestone 
phenotype with strong cell-cell adhesion (Figure 4B). Next, we investigated whether miR-221 
and miR-222 affect cellular migration and invasion in breast cancer cells. It had been reported 
that miR-221/222 promote proliferation in human cancers. To eliminate these impacts, serum 
free medium was used in wound healing assay and transwell assay (Supplementary Figure 
1A-D). In a wound healing assay, miR-221 or miR-222 overexpression in MCF-7 cells resulted 
in an approximately 2-fold increase in the cell migration rate compared with the control 
group after 48 hours in culture (Figure 4C, D, and Supplementary Figure 1E). Moreover, 
matrigel-coated (for invasion) or uncoated (for migration) Transwell assays showed that 
miR-221 and miR-222 overexpression drastically increased the migration (about 2-folds) 
and invasiveness (5-folds) of the MCF-7 cell line; when overexpressing N3ICD by transient 
transfection, the increases in invasion and migration were almost completely suppressed 
(Figure 4E-H). Conversely, expressing miR-221 or miR-222 inhibitors in MDA-MB-231 cells 
decreased the migration rate by about 50% compared with the control group after 24 hours 
(Figure 5A, B). MDA-MB-231 cells treated with either miR-221 or miR-222 inhibitor showed 
significantly decreased migratory and invasive abilities compared to control cells (Figure 

(10, 30 nM) and agomiR-221/222 (10, 30 nM) or miR-control (NC). Fluc/Rluc activities were measured 48 hours 
post-transfection and normalized to the corresponding vector control. Each transfection was performed in triplica-
te, and the experiment was repeated three times. Data represent mean ± SEM.
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5C, D). These results confirm that miR-221 and miR-222 promote migration and invasion 
through inhibition of Notch3 expression.

Figure 4. N3ICD overexpression reverses EMT promotion by miR-221 and miR-222 in MCF-7 cells. (A) Western 
blot shows that MCF-7 cells that were stably transfected with GFP-miR-221 and GFP-miR-222 vectors suppressed 
Notch3 ICD and ERα as well as E-cadherin. (B) Effect of miR-221/222 overexpression on cell morphology evaluated 
by phase contrast microscopy (×100). Scale bars represent 50μm. (C and D) Representative micrographs (×40) of 
the wound healing assay in MCF-7 cells. Cells were photographed to measure wound length at 0 and 48 hours. 
Wound healing lengths were measured in 5 random fields. Data represent the mean of triplicate experiments ± 



88

Chapter 4

SEM. (E-H) Representative micrographs (×200) of migration and invasion Transwell assays. Stably transfected miR-
221/222 MCF-7 cells were co-transfected with N3ICD or a control plasmid. Invading or migrating cells were counted 
in 5 random fields. Data represent the mean of triplicate experiments ± SEM. Scale bars represent 50 μm.

Figure 5. Inhibition of miR-221/222 decreases migration and invasion ability in MDA-MB-231 breast cancer cells. 
(A, B) Representative panels from the scratch wound assay in MDA-MB-231 cells imaged by microscopy. MDA-
MB-231 cells were transfected with a miR-221/222 inhibitor or miR-control. Wound healing was measured in 5 
random fields. Data represent the mean of triplicate experiments ± SEM. (C, D) Representative micrographs (×200) 
of matrigel-coated or non-coated Transwell assays in MDA-MB-231 cells transfected with miR-221/222 inhibitors 
or miR-NC. Cells were photographed to measure wound length at 0 and 24 hours. Invading or migrating cells were 
counted in 5 random fields. Data represent the mean of triplicate experiments ± SEM. Scale bars represent 50 μm. 
*P < 0.05, **P < 0.01, ***P < 0.001.

Discussion

MicroRNAs are attractive and effective drug targets as they regulate many important cellular 
processes and are differentially expressed in malignancies compared with normal tissues. 
Numerous miRNAs have been shown to have altered expression in a variety of human can-
cers and function as oncomiRs or tumor suppressors [25-27].  For example, constitutive 
up-regulation of miR-221/222 contributes to poor prognosis in various types of tumors, 
including hepatocarcinoma, colon, breast, pancreas and lung cancers [12, 13, 28, 29]. In 
breast cancer, miR-221/222 was more abundant in basal-like tumors than in ER/PR–positive 
tumors [14] which in line with our previous findings. It has been demonstrated that miR-
221 and miR-222 each directly target ERα mRNA at a conserved site and are involved in 
anti-estrogen resistance [12, 30-32]. Our previous study also revealed that Notch3 trans-ac-
tivated ERα and inhibited EMT and metastasis in breast cancer [23]. 
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In the present study, we attempted to identify potential targets regulated by miR-221/222. 
Consistent with our previous findings, elevated expression of miR-221 and/or miR-222 in 
basal-like/mesenchymal/ER-negative breast cancer cells compared to luminal/epithelial/
ERα-positive cells was detected by RT-PCR [12]. Notch3 was elevated in ER-positive breast 
cancer cells, indicating that miR-221/222 could be a causal factor in the downregulation of 
Notch3. This notion was further confirmed by the observation that Notch3 was significantly 
inhibited in ERα-positive breast cancer cells treated with miR-221/222 mimics in a dose-de-
pendent manner. Conversely, overexpression of miR-221/222 inhibitors upregulated Notch3 
expression and downstream proteins, such as ERα and E-cadherin. Also, the fact that Notch3 
mRNA was not affected by either mimics or inhibitors suggests that miR-221/222 directly 
binds to Notch3 transcripts without leading to its degradation. This finding is consistent with 
a previous report showing that miR-221/222 can suppress the expression of targeted pro-
teins without altering their mRNAs [13]. Hence, we do believe that the low Notch3 mRNA 
and protein expressions in basal-like breast cancer cells are not just because of the abun-
dant of miR-221/222 but a complex regulatory network.

MiR-221/222 have been shown to increase migration and invasion by targeting PTEN and 
p27 indicating their potential mechanistic link to EMT [11, 13]. MiR-221/222 also target the 
3′UTR of various genes, including those encoding estrogen receptors (ESR1) and TRPS1. It 
had been reported that miR-221/222 could directly bind to the ERα-3’UTR and suppress 
its expression, on the other hand, ERα also could directly represses miR-221 and -222 by 
recruiting the corepressors NCoR and SMRT [12]. In addition, forced expression of ERα re-
pressed Slug, up-regulated E-cadherin, and induced cells to grow as adherent colonies with 
reduced invasiveness [33]. What’s more, over-expression of miR-221/222 decrease E-cad-
herin through targeting the 3’UTR of the GATA family-related TRPS1, which represses ZEB2 
expression [14]. Thus, there seem a complex regulatory network between miR-221/222, 
ERα, and E-cadherin. Therefore, it’s not clear if miR-221/222 regulated ER and E-cadherin 
independently or not. At least, miR-221/222 could regulate E-cadherin either independent 
or dependent on ERα regulation. To investigate the functional significance of Notch3/ERα 
regulation by miR-221/222, we performed the migration, invasion, and wound healing as-
says using mimics or inhibitors against miR-221 and/or miR-222. As expected, addition of 
inhibitors to mimics or addition of mimics to inhibitors reversed their biological functional 
effects on migration, invasion, and wound healing. The observation that the overexpression 
of miR-221/222 induces migration and invasion provides functional evidence for the possi-
ble role of these miRNAs in breast cancer. The invasive potential of miR-221/222 was stron-
gly blocked by the ectopic expression of Notch3 ICD, indicating that miR-221/222 promote 
EMT, at least partially, through targeting Notch3. 

Our findings have uncovered the regulatory network of miR221/222 and the underlying 
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mechanism for their functional roles as oncomiRs in breast cancer cell lines.  The data pre-
sented in this study highlight a mechanism by which miR-221/222 promote migration and 
invasion by targeting Notch3 in breast cancer cell lines. Our results suggest that targeting 
miR-221 and miR-222 represents an effective strategy to prevent and inhibit tumor progres-
sion and metastasis in breast cancer.

Materials and Methods 

Cell culture and transfection   
MCF-7, T47D, SKBR3, BT549 and MDA-MB-231 cell lines were purchased from and valida-
ted by American Type Culture Collection (ATCC, VA, USA) and cultured in DMEM medium, 
supplemented with 10% FCS. All cells were cultured at 37°C in a humidified 5% CO2 atmosp-
here. The oligonucleotides sequences of the miR-221/222 inhibitors, miR-221/222 mimics, 
agomiR-221/222, antagomiR-221/222 (displayed in Supplementary Table S1) were transfec-
ted by Lipo2000. The plasmids of pcDNA6.2-GW/EmGFP-miR-221/222 were obtained from 
Professor Cheng [32] (H. Lee Moffitt Cancer Center and Research Institute). The plasmids 
of pCLE-N3ICD (#26894) and control vector pCLE (#17703) were purchased from Addgene 
(MA, USA). The vectors containing these oligonucleotides sequences were transfected into 
MCF7 cell line by using Lipo2000 . Ten μg/ml Blasticidin S was added to the medium after 2 
days in culture for selection.

RNA purification and real-time PCR analysis
Total RNA containing small RNAs was extracted from cancer cells using Trizol total RNA iso-
lation reagent (Invitrogen, CA, USA) according to the manufacturer’s instructions. cDNA was 
synthesized from total RNA using PrimeScript RT reagent Kit (Takara, Japan) according to the 
protocol. Quantitative real-time PCR was performed with a SYBR Select Master Mix (Ther-
mo Fisher, MA, USA) and the CFX96 Real-time PCR Detection System (Bio-Rad, CA, USA). 
MicroRNA real-time transcription-PCR quantification of miRNA expression was carried out 
using a Hairpin-it miRNAs RT-PCR Quantitation Kit and TaqMan-microRNA assay kit (GeneP-
harma, Suzhou, China) according to the manufacturer’s protocol. U6 was used for normali-
zation. Primer sequences are listed in the Supplementary Table S1.

Western blot analysis
Protein extraction and Western blotting were performed as described previously [34]. Brie-
fly, cells were harvested in RIPA lysis buffer (Millipore, USA). Protein lysates were electrop-
horesed in polyacrylamide gels and transferred to PVDF membranes. After blocking in 5% 
skim milk, the membranes were incubated with primary antibodies overnight at 4°C. The 
secondary antibody was diluted 1:3000 in fresh blocking solution. The blots were visualized 
using the X-OMAT film (Kodak, Japan). All blots were derived from the same experiment and 
processed in parallel. Primary antibodies are listed in Supplementary Table S2. 
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Wound Healing assay
Cells were starved in serum-free medium for 24h before injury lines were applied. The injury 
line was made with a tip 2mm wide on cells plated in culture dishes at 90% confluency. After 
rinsing with phosphate-buffered saline, cells were allowed to migrate in serum-free medi-
um. Photographs were taken (×40) after 24h (MDA-MB-231) or 48h (MCF-7). An average of 
five random widths of injury lines were measured for quantitation.

Transwell assay 
Cells were serum-starved for 24 h before seeding in Matrigel-coated/uncoated chambers 
(8μm pore size, BD Bioscience, USA). 5×104 MCF-7 cells or 2×104 MDA-MB-231 cells were 
seeded in the upper chamber with serum-free medium. Complete medium was added to 
the bottom chamber. After 48h cell culturing, cells were stained with 0.1% crystal violet. 
Each assay was performed in triplicate. Cells from 5 fields in each well were counted by two 
investigators.

Dual-luciferase reporter assays
Luciferase activities were detected by using dual luciferase reporter assay kit (Promega, WI, 
USA). The 3’UTR or mutated 3’UTR of the Notch3 gene was cloned between SpeI/HindIII si-
tes of the luciferase reporter vector pMIR (pMIR-Notch3-3’UTR was kindly provided by Prof. 
Paola Zanovello, University of Padova[35]).. pRL-SV40 (Promega, WI, USA) was used as the 
control vector to balance transfection efficiency. To detect the regulation of Notch3 mRNA 
by miR221/222, pMIR-Notch3-3’UTR-wt or pMIR-Notch3-3’UTR-mut were co-transfected 
into MCF-7 or MDA-MB-231cells with different doses of miR221 mimics and/ or miR221 
inhibitors.  

Statistical analysis
Data were statistically analyzed using two-sided Student’s t-test. P<0.05 was considered sta-
tistically significant. Data are shown as mean ± s.e.m. unless otherwise stated.

Data availability
All data supporting our findings can be found in the main paper or in supplementary files. 
 
Acknowledgements
This study was supported by grants from the National Nature Science Foundation of Chi-
na (Grant no. 81271021 and 81672617), major international collaborative project of NSFC 
(81320108015), Research Team Project of Natural Science Foundation of Guangdong Pro-
vince (2016A030312008), and start-up fund from Xiamen University.

Competing interests



92

Chapter 4

The authors declare that they have no financial or non-financial conflicts.

Author contributions
YKL, GJZ designed the study and conceived the project. YKL, HYL, XWD, MC, XLW, YW, YSX, 
YQZ, YZQ, CFC, and JWB performed the experiments and acquired the data. YKL, HYL and 
MC analyzed the data. YKL and HYL drafted the manuscript. GJZ and Frank finalized the 
manuscript.

References

1. Torre, L.A., et al., Global cancer statistics, 2012. CA Cancer J Clin, 2015. 65(2): p. 
87-108.

2. Chaffer, C.L. and R.A. Weinberg, A perspective on cancer cell metastasis. Science, 
2011. 331(6024): p. 1559-64.

3. Valastyan, S. and R.A. Weinberg, Tumor metastasis: molecular insights and evolving 
paradigms. Cell, 2011. 147(2): p. 275-92.

4. Fischer, K.R., et al., Epithelial-to-mesenchymal transition is not required for lung 
metastasis but contributes to chemoresistance. Nature, 2015. 527(7579): p. 472-6.

5. Zheng, X., et al., Epithelial-to-mesenchymal transition is dispensable for metastasis 
but induces chemoresistance in pancreatic cancer. Nature, 2015. 527(7579): p. 525-
30.

6. Ye, X., et al., Upholding a role for EMT in breast cancer metastasis. Nature, 2017. 
547(7661): p. E1-E3.

7. Aiello, N.M., et al., Upholding a role for EMT in pancreatic cancer metastasis. Na-
ture, 2017. 547(7661): p. E7-E8.

8. Djuranovic, S., A. Nahvi, and R. Green, A parsimonious model for gene regulation by 
miRNAs. Science, 2011. 331(6017): p. 550-3.

9. Garofalo, M., et al., miR221/222 in cancer: their role in tumor progression and re-
sponse to therapy. Curr Mol Med, 2012. 12(1): p. 27-33.

10. Howe, E.N., D.R. Cochrane, and J.K. Richer, The miR-200 and miR-221/222 microR-
NA families: opposing effects on epithelial identity. J Mammary Gland Biol Neopla-
sia, 2012. 17(1): p. 65-77.



93

MiR-221/222 promote emt by targeting Notch3 in breast cancer cell lines

4

11. le Sage, C., et al., Regulation of the p27(Kip1) tumor suppressor by miR-221 and 
miR-222 promotes cancer cell proliferation. EMBO J, 2007. 26(15): p. 3699-708.

12. Di Leva, G., et al., MicroRNA cluster 221-222 and estrogen receptor alpha interac-
tions in breast cancer. J Natl Cancer Inst, 2010. 102(10): p. 706-21.

13. Garofalo, M., et al., miR-221&222 regulate TRAIL resistance and enhance tumorige-
nicity through PTEN and TIMP3 downregulation. Cancer Cell, 2009. 16(6): p. 498-
509.

14. Stinson, S., et al., TRPS1 targeting by miR-221/222 promotes the epithelial-to-mes-
enchymal transition in breast cancer. Sci Signal, 2011. 4(177): p. ra41.

15. Wilson, A. and F. Radtke, Multiple functions of Notch signaling in self-renewing 
organs and cancer. FEBS Lett, 2006. 580(12): p. 2860-8.

16. Radtke, F. and K. Raj, The role of Notch in tumorigenesis: oncogene or tumour sup-
pressor? Nat Rev Cancer, 2003. 3(10): p. 756-67.

17. Giachino, C., et al., A Tumor Suppressor Function for Notch Signaling in Forebrain 
Tumor Subtypes. Cancer Cell, 2015. 28(6): p. 730-42.

18. Dotto, G.P., Notch tumor suppressor function. Oncogene, 2008. 27(38): p. 5115-23.

19. Nowell, C.S. and F. Radtke, Notch as a tumour suppressor. Nat Rev Cancer, 2017. 
17(3): p. 145-159.

20. Pradeep, C.R., et al., Modeling ductal carcinoma in situ: a HER2-Notch3 collabora-
tion enables luminal filling. Oncogene, 2012. 31(7): p. 907-17.

21. Bouras, T., et al., Notch signaling regulates mammary stem cell function and lumi-
nal cell-fate commitment. Cell Stem Cell, 2008. 3(4): p. 429-441.

22. Lafkas, D., et al., Notch3 marks clonogenic mammary luminal progenitor cells in 
vivo. J Cell Biol, 2013. 203(1): p. 47-56.

23. Xiao-Wei Dou, et al., Notch3 maintains luminal phenotype and suppresses tumor-
igenesis and metastasis of breast cancer via trans-activating estrogen receptor-α. 
Theranostics, 2017. 7(16).

24. Zhang, X., et al., Notch3 inhibits epithelial-mesenchymal transition by activating 
Kibra-mediated Hippo/YAP signaling in breast cancer epithelial cells. Oncogenesis, 
2016. 5(11): p. e269.

25. Gregory, P.A., et al., The mir-200 family and mir-205 regulate epithelial to mesen-
chymal transition by targeting ZEB1 and SIP1. Nature Cell Biology, 2008. 10(5): p. 
593-601.

26. Bertoli, G., C. Cava, and I. Castiglioni, MicroRNAs: New Biomarkers for Diagnosis, 
Prognosis, Therapy Prediction and Therapeutic Tools for Breast Cancer. Theranos-



94

Chapter 4

tics, 2015. 5(10): p. 1122-43.

27. Novak, J., et al., MicroRNA-206: a promising theranostic marker. Theranostics, 
2014. 4(2): p. 119-33.

28. Jiang, J., et al., Real-time expression profiling of microRNA precursors in human 
cancer cell lines. Nucleic Acids Res, 2005. 33(17): p. 5394-403.

29. Volinia, S., et al., A microRNA expression signature of human solid tumors defines 
cancer gene targets. Proc Natl Acad Sci U S A, 2006. 103(7): p. 2257-61.

30. Wei, Y., et al., Exosomal miR-221/222 enhances tamoxifen resistance in recipient 
ER-positive breast cancer cells. Breast Cancer Res Treat, 2014. 147(2): p. 423-31.

31. Miller, T.E., et al., MicroRNA-221/222 confers tamoxifen resistance in breast cancer 
by targeting p27Kip1. J Biol Chem, 2008. 283(44): p. 29897-903.

32. Zhao, J.J., et al., MicroRNA-221/222 negatively regulates estrogen receptor alpha 
and is associated with tamoxifen resistance in breast cancer. J Biol Chem, 2008. 
283(45): p. 31079-86.

33. Ye, Y., et al., ERalpha signaling through slug regulates E-cadherin and EMT. Onco-
gene, 2010. 29(10): p. 1451-62.

34. Liang, Y.K., et al., MCAM/CD146 promotes tamoxifen resistance in breast cancer 
cells through induction of epithelial-mesenchymal transition, decreased ERalpha 
expression and AKT activation. Cancer Lett, 2017. 386: p. 65-76.

35. Ghisi, M., et al., Modulation of microRNA expression in human T-cell development: 
targeting of NOTCH3 by miR-150. Blood, 2011. 117(26): p. 7053-62.



CHAPTER 5

Notch3 inhibits epithelial–mesenchymal 
transition in breast cancer via a novel 

mechanism, upregulation of GATA-3 expression

Hao-Yu Lin1,2,3, Yuan-Ke Liang 1,2,4, Xiao-Wei Dou1,2, Chun-Fa Chen1,2,3, Xiao-
Long Wei1,2,5, De Zeng1,2,6, Jing-Wen Bai1,2,7, Yu-Xian Guo1,2, Fang-Fang Lin1,2, 

Wen-He Huang1,2, Cai-Wen Du8, Yao-Chen Li1,2, Min Chen2*, and Guo-Jun 
Zhang1,2,7*

1The Breast Center, 2ChangJiang Scholar’s Laboratory, 5Department of Pathology, and 6De-
partment of Breast Medical Oncology, the Cancer Hospital of Shantou University Medical 
College (SUMC), Shantou, China; 3Department of Breast and Thyroid Surgery, the First Af-

filiated Hospital of SUMC, Shantou, China; 4Department of Medical Oncology, University of 
Groningen, University Medical Center Groningen, Hanzeplein 1, 9713 GZ Groningen, The 
Netherlands; ; 7The Cancer Center, Xiang’an Hospital, Xiamen University Medical College, 
2000 Xiang’an Dong Rd, Xiamen, China; 8Department of Oncology, Shenzhen Hospital of 

Chinese Academy of Medical Science affiliated Cancer Hospital, Shenzhen, China.

Oncogenesis. 2018 Aug 13;7(8):59



96

Chapter 5

Abstract

Notch3 and GATA binding protein 3 (GATA-3) have been, individually, shown to maintain 
luminal phenotype and inhibit epithelial–mesenchymal transition (EMT) in breast cancers. 
In the present study, we report that Notch3 expression positively correlates with that 
of GATA-3, and both are associated with estrogen receptor-α (ERα) expression in breast 
cancer cells. We demonstrate in vitro and in vivo that Notch3 suppressed EMT and breast 
cancer metastasis by activating GATA-3 transcription. Furthermore, Notch3 knockdown 
downregulated GATA-3 and promoted EMT; while overexpression of Notch3 intracellular 
domain up-regulated GATA-3 and inhibited EMT, leading to a suppression of metastasis 
in vivo. Moreover, inhibition or overexpression of GATA-3 partially reversed EMT or 
mesenchymal–epithelial transition induced by Notch3 alterations. In breast cancer patients, 
high GATA-3 expression is associated with higher Notch3 expression and lower lymph node 
metastasis, especially for hormone receptor (HR) positive cancers. Herein, we demonstrate 
a novel mechanism whereby Notch3 inhibit EMT by transcriptionally up-regulating GATA-
3 expression, at least in part, leading to the suppression of cancer metastasis in breast 
cancers. Our findings expand our current knowledge on Notch3 and GATA-3’s roles in breast 
cancer metastasis.

Key words: Notch3, GATA-3, epithelial–mesenchymal transition, breast cancer
 

Introduction

Breast cancer remains the most frequent cancer of female and the principal contributing 
to the cancer associate mortality in women all around the world [1]. Breast cancers usually 
divided into those that are hormone-dependent and those that are hormone-independent 
according to their estrogen receptor (ER) status. The ER-positive subtype of breast cancers 
features cells that are sensitive to estrogen ablation, which contributes to its generally 
favorable prognosis. Many factors may modulate ER expression, such as GATA-3 and pS2, as 
well post-transcriptional modifications.
    Malignant transformation of mammary epithelia is facilitated by alterations in various 
genes and signaling pathways, including Notch, Wnt and GATA, that cause abnormal cellular 
growth and differentiation [2, 3] [4, 5]. Among the GATA family (GATA 1–6), GATA-3 is the most 
abundantly expressed in luminal epithelial cells. GATA-3 is essential for the development of 
human mammary gland and the differentiation breast cancer cell [6-9]. For example, a loss 
of expression of the ERα is observed in GATA-3 knock-out mice [9]. With regard to breast 
cancer, a positive feedback loop has been identified to affect GATA-3 and ERα regulation 
[6]; both GATA-3 and ERα can be used as markers to predict patient responses to endocrine 
treatment of breast cancer [6]. 



97

Notch3 inhibits EMT by regulating GATA3 in breast cancer

5

Elevated GATA-3 expression in breast cancer cells leads to differentiation, and thereby 
suppression of tumor dissemination [9]. GATA-3 is involved in the process of EMT by regulating 
different cellular signaling pathways [10]. Studies from Dydensborg et al. demonstrated that 
overexpression of GATA-3 result in inhibiting of tumor growth and pulmonary metastasis by 
repressing inhibitor of differentiation 1 (ID1) and ID3, induced deleted in liver cancer 1 (DCL1) 
and progestogen-associated endometrial protein (PAEP) [11]. Unsurprisingly, decreased or 
loss expression of GATA-3 is associated with pathogenesis, hormone receptor negativity and 
an unfavorable prognosis for breast cancer patients in the clinic [9, 12]. Moreover, the GATA-
3 gene has been identified with mutations in >10% of all breast cancers, a distinction held 
by only three genes [13]. Collectively, such data indicate that GATA-3, function as a tumor 
suppressor, may emerge as a potential biomarker to detect and predict risk of breast cancer 
development.
      Similar to the GATA family, Notch signaling is also fundamental to maintenance of stem 
cell, cellular differentiation and determination [14]. Emerging evidence shows that Notch3 
may play essential role in mammary gland development and commitment to luminal fate [15, 
16]. Notch3 is expressed in a luminal progenitor cell population that is highly clonogenic and 
transiently quiescent, and differentiates into a ductal lineage [17]. Moreover, loss of Notch3 
expression reduces luminal cell production from bipotent progenitors [18]. Intriguingly, 
Notch 1 to 4 signaling has distinct activities and biological functions in tumorigenesis 
[19]. Notch2 or Notch3 signaling have been shown to suppress tumor growth through a 
reduction of stem cell number [20-22], and to inhibit the tumorigenesis and metastasis 
of breast cancers [23]. EMT is a characteristic transformation of epithelial cells involving 
depolarization, loss of cell-cell contacts, and morphological change from epithelioid to 
fibroblastic, and is thought to confer metastatic characteristics to developing carcinomas 
[24]. Intriguingly, two recent published articles of our studies demonstrated that Notch3, 
but not other Notch receptors, is positively correlated to ERα both in breast cancer cells and 
breast carcinoma tissues. We also showed that Notch3 negatively regulated EMT through 
Kibra-mediated Hippo/YAP and ERα signaling pathway in vitro [25]. Notch3 signaling inhibits 
EMT either by regulating target gene expression via interactions with the nuclear CBF1/
RBP-Jκ/Suppressor of Hairless/LAG-1 (CSL; RBP-Jκ in mice) transcriptional complex (e.g., ERα 
and Bmi1) or by regulating noncanonical expression of the Wnt signaling receptor frizzled7 
(FZD7) [26]. These findings suggest that Notch3 signaling inhibits EMT in breast cancer cells 
by activating novel downstream genes. 
   These findings prompted us to investigate whether there is a correlation between 
Notch3 and GATA-3, and how they are regulated by each other, especially in ER-positive 
subtype breast cancer. In the present study, we present solid evidence demonstrating that 
activated Notch3 maintains the epithelial phenotype and suppresses metastasis through 
the transcriptional regulation of GATA-3 in breast cancer.
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Results

Elevated expression of Notch3 and GATA-3 is correlated with a luminal epithelial phenotype 
in breast cancer cell lines
To explore the possible roles for Notch3 and GATA-3 in breast cancer, we detected their 
expression levels in a series of breast cancer cell lines. Both Notch3 (including full-length 
[FL] and intracellular domain [ICD]) and GATA-3 proteins were primarily expressed in luminal 
epithelial phenotype T47D and MCF-7 cells, corresponding to an increase in E-Cadherin and 
ERα protein expression (Figure 1a). Significantly lower expressions of Notch3 and GATA-
3 were found in ERα-negative cells, including MDA-MB-231 and BT-549 cell lines (basal-
like) and in the SK-BR-3 cell line (HER2-positive), which expresses vimentin, a marker of the 
stromal cell phenotype (Figure 1a). We further interrogated Notch3 and GATA-3 mRNA in 
several breast cancer cell lines to validate results at the protein level. Unsurprisingly, we 
detected high Notch3 and GATA-3 mRNA levels in MCF-7 and T47D cells (ERα-positive), 
but not in the MDA-MB-231, BT-549 or SK-BR-3 cells (ERα- negative) (Figure 1b, c and d). 
Immunofluorescence further confirmed that Notch3 and GATA-3 are primarily expressed in 
MCF-7 and T47D cells. Moreover, immunofluorescence staining showed fluorescence co-
localization of these two proteins in cellular nucleus of both cell lines (Figure 1e). These 
results imply a possible connection between Notch3 and GATA-3 expression in luminal 
epithelial phenotypes of breast cancer.

Notch3 positively regulates GATA-3 mRNA and protein expression 
To explore the possible regulation between these two genes, we silenced or overexpressed 
Notch3 or GATA-3 in breast cancer cells. Suppression of Notch3 by siRNA caused a significant 
downregulation of GATA-3 in ERα-positive MCF-7 and T47D cells at both the mRNA and 
protein levels, while suppressing GATA-3 did not affect the expression of Notch3 (Figure 
2a–f). Three different siRNA sequences were used to silence Notch3 or GATA-3 separately. 
It was found that siNotch3#2  /siNotch3#3 and siGATA-3#1/siGATA-3#2 all showed effective 
downregulation of the target genes (Figure S1a–b), so we chose siNotch3#2 and iGATA-3#2 for 
further experiments. Conversely, enforced expression of the Notch3 ICD led to upregulation 
of GATA-3 mRNA and protein in MDA-MB-231 cells (Figure 2g–i). Notch3 and GATA-3 co-
localize in the nucleus of MCF-7 and T47D cells as demonstrated by immunofluorescence 
microscopy, but Notch3 suppression reduced GATA-3 expression (Figure 2j). Collectively, our 
results suggest that GATA-3 expression is positively regulated by Notch3 in breast cancer 
cells. To confirm the diminished and elevated Notch signaling experiments, the expression 
of general Notch receptor target gene Hes1 and Hey1 also detected by real time PCR (Figure 
S3a–c)
Notch3 activates GATA-3 expression via CSL-binding elements in the GATA-3 promoter
Notch family transcription factors regulate downstream target molecules via directly bound 
to CSL promoter elements. To explore whether Notch3 regulation of GATA-3 is regulated 
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by direct binding to CSL elements within its promoter, we next carried out chromatin 
immunoprecipitation assays (ChIP) in MCF-7 cells using an antibody against Notch3. Two 
putative CSL-binding motifs were identified upstream (-829 to -834 bp and -665 to -670 bp) 
of exon 1 in the GATA-3 promoter. Three pairs of primers were designed and synthesized 
according to span CSL-binding elements with sequence of GGGAA[27, 28] located in 
upstream (Region 1: -969 to -804 bp, containing CSL site 1; Region 2: -781 to -615 bp, 
containing CSL site 2; and Region 3: -969 to -615 bp, containing CSL sites 1 & 2) of exon 1 in 

Figure 1: Correlation of Notch3 and GATA-3 expression in various breast cancer cell lines. 
(a) Expression of Notch3, GATA-3, ERα, E-cadherin and vimentin analyzed by western blot in breast cancer cell lines. 
(b–d) Expression of Notch3, GATA-3, and ERα mRNA analyzed by reverse transcription (RT)–PCR in breast cancer 
cell lines. (e) Confocal fluorescence microscopy of DAPI/Notch3/GATA-3 and DAPI/Notch3/ERα staining in MCF-7 
(top) and T47D (bottom) cells. The scale bar represents 200 μm.
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the GATA-3 promoter. For region 4: -611 to -461 bp, one pair of primers was designed to not 
contain any CSL-binding elements as a negative control (Figure 3a). We observed Notch3 
binding in the three regions that containing CSL-binding elements, but absent in the control 
region (Region 4; Figure 3b). Furthermore, the down-regulation of Notch3 by siRNA caused 
decreased binding of the GATA-3 promoter in the three regions, but not in Region 4 (Figure 
3c).
      We next employed electrophoretic mobility shift assays (EMSAs) to determine elements 
required for Notch3 binding within the GATA-3 promoter (Figure 3d). Notch3 was found to 
bind both core elements in the GATA-3 promoter. Competition assays added with excess 

Figure 2: Notch3 regulates expression of GATA-3 transcriptionally.
(a–c) Expression of Notch3 and GATA-3 in MCF-7 cells at protein and mRNA levels analyzed by western blot (a) and 
RT–PCR, respectively, (b–c) when silencing Notch3 or GATA-3 by siRNA (d–f). Expression of Notch3 and GATA-3 in 
T47D cells at protein and mRNA levels analyzed by western blot (d) and RT–PCR (e–f), respectively, when silencing 
Notch3 or GATA-3 by siRNA. (g–i) Expression of Notch3 and GATA-3 in MDA-MB-231 cells at protein and mRNA 
levels analyzed by western blot (g) and RT–PCR, respectively, (h–i) when overexpressing N3ICD or GATA-3. (j) Con-
focal fluorescence microscopy of DAPI/Notch3/GATA-3 staining in MCF-7 (left) and T47D (right) cells, treated with 
siControl (top) or siNotch3 (bottom). The scale bar represents 200 μm.
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unlabeled nucleotides eliminated the Notch3 shifting band; this was not observed in the 
presence of an excess of unlabeled, mutated oligonucleotide (TGTCT; Figure 3d). A super-
shifted band was observed after addition of labeled probe and anti-Notch3 antibody to 
MCF-7 nuclear extracts, demonstrating that Notch3 is capable of binding to the typical 
core bound element (GGGAA) of the GATA-3 promoter. Our findings show that Notch3 is a 
component of a complex that binds the GATA-3 promoter. 
     Next, the transcriptional activity involved in GATA-3 regulation by Notch3 was further 
evaluated. We cloned the GATA-3 promoter (approximately 1 kb) to drive luciferase 
expression in the reporter plasmid pGL3, and then determined luciferase activity in the 

Figure 3: Notch3 up-regulates GATA-3 expression by binding to the core element of the GATA-3 promoter.
(a–c) Schematic representation of the three CSL binding element-containing primers (Regions 1 and 2 containing 
respective single CSL-binding elements, region 3 containing both CSL-binding elements) and negative control pri-
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presence or absence of the Notch3 intracellular (transcription activating) domain (N3ICD). In 
MCF-7 cells, the luciferase activity of this reporter decreased in a dose-dependent manner 
after suppressing Notch3 expression (Figure 3e), while in MDA-MB-231 cells, the luciferase 
activity increased following enforced expression of N3ICD (Figure 3f). Comparing the activity 
of wild-type and mutant GATA-3 promoters, the latter of which carried deletions of both 
Notch3 binding elements (GGGAA), demonstrated that luciferase activity was significantly 
reduced (from 30% to 70%) in wild-type reporters, in a dose-dependent manner. GATA-3 
promoter activity increased 2–4 fold (Figure 3e, f) when N3ICD was co-expressed in MDA-
MB-231 cells. These results imply that Notch3 drives GATA-3 promoter activity by directly 
binding to CSL-binding elements.

Notch3 knockdown promotes EMT in MCF-7 cells, which is attenuated by overexpressing 
GATA-3
Due to the important roles of Notch3 and GATA-3 as epithelial phenotype markers of breast 
cancer, we therefore hypothesized that the Notch3/GATA-3 axis modulates the expression of 
EMT markers. With attempt of evaluating the effect of the Notch3/GATA-3 axis in regulating 
EMT, we examined EMT marker expression after knocking-down Notch3 in MCF-7 cells 
with/without enforced expression of GATA-3. When knocking-down Notch3 in MCF-7 cells, 
epithelial marker E-cadherin expression decreased, while that of vimentin, a mesenchymal 
marker, increased as compared to controls (Figure 4a). We next assessed EMT-associated 
changes in cell morphology when Notch3 was stably knocked down in MCF-7 cells. While 
control cells maintained strong cell contacts and epithelial morphology, a subset of cells 
expressing Notch3/GATA-3 shRNA presented with a fibroblastic morphology, demonstrating 
scattering characteristic of a loss of cell-cell adhesion (Supplementary Fig. S1c). We next 
assess influence of Notch3 knock down on the motility breast cancer cell via wound healing 
assay. After culturing for 48 hours, the width of the scratch wound in shNotch3 MCF-
7 cells had reduced to only 44% as compared to 0 hours, while the width of the scratch 
wound in control cells had reduced to 64% as compared to 0 hours, indicating that loss of 

mers (region 1 does not contain a CSL-binding element) used for ChIP assays. Bands were seen in regions 1, 2 and 
3 of the PCR product but not in the negative control region 4 (b); bands were dramatically decreased in regions 1, 2 
and 3 of the PCR product when cells were treated with siNotch3 (c). (d) Probes 1 and 2 represent two biotin probes 
containing the core element of the CSL-binding sites of the GATA-3 promoter. Super shift bands (lane 3) were seen 
in the presence of an anti-Notch3 antibody, but not in the presence of an anti-IgG antibody (lane 4). Competition 
assays were performed using a 100-fold (lane 5) excess of unlabeled oligonucleotide containing the core element of 
the CSL-binding element of the GATA-3 promoter. A 100-fold excess of unlabeled mutation oligonucleotide contai-
ning the mutated core element of the CSL-binding element (lane 6) was used for mutation competition assays. Nu-
clear extracts from MCF-7 cells were not added to lane 1. (e) Notch3 was silenced in MCF-7 cells by siRNA and then 
co-transfected with the GATA-3 promoter or a mutated GATA-3 promoter (deleting both CLS-binding elements) 
construct containing Firefly luciferase, and internal control plasmid, pRL-SV40, containing Renilla luciferase. Firefly 
luciferase/Renilla luciferase values were used to indicate promoter activity. Each sample was tested in triplicate. 
*P<0.05. (f) N3ICD was overexpressed in MDA-MB-231 cells and co-transfected with the GATA-3 promoter or a 
mutated GATA-3 promoter (deleting both CSL-binding elements) construct containing Firefly luciferase and internal 
control plasmid, pRL-SV40, containing Renilla luciferase. Firefly luciferase/Renilla luciferase values were used to 
indicate promoter activity. Each sample was tested in triplicate. *P<0.05.
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Notch3 expression promotes cell motility. The gap was restored to 55% by enforced GATA-
3 expression, suggesting that reduced cell motility induced by loss of Notch3 be mediated 
by GATA-3 (Figure 4b). We further assessed the role of Notch3 in MCF-7 cells via migration 
assay. Suppression of Notch3 expression via shRNA increased cell migration by 5-fold, which 
was partially rescued by overexpressing GATA-3. Similar results were also found in in vitro 
invasion assays (Figure 4c). These findings indicate that loss of Notch3 expression in MCF-7 

Figure 4: Notch3 knockdown in MCF-7 cells promotes EMT while N3ICD overexpression in MDA-MB-231 cells 
inhibits EMT.
(a) Expression of Notch3, GATA-3, E-cadherin and vimentin in MCF-7 cells analyzed by western blot when stably 
silencing Notch3, with or without overexpression of GATA-3. (b) Wound healing assay showed the knockdown of 
Notch3 enhanced the cellular motility of MCF-7 cells; such changes could be rescued by simultaneously adding a 
GATA-3 plasmid. Representative pictures (top) and quantitative data (bottom) of wound recovery after 48 hours’ 
cell culture. Each sample contained three wells. (c) Representative pictures (top) and quantitative data (bottom) 
of migration or invasion assays. Each sample contained three wells. (d) Expression of Notch3, GATA-3, E-cadherin 
and vimentin in MDA-MB-231 cells analyzed by western blot when stably overexpressing N3ICD, with or without 
knockdown of GATA-3 by siRNA. (e) Representative pictures (top) and quantitative data (bottom) of wound recove-
ry after 24 hours’ cell culture. Each sample contained three wells. (f) Representative pictures (top) and quantitative 
data (bottom) of migration or invasion assays. Each sample contained three wells. All experiments were performed 
at least three times and data were statistically analyzed by two-sided t-test. *P<0.05, **P<0.01, ***P<0.001 versus 
control. Error bars indicate standard error of the mean (SEM).
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cells leads to increased migratory and invasive capacities by downregulating GATA-3.
       In contrast, the overexpression of N3ICD in MDA-MB-231 cells led to decreased expression 
of vimentin and increased expression of E-cadherin, and that these changes were reversed 
by knocking down GATA-3 (Figure 4d). Regarding morphological analysis, MDA-MB-231 
control cells appeared more mesenchymal, typically appearing spindle-shaped. However, 
when stably transfected with N3ICD/GATA-3, MDA-MB-231 cells appeared more epithelial in 
shape (Supplementary Fig. S1d). In the wound healing assay, the migration of MDA-MB-231 
control cells demonstrated as independent single cells, whereas those expressing N3ICD 
migrated as a sheet, maintaining cell-cell contacts (Figure 4e). Furthermore, after culturing 
for 24 hours, the scratch wound width in MDA-MB-231-N3ICD cells had healed to 62% as 
compared to 0 hours, dwarfing the 19% gap healed by MDA-MB-231 control cells. This result 
suggests that overexpression of Notch3 was capable for suppressing the migratory capability 
of MDA-MB-231 cells. However, the gap had healed to only 31% when GATA-3 expression 
was reduced with siRNA (Figure 4e). Migration assays revealed that fewer MDA-MB-231-
N3ICD cells successfully migrated (approximately 30.4%) than cells transfected with control 
vector after culture for 48 hours. Nonetheless, GATA-3 knockdown via siRNA increased the 
number of migrating cells by over two-fold as compared to N3ICD-expressing cells. We 
observed similar results via cell invasion experiment (Figure 4f). These data indicate that 
Notch3 induces GATA-3 expression to inhibit migratory and invasive capabilities in MDA-
MB-231 cells.

Notch3 inhibits metastatic capacity of breast cancer in vivo model by regulating GATA-3
We used MDA-MB-231-N3ICD cells to investigate the function of the Notch3/GATA-3 axis 
in distant spreading of breast cancer, with/without GATA-3 knockdown, in tumor xenograft 
models. Confocal fluorescence microscopy confirmed successful construction of MDA-
MB-231 cells stably overexpressing N3ICD, with or without GATA-3 knockdown by lentivirus 
infection (Supplementary Fig. S2a; Figure 5a–b). The photon intensities of different cell 
numbers in the three groups showed that the bioluminescence image system can be used 
to observed distant metastases in vivo (Supplementary Fig. S2b–c). MDA-MB-231 cells 
were injected into in vivo mouse models via tail veins to determine the effect of Notch3 on 
metastasis (Figure 5c). Mouse body weight and organ bioluminescence imaging (BLI) were 
observed and recorded (Supplementary Fig. S2d; Figure 5d). Sixty days after injection, mice 
were humanely euthanized, and various organs were sampled to enumerate the number 
of metastases via BLI analysis. We detected lung metastases in all mice that were injected 
with control vector-transfected MDA-MB-231 cells (n=8). Only two mice injected with 
N3ICD-overexpressing cells had observable metastases (n = 8; Figure 5e-f). We validated 
that overexpression of Notch3 inhibited lung metastasis and suppressed vessel invasion 
using ex vivo BLI imaging and hematoxylin–eosin (H&E) staining (Figure 5g-h). Breast cancer 
metastases were not found in livers, spleen, stomach, brain or kidneys from all three groups 
(Supplementary Fig. S2e). These results imply that Notch3 is capable of inhibiting the 
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spreading of breast cancer in vivo.

Expression of Notch3 and GATA-3 correlate with ERα positivity in breast cancer patients
Our previous work reported a high correlation between Notch3 and ER expression profiles 
across different molecular subtypes of breast cancer [29]. In addition, evidence from a 
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public database consistently indicated that GATA-3 expression is significantly associated 
with ER expression in breast cancer [30]. We therefore determined expression of Notch3 
and GATA-3 in tissue samples from breast cancer patients with immunohistochemistry (IHC) 
(Figure 6a-d) and explored their possible relationship with progesterone receptor (PR) and 
ER statuses, as well as their associations with other clinicopathologic features. Seventy-two 
patients with breast cancer diagnosed at the Breast Center, Cancer Hospital of SUMC were 
included. Notch3 localized in both the nuclei and the cytoplasm according to IHC analysis 
(Figure 6b), while GATA-3 was exclusively localized to the nucleus (Figure 6d). Notch3 
expression was strongly associated with that of GATA-3 in breast cancer tissue samples 
according to the IHC criteria of calculating the positive staining area (Figure 6e, P=0.0029) 
or according to the intensity score of IHC staining classification (Table 1; Pearson r=0.337, 
P=0.004). Of all patients, 48 were ERα positive (48/72; 66.7%), and 24 were ERα negative 
(24/72; 33.3%), respectively. Compared to ERα negative tumors, levels of Notch3 and GATA-
3 were significantly higher in ERα positive tumors (Table 2; P=0.024, and 0.038, respectively). 
Likewise, Notch3 and GATA-3 expression levels were statistically higher in PR positive than in 
PR negative tumors (Table 2; P=0.038, and =0.027, respectively). Moreover, in the analysis of 
lymph node status, we found that Notch3/GATA-3 positive patients exhibited fewer lymph 
node metastases than Notch3/GATA-3 negative patients (Table 2; P=0.035, P=0.021). All data 
indicate that Notch3 expression positively correlates with elevated expression of GATA-3, ER 
and PR, as well as with a lower risk of lymph node metastasis. Additional clinicopathologic 
variables were showed in Table 2 and Supplementary Table S3. Representative pictures of 
different Notch3 or GATA-3 expression levels were showed in Supplementary Figure S4.

Discussion

This study represents the first demonstration that Notch3 transcriptionally upregulates 
the expression of GATA-3 and its downstream genes by a direct binding to the CSL core 
elements within its promoter, leading to repression of EMT in breast cancer cells, as well as 
suppression of in vivo distant metastasis. Of all the GATA family factors, GATA-3 is considered 
an emerging and specific biomarker of breast cancer that shows less invasive, has fewer 
metastases, and therefore associates with a better prognosis. ERα-positive, luminal subtype, 
or well-differentiated epithelial breast cancer expresses a notably high level of GATA-3 

Figure 5: Notch3 inhibits distant metastasis via regulation of GATA-3 in a humanized mouse model.
(a–b) Expression of Notch3, GATA-3, E-cadherin and vimentin in MDA-MB-231 cells analyzed by western blot (a) or 
RT–PCR (b) when stably overexpressing N3ICD, with or without knockdown of GATA-3 by lentivirus infection. (c–d) 
NU/NU mice were injected intravenously with MDA-MB-231 cells (1 × 106 cells) for the control group, Notch3 sta-
bly expressing group, or the stably expressing Notch3 with stably knocked down GATA-3 group. Bioluminescence 
imaging was performed 1 hour after injection and then twice a week. (c) The photon intensities of lung metastases 
in vivo in the three groups are indicated (mean ± SEM). (d) (e-f) Mice were sacrificed to examine metastases 2 
months after injection. Representative bioluminescence imaging was performed and mice were euthanized im-
mediately after imaging (n=8 independent mice per group). Bioluminescence imaging of a mouse lung which was 
taken out within 5 minutes of sacrifice (e). The photon intensities of lungs in vitro in the three groups are indicated 
(f) (mean ± SEM). (g) Representative hematoxylin and eosin (HE) staining for lung metastases in the two groups 
(Magnification: 100× and 400×).
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compared to ER-negative invasive breast cancer[31, 32]. GATA-3, known to be abundantly 
expressed in luminal cells, plays a crucial role during epithelial proliferation and is required 
for development and formation of normal mammary gland [6, 7]. Thus, GATA-3 is believed 
to maintain a luminal phenotype by up-regulating ERα. Solid evidence exists showing that, 
in breast cancer, the expression of GATA-3 is highly correlated to that of ERα, and the results 
were consistent with our previous findings [33].
      Our investigation of the regulatory mechanism of Notch3 and GATA-3 found that both were 

Figure 6. Notch3 expression is associated with GATA-3 in breast cancer clinical cases.
(a–d) Representative pictures of Notch3 low expression (a), Notch3 high expression (b), GATA-3 low expression (c), 
and GATA-3 high expression (d) Samples were stained by immunohistochemistry. (e) Positive correlation between 
Notch3 and GATA-3 expression (P=0.0029) analyzed by two-sided t-test. *P<0.05, **P<0.01, ***P<0.001 versus 
control. (f) Proposed model of how Notch3 and GATA-3 regulate EMT in breast cancer.
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positively associated with ER expression in breast cancers. Interestingly, enforced N3ICD 
expression results in the upregulation of GATA-3 in breast cancer cell lines with ERα-negative 
phenotype, while suppressing Notch3 expression downregulates GATA-3 expression in ERα-
positive cells. Moreover, using a reporter assay and a ChIP assay, our study demonstrates 
that Notch3 is capable of binding to CSL-binding motifs in the promoter of GATA-3 in breast 
cancer cells, suggesting that N3ICD directly activates GATA-3 expression. To date, there have 
been few investigations into the specific connection between Notch3 and GATA-3 in breast 
cancer cells. GATA-3 is a critical transcription factor that controls early development and 
formation of embryonic mammary gland and differentiation of T lymphocyte in response. 
Several studies have previously demonstrated that GATA-3 was a direct Notch1 downstream 
target through RBP-J, acting cooperatively with Notch signaling to generate optimal Th2 
cell responses [34]. Studies also revealed that the canonical Notch pathway and GATA-3 are 
both required by differentiated luminal cells to maintain a quiescent state [35]. However, 
during the commitment to mammary epithelial cells or tumorigenesis of breast cancer 
cells, whether GATA-3 is the direct target of certain specific Notch receptor has not been 
investigated [19].
     As previously reported, in recent studies we found that EMT of ERα-negative subtype 
breast cancer cells inhibits by overexpressing N3ICD, while drastically promoted by Notch3 
knocking-down [29]. In this study, ectopic GATA-3 expression partially rescued Notch3 
silencing-induced EMT transition, while GATA-3 knockdown reversed Notch3-induced 
mesenchymal-epithelial transition (MET). Thus, these results strongly indicate and support 
that Notch3, at least in part, acts via GATA-3 induction to inhibit EMT in breast cancer cells. 
These observations are supported by the finding that GATA-3 may act as a luminal epithelial 
biomarker of breast cancer. For example, Si et al. reported that GATA-3 inhibits the expression 
of genes having been recognized to be involved in EMT, such as ZEB2, TGFB1, MDM2, 
ZNF217, and BCS3, by recruiting the complex of G9A/NuRD (MTA3) [36]. Regarding the role 
of GATA-3 during the EMT process, Yan et al. also demonstrated that GATA-3 can activate 
the E-cadherin promotor by binding to typical GATA-like motifs, thereby reversing EMT [10]. 
Ohashi et al. demonstrated that Notch3 is necessary to limit the expression of ZEBs, which 
are transcription factors that play critical roles in TGF-beta–mediated EMT, thus describing 
the mechanism for Notch signaling pathway in the progression of esophageal squamous 
cancers [37]. Together, these findings suggest a functional and positive correlation between 
Notch3 and GATA-3 during EMT in breast cancer. However, given the emerging evidence 
that Notch receptors have distinct activities and functions in different tissues, Notch3 may 
have a unique role in breast cancer cells [19]. Interestingly, a prior study has described a 
positive feedback loop regulating between expression of GATA-3 and ERα in breast cancer 
[6, 38]. Taken together, Notch3 may inhibit EMT through a multi-tiered system such as 
directly or indirectly up-regulating ERα (Figure 6f). Wang et al provided evidences that 
Notch3 play a pivotal role in the cellular response to hypoxia in malignant cells, i.e., hypoxia 
initially stabilizes HIF1α, and subsequently, upregulates Notch3, which in turn decreases 
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the expression of IL6. In our unpublished data, there are negative correlations between 
Notch3/GATA-3 and IL6 at both protein and mRNA levels, suggesting Notch3/GATA3 may 
impact on metastases by altering microenviroment, i.e., IL-6 induction. However, the exact 
mechanisms whereby Notch3–GATA-3 or Notch3–ERα function in microenvironmental- or 
condition- specific manners require further investigation.
     Notably, Chou et al. reported that GATA-3 induces miR-29b to facilitate differentiation, 
repress metastasis and remodel the microenvironment in breast cancer [39]. Si et al. 
reported that disrupting the feedback loop between GATA-3 and ZEB2-induced repression 
programs promotes EMT and contributes to distant metastasis of breast cancer [36]. Using 
tumor xenograft models, we demonstrate herein that Notch3 restrains metastasis of breast 
cancer in vivo via regulation of GATA-3. Although the relationship between EMT and distant 
metastasis remains controversial; plenty of evidence points to the high correlation between 
EMT and distant metastases in breast cancer, including the latest study by Ye Xin et al. [40]. 
Considering that dysfunction of GATA-3 may correlate to distant metastases by reversing EMT, 
in combination with the observation that Notch3 positively regulates GATA-3 expression in 
vitro, we strongly proposed that Notch3 may be an essential factor in suppressing metastasis 
in breast cancer in some measure by inducing GATA-3 and inhibiting EMT.
    The analysis of clinical data further confirmed the co-expression and correlation of 
three transcriptional factors, i.e., Notch3, GATA-3, ERα. These findings are supported by 
Hisamatsu et al. who report that GATA-3 is connected to a less aggressive, HR-positive, 
HER2-negative phenotype, and therefore with a favorable survival outcome in breast cancer 
patients [30]. Moreover, we found that Notch3 and/or GATA-3 negative patients exhibited 
more lymph node metastases; this implies that the absence or low expression of Notch3/
GATA-3 may indicate a high potential for metastasis. Yoon et al. reported that higher GATA-3 
levels are indicator of favorable survival in breast cancer patients [12]. Our previous work 
demonstrated that the high expression of Notch3 protein or mRNA predicted better relapse-
free survival (RFS) in ER-positive breast cancer patients [29]. Given that both Notch3 and 
GATA-3 suppress EMT, the above findings are relevant in improving the former’s prognostic 
significance in patients with breast cancer. Altogether, we have presented evidence 
dissecting the role of the Notch3/GATA-3 axis in the EMT process as well as in the inhibition 
of breast cancer metastasis. In addition, we further describe a likely molecular mechanism 
controlling this axis. Our results provide novel insights into the complex regulation of EMT 
and provide a basis for further delineation of the Notch3/GATA-3 pathway as a promising 
candidate of prognostic indicator and/or therapeutic avenue for breast cancers.



Table1: Correlation of Notch3 and GATA-3 Expression in Patients with Breast Cancer

GATA-3 

Notch3
- + X2 r P value

- 12 14
8.184 0.337 0.004*

+ 7 39

*P value < 0.05 was considered statistically significant

Table 2: Correlation of Notch3 or GATA-3 Expression with Clinicopathological Status in 72 
Patients with Breast Cancer

Clinicopathologic 

features

Notch3low

(n=26)

Notch3high

(n=46)
P

GATA-3low

(n=19)

GATA-3high

(n=53)
P

Age at diagnosis 0.891 0.603

<50 12(46.2%) 22(47.8%) 8(42.1%) 26(49.1%)

≥50 14(53.8%) 24(52.2%) 11(57.9%) 27(50.9%)

Menstrual condi-
tions

0.716 0.303

premenopausal 12(46.2%) 26(56.5%) 9(47.4%) 29(54.7%)

postmenopausal 14(53.8%) 20(43.5%) 10(52.6%) 24(45.3%)

Tumor size (cm) 0.081 0.109

<2 11(42.3%) 6(13.0%) 7(36.8%) 13(24.5%)

≥2, <5 9(34.6%) 27(58.7%) 11(57.9%) 25(47.2%)

≥5 6(23.1%) 10(21.7%) 1(5.7%) 15(28.3%)

LN metastasis 0.035* 0.021*

0 11(42.3%) 31(67.4%) 9(47.4%) 33(62.3%)

1–3 4(15.4%) 8(17.4%) 1(5.7%) 11(20.8%)

≥4 11(42.3%) 7(15.2%) 9(47.4%) 9(17.0%)

Histological grade 0.205 0.963

I 2(7.7%) 10(21.7%) 3(15.8%) 9(17.0%)

II 14(53.8%) 25(54.3%) 10(52.6%) 29(54.7%)

III 10(38.5%) 11(23.9%) 6(31.6%) 15(28.3%)
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Stage 0.411 0.111

I-II 15(57.7%) 31(67.4%) 15(78.9%) 31(58.5%)

III-IV 11(42.3%) 15(32.6%) 4(21.1%) 22(41.5%)

ER 0.024* 0.038*

Positive 13(50.0%) 35(76.1%) 9(47.4%) 39(73.6%)

Negative 13(50.0%) 11(23.9%) 10(52.6%) 14(26.4%)

PR 0.038* 0.027*

Positive 11(42.3%) 31(67.4%) 7(36.8%) 35(66.0%)

Negative 15(57.7%) 15(32.6%) 12(63.2%) 18(34.0%)

HER-2 0.976 0.640

Positive 8(30.8%) 14(30.4%) 5(26.3%) 17(32.1%)

Negative 18(69.2%) 32(69.6%) 14(73.7%) 36(67.9%)

Ki67 status 0.923 0.128

<14% 15(57.7%) 26(56.5%) 8(42.1%) 33(62.3%)

≥14% 11(42.3%) 20(43.5%) 11(57.9%) 20(37.7%)

Breast cancer sub-
types

0.175 0.280

Luminal A 8(30.8%) 26(56.5%) 7(36.8%) 27(50.9%)

Luminal B/HER-2 
Neg

3(11.5%) 5(10.9%) 1 (5.7%) 7(13.2%)

Luminal B/HER-2 
Pos

2(7.7%) 4(8.7%) 1 (5.7%) 5(9.4%)

HER-2 4(15.4%) 5(10.9%) 3(15.8%) 6(11.3%)

TNBC 9(34.6%) 6(13.0%) 7(36.8%) 8(15.1%)

*P value < 0.05 was considered statistically significant

Abbreviation: LN (Lymph node), ER (Estrogen receptor), PR (Progesterone receptor), HER-2 
(Human epidermal growth factor receptor-2)
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Materials and Methods

Cell culture and transfection
All cell lines, including MCF-7, T47D, SK-BR3, MDA-MB-231 and BT549, were obtained from 
the American Type Tissue Collection (ATCC) and cultured followed manufacturer’s instructi-
ons. For Notch3 or GATA-3 knockdown in MCF-7 cells, specific siRNAs targeting Notch3and 
GATA-3, as well as control siRNAs were designed and synthesized by GenePharma (Suzhou, 
China). Oligonucleotide siRNAs are listed (see Supplementary Table 3). pCLE-N3ICD (Plas-
mid 26894) and control vector pCLE (Plasmid 17703) were purchased from Addgene (Cam-
bridge, MA, USA). The plasmid, pMIG hGATA-3, and its control vector, pMIG, were gifts from 
Professor Zena Werb (Department of Anatomy, University of California, San Francisco, USA). 
A stable Notch3-silenced cell line, MCF-7shN3, was generated by stable transfection with 
a silencing vector, pGPU6/GFP/Neo-shNotch3#1, containing an oligonucleotide sequence 
targeting Notch3 or a scramble sequence in the control vector (Supplementary Table S1, 
GenePharma). A stable Notch3 ICD over-expressing cell line, MDA-MB-231-N3ICD, was ge-
nerated by stably transfecting parental MDA-MB-231 cells with the pCLE-N3ICD vector. For 
both shRNA and DNA plasmid transfection assays, Lipo2000 (Life Technologies, Carlsbad, 
CA, USA) was used according to the manufacturer’s instructions. For the selection of trans-
fectants, 1 μg/mL G418 was added to the medium after 2 days in culture. 

Reverse transcription and PCR analysis
Total RNA purification, reverse transcription and real-time PCR analysis were performed as 
described in our previous works.[29] To normalize the amount of mRNA in each sample, 
β-actin was used. Primer used in PCR assay were showed in Supplementary Table S1.

Western blotting analysis
Western blotting was processed used methods we described previously[41]. Antibodies 
used and volume dilution were listed in Supplementary Table S2.

Immunohistochemistry
Samples of breast cancer tissues processing and immunohistochemistry staining as well as 
pathological scoring were performed as previously described[29]. Pathological scoring was 
investigated by two independent observers (XLW, HYL). Antibodies used in IHC staining are 
listed in Supplementary Table S2.

Wound healing assay
Cells were cultured in medium with Mitomycin C at a concentration of 25 mg/mL for 30 min. 
Then, injury lines were applied. When cells were culture at 90% confluency, injury line was 
made using a 2-mm wide tip on the culture plates. After rinsing with phosphate-buffered 
saline (PBS), cells were cultured with complete medium and allowed to migrate, and pho-
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tographs were taken (× 40) after 24 hours (MDA-MB-231) or 48 hours (MCF-7). Five random 
widths were recorded and measured for quantitation in each injury line.

Transwell invasion assays 
Cell culture inserts (8 μM pore size; BD, Franklin Lakes, NJ, USA) and Matrigel invasion 
chambers (BD) were used to perform migration and invasion assays, respectively. After se-
rum-starved for 24 hours, 2 × 104 MDA-MB-231 cells or 5 × 104 MCF-7 cells were seeded 
into the upper chamber cultured in serum-free medium, while the bottom chamber was ad-
ded with complete medium. For migration assays, cells were stained with 0.1% crystal violet 
after 24 hours. For invasion assays, cells were stained with 0.1% crystal violet after 48 hours. 
Each experiment was carried out in triplicate. The exact number of cells from 5 random 
fields in every individual well was captured and calculated by two investigators (HYL, YKL).

Immunofluorescence
Immunofluorescence of MCF-7, T47D, and knocked down Notch3 MCF-7siN3 or T47DsiN3 
was processed used followed instructions of manufacturer’s as we reported previously[41]. 
Antibodies used and volume dilution were listed in Supplementary Table S2. Slides were 
checked under a Zeiss microscope (Zeiss, Oberkochen, Germany).

Lentiviral and retroviral production
Viral production was carried out using calcium-phosphate–mediated transfection of 293T 
cells. Virus was concentrated by ultracentrifugation, and added to cells with polybrene 
transfection agent. Stably transduced cells were constructed and selected through cultured 
in a variety of medium with G418, puromycin or hygromycin for at least 5 days, or gathered 
by a fluorescence-activated cell sorting system.

Transient transfection experiments and luciferase reporter assays
The GATA-3 promoter region (-1000 upstream of exon 1 and extending to -1 bp) was cloned 
into the HandIII/XhoI sites of the luciferase reporter vector, pGL3-basic (Panomics, Fremont, 
CA, USA), named GATA-3 Wt luc. The mutant type of the GATA-3 promoter, named GATA-3 
Mt luc, was created in the same reporter vector with a deletion of the CSL-binding site 1 
(-829 to -834 bp upstream of exon 1) and CSL-binding site 2 (-665 to -670 bp upstream of 
exon 1). Transfection were performed using Lipo2000 based on the manufacturer’s instructi-
ons. The control vector, pRL-SV40 (Promega, Fitchburg, WI, USA) was utilized to balance the 
efficiency of transfection. To determine the influence of silenced or overexpressed Notch3 
on GATA-3 Wt luc activities, GATA-3 Mt luc was simultaneously co-transfected into MCF-7 or 
MDA-MB-231 cells with various doses of siRNA or over-expression vectors. Luciferase activi-
ty was determined using a dual luciferase reporter assay kit (Promega). 
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Chromatin immunoprecipitation assays
ChIP assays was performed as previously described [29], when MCF-7 cells cultured in a 
100-mm dish were in 80% confluence. Cell lysates incubated with IgG (Santa Cruz Biotech-
nology) were taken as an IP control, or incubated with an antibody specific to Notch3 (CST) 
as experimental group. Input PCR amplification was carried out with 10% of total cell ly-
sates. The PCR reaction amplified 165 bp (located -969 to -804 bp, region 1) and 166 bp 
products (located -781 to -665 bp, region 2) from the GATA-3 promoter that contained the 
CSL-binding elements (GGGAA, located -829 to -825 bp and -665 to -661 bp upstream of 
exon 1). A 354 bp PCR product (located -969 to -665 bp region 3) containing both two bin-
ding elements was also amplified for ChIP assay, and a 150 bp PCR reaction product (located 
-628 to -386 bp region 4), which was close to the CSL-binding elements but did not contain 
the sequence, was utilized as negative control. Sequences of primers and all the antibodies 
used in ChIP assays are showed in Supplementary Tables S2 and S3, respectively.

Electrophoretic mobility shift assay
Nuclear extracts obtained from MCF-7 cells were used in the EMSA experiments. Oligonu-
cleotides that contained the core sequence of CSL-binding elements were used in the assay 
and performed according to manufacturer’s protocols (Viagene, Tampa, Florida, USA). In 
competition assays, excessive amounts of unlabeled competitors were added 20 min before 
the addition of labeled probes. For supershift assays, an anti-Notch3 monoclonal antibody 
(5 μg, CST) was added and incubated at 4°C for 60 min. Sequences of the probes and muta-
ted competitors in the EMSAs are displayed in Supplementary Table S1. 

Tumor xenograft models
All animal protocols were strictly followed the guidance issued by the Institutional Animal 
Care and Use Committee of Shantou University Medical College (SUMC). Six-week-old fema-
le Nu/Nu nude mice (purchased from Vital River Laboratories, Beijing, China) were used for 
all the animal experiments. In brief, MDA-MB-231-NC, MDA-MB-231-N3ICD or MDA-MB-
231-N3ICD/shGATA-3 cells were injected randomly via the lateral tail vein (1 × 106 cells). 
Mice growth was monitored by measuring body weights twice a week. The development 
of distant organ metastasis was monitored and recorded by an IVIS Kinetic Imaging System 
(PerkinElmer, Waltham, MA, USA) in every three days. Fifteen minutes before imaging, mice 
were injected intraperitoneally with 150 mg/kg D-luciferin (PerkinElmer). Vein tail injecti-
on mice were sacrificed after 31 days. At the time of killing, organs were harvested, with 
subsequent visualization by an IVIS Kinetic Imaging System. Lungs, brain, spleen, kidneys, 
stomach, and liver were excised, and then fixed in 4% paraformaldehyde with final step of 
paraffin embedding. H&E staining was performed for tumor phenotype recognition. Tumor 
formations were identified by two pathologists of the Department of Pathology in Cancer 
Hospital of SUMC. 
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Statistical analysis
All experiments were performed in triplicate. Data are shown as the mean ± standard error 
of the mean (SEM). A two-sided Student’s t-test were used for the statistical analysis. P value 
of less than 0.05 was considered statistically significant.
Study approval. The study protocol was reviewed and approved by the ethics committee of 
the Cancer Hospital of Shantou University Medical College. All patients enrolled in this study 
have signed written informed consents. The animal experiment protocol was approved by 
the Institutional Animal Care and Use Committee of SUMC. 
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Supplementary

Table S1. Oligonucleotide sequences for siRNA constructs used in real-time PCR and 

CHIP and EMSA assays

Assay Sequences (5’ to 3’)
Amplicon 
(bp)

RT-PCR 　 　

Notch3 F  ATGCAGGATAGCAAGGAGGA 86

R  AAGTGGTCCAACAGCAGCTT

GATA-3 F  AGCCACTCCTACATGGACGC 98

R  AAGGGGCTGAGATTCCAGGG

ERα F  TGCTTCAGGCTACCATTATGGA 98

R  TGGCTGGACACATATAGTCGTT

E-cadherin F  AAAGGCCCATTTCCTAAAAACCT 172

R  TGCGTTCTCTATCCAGAGGCT

Vimentin F  GACGCCATCAACACCGAGTT 238

R  CTTTGTCGTTGGTTAGCTGGT

β-actin F  AGCGAGCATCCCCCAAAGTT 264

R  GGGCACGAAGGCTCATCATT

GAPDH F  ATGGGGAAGGTGAAGGTCG 108

R  GGGGTCATTGATGGCAACAATA

Hes1 F  AGTGAAGCACCTCCGGAAC 107

R  CGTTCATGCACTCGCTGA

Hey1 F   CATACGGCAGGAGGGAAAG 125

R  GCATCTAGTCCTTCAATGATGCT

siRNA 　 　 　

siNotch3 #1 CUCCUCCUUGCUAUCCUGCAUGUCCUU

siNotch3 #2 UAUAGGUGUUGACGCCAUCCACGCA

siNotch3 #3 GAGCCAAUAAGGACAUGCA

siGATA-3#1 AAGCCUAAACGCGAUGGAUAU

siGATA-3#2 AACAUC-GACGGUCAAGGCAAC

siGATA-3#3 TGCCTGTGGGCTCTACTAC

siNC UUCUCCGAACGUGUCACGU

ChIP 　 　 　
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Region1 F  GAGGGCTGGTTTCCTTGACT 165

R  GGAGGAAGAGACTGGCTCTA

Region2 F  TGTTGCCACTCAAGTCAAAAGC 166

R  ATGCCTTTGACTGGAGCGTC 

Region3 F  GAGGGCTGGTTTCCTTGACT 354

R  ATGCCTTTGACTGGAGCGTC 

Region4 F  CCTTTATCCGATGACTCACC 150

R  AGGATCTAATGCAGGGTGTT

EMSA 　 　 　

Probe1 or competitor 
1 (P1) 

GCGTACTCGGGGAATGAGTTAG

P1 mutant GCGTACTCGTGTGATGAGTTAG

Probe2 or competitor 
2 (P2) 

CAGAAGGCTCGGGAAAGAGGTGA

　 P2 mutant CAGAAGGCTCATAGCAGAGGTGA 　

Table S2. Proteins and description of corresponding antibodies

Antibodies Vendor Source KDa Dilution

Notch3 CST/ D11B8 Rabbit/mono 90
1:3000(WB)
、1:200(IF)

Notch3 Santa Cruz/M-20 Goat/poly 90 1:200 (IHC)

GATA-3 CST/D13C9 Rabbit/mono 50 1:3000（WB）

GATA-3 Santa cruz/HG3-35 Mouse/mono 50
1:100(IF) 
1:200(IHC)

ERα CST /D6R2W Rabbit/mono 68 1:3000 (WB)

E-cadherin DAKO/NCH-38 Rabbit/mono 120 1:3000 (WB)

Vimentin CST/D21H3 Rabbit/mono 55 1:2000 (WB)
GAPDH

β-actin

Santa Cruz/sc-32233

Santa Cruz/sc-58673

Mouse/mono

Mouse/mono

37

42

1:3000 (WB)

1:3000 (WB)
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Table S3: Correlation of Notch3 or GATA-3 Expression with Clinicopathological 
Status in 72 Patients with Breast Cancer

Clinicopathologic 
features

GATA-3low

&Notch3low 

(n=12)

GATA-3high

&Notch3high 

(n=38)

P

GATA-3low

&Notch-
3high(n=14)

GATA-3high

&Notch3low 

(n=8)

P

Age at diagnosis 0.729 0.806

<50 4(33.3%) 18(47.4%) 8(57.1%) 5(62.5%)

≥50 8(66.7%) 20(52.6%) 6(42.9%) 3(37.5%)

Menstrual condi-
tions

0.658 0.571

premenopausal 6(50.0%) 24(63.2%) 7(50.0%) 5(62.5%)

postmenopausal 6(50.0%) 14(36.8%) 7(50.0%) 3(37.5%)

Tumor size (cm) 0.070 0.013*

<2 7(58.3%) 9(23.7%) 4(28.8%) 0(0.0%)

≥2，<5 4(33.3%) 19(50.0%) 5(35.7%) 8(100.0%)

≥5 1(8.3%) 10(26.1%) 5(35.7%) 0(0.0%)

LN metastasis 0.005* 0.337

0 4(33.3%) 25(65.8%) 7(50.0%) 6(75.0%)

1–3 0(0.0%) 6(15.8%) 1(7.1%) 1 (12.5%)

≥4 8(66.7%) 7(18.4%) 6(42.9%) 1(12.5%)

Histological 
grade

0.543 0.329

I 2(16.7%) 9(23.7%) 0(0.0%) 1(12.5%)

II 6(50.0%) 20(52.6%) 8(57.1%) 5(62.5%)

III 4(33.3%) 9(23.7%) 6(42.9%) 2(25.0%)

Stage 0.248 0.076

I-II 10(83.3%) 25(65.8%) 5(35.7%) 6(75.0%)

III-IV 2(16.7%) 13(34.2%) 9(64.3%) 2(25.0%)

ER 0.001* 0.856

Positive 3(25.0%) 29(76.3%) 4(28.8%) 2(25.0%)

Negative 9(75.0%) 9(23.7%) 10(71.4%) 6(75.0%)

PR 0.002* 0.933

Positive 2(16.7%) 26(68.4%) 5(35.7%) 3(37.5%)
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Negative 10(83.3%) 12(31.6%) 9(64.3%) 5(62.5%)

HER-2 0.495 0.746

Positive 2(16.7%) 10(26.1%) 8(57.1%) 4(50.0%)

Negative 10(83.3%) 28(73.4%) 6(42.9%) 4 (50.0%)

Ki67 status 0.325 0.315

<14% 5(46.2%) 22(47.8%) 10(71.4%) 4(50.0%)

≥14% 7(53.8%) 16(52.2%) 4(28.8%) 4(50.0%)

Breast cancer 
subtypes

0.024* 0.744

Luminal A 3(46.2%) 22(56.5%) 5(35.7%) 4 (50.0%)

Luminal B/HER-2 
Neg

0(53.8%) 4(43.5%) 3 (21.4%) 1(12.5%)

Luminal B/HER-2 
Pos

0(53.8%) 3(43.5%) 2(14.3%) 1(12.5%)

HER-2 2(42.3%) 3(13.0%) 2(14.3%) 2(25.0%)

TNBC 7(34.6%) 6(58.7%) 2(14.3%) 0(0.0%)

*P value < 0.05 was considered statistically significant

Abbreviation: LN (Lymph node), ER (Estrogen receptor), PR (Progesterone receptor), HER-2 

(Human epidermal growth factor receptor-2)
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Figure S1. Stably silencing Notch3 or GATA-3 changed Morphology of MCF-7 cells. (a) Expression of Notch3 in 
MCF-7 cells analyzed by western blot when silencing by different sequence of siRNA. (b) Expression of GATA-3 in 
MCF-7 cells analyzed by western blot when silencing by different sequence of siRNA (c) Morphology of cells and 
expression of Notch3 or GATA-3 in MCF-7 analyzed by western blot when stably silencing Notch3 or GATA-3 by 
shRNA (d) Morphology of cells and expression of Notch3 or GATA-3 in MDA-MB-231 cells analyzed by western blot 
when overexpressing Notch3-ICD or GATA-3.
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Figure S2. Notch3 inhibits distant metastasis via regulation of GATA-3 in a Humanized Mouse Model
Confocal fluorescent microscopy of MDA-MB-231 when stably overexpressing Notch3-ICD with or without knock-
down of GATA-3 by lentivirus infection with different fluorescence. (b-c) The photon intensities of different cell 
numbers in the 3 groups are indicated (mean ±SEM). (d) A time course of mice body weight growth. Error bars 
show ±SEM. (e) Bioluminescence imaging of mice’s lung, liver, brain, stomach, spleen, kidney which were taken out 
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within 5 mins after sacrifice (left). Representative hematoxylin and eosin staining for such organ in the 3 groups. 
(Amplification factor: 40X).

Figure S3. Notch3 knockdown or N3ICD overexpression in breast cancer cells influenced downstream target Hes1 
and Hey1
 (a) Expression of Notch3, Hes1 and Hey1 in MCF-7 cells analyzed by RT–PCR when silencing Notch3 by siRNA. (b) 
Expression of Notch3, Hes1 and Hey1 in T47D cells analyzed by RT–PCR when silencing Notch3 by siRNA. (c) Expres-
sion of Notch3, Hes1 and Hey1 in MDA-MB-231 cells analyzed by RT–PCR when overexpressing N3ICD.
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Figure S4. Notch3 expression is associated with GATA-3 in breast cancer clinical cases.
(a–d) Representative pictures of Notch3 with different expression levels, (e–h) Representative pictures of GATA-3 
with different expression levels. Samples were stained by immunohistochemistry.
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Abstract

Resistance to chemotherapy continues to be a critical issue in the clinical therapy of tri-
ple-negative breast cancer (TNBC). Epithelial-mesenchymal transition (EMT) is thought to 
contribute to chemoresistance in several cancer types, including breast cancer. Identificati-
on of the key signaling pathway that regulates the EMT program and contributes to chemo-
resistance in TNBC will provide a novel strategy to overcome chemoresistance in this subty-
pe of cancer. Herein, we demonstrate that Notch1 positively associates with melanoma cell 
adhesion molecule (MCAM), a unique EMT activator, in TNBC tissue samples both at mRNA 
and protein levels. High expression of Notch1 and MCAM both predicts a poor survival in 
basal-like/TNBC patients, particularly in those treated with chemotherapy. The expression 
of Notch1 and MCAM in MDA-MB-231 cells gradually increase in a time-dependent manner 
when exposing to low dose cisplatin. Moreover, the expressions of Notch1 and MCAM in 
cisplatin-resistant MDA-MB-231 cells are significantly higher than wild-type counterparts. 
Notch1 promotes EMT and chemoresistance, as well as invasion and proliferation of TNBC 
cells via direct activating MCAM promoter. Inhibition of Notch1 significantly down-regulates 
MCAM expression, resulting in the reversion of EMT and chemoresistance to cisplatin in 
TNBC cells. Our study reveals the regulatory mechanism of the Notch1 pathway and MCAM 
in TNBC and suggesting that targeting the Notch1/MCAM axis, in conjunction with conven-
tional chemotherapies, might be a potential avenue to enhance the therapeutic efficacy for 
patients with TNBC.

Keywords: breast cancer, Notch1, MCAM, epithelial-to-mesenchymal transition, chemore-
sistance, cisplatin

Introduction

Breast cancer is presenting with increasing incidence while with decreasing mortality in the 
past few decades, primarily attributed to early detection and emerging effective treatment 
[1-3]. However, intrinsic or acquired drug resistance remains a significant problem and is 
one of the important reasons responsible for the treatment failure of breast cancer, par-
ticularly in patients with triple-negative breast cancer (TNBC), which is defined as absence 
of estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor 
receptor-2 (HER2) [4].

A plethora of studies has progressively suggested that the acquisition of epithelial-mesenc-
hymal transition (EMT) phenotype are interconnected and constitutively contributed to 
drug resistance in a variety of tumor types, including colorectal, ovary and breast cancers 
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[5-8], etc. EMT is a process in which the epithelial cells gradually lose apical-basal polarity 
and decrease their tight junctions with the basement membrane. Meanwhile, the cytos-
keleton is reconstructed, and eventually, the cells transform to a phenotype featured with 
an expression of mesenchymal markers [9-11]. This process is usually accompanied by an 
increasing number of cancer stem cells with active self-renewal capacity, and the tumor cells 
often become less sensitive to chemotherapy [12, 13]. 

Recent studies have shown that there were shared regulatory mechanisms, including 
Notch, PI3K/Akt/GSK-3β/Snail and MAPK/JNK signaling pathways, between EMT and che-
moresistance in a number of solid tumors [14, 15]. For example, Güngör C and colleagues 
reported that, in pancreatic cancer, Notch signaling activated by replication stress-induced 
expression midkine derived EMT and chemoresistance [16]. Maciaczyk D and colleagues 
reported that targeting CBF1, a cardinal transcriptional regulator of the Notch signaling, can 
be a valid anti-EMT therapy to repress chemoresistance in glioma cells [17]. A study by Jiao 
and colleagues indicated that the activation of the PI3 kinase/Akt/HIF-1α pathway promotes 
EMT process and chemoresistance in hepatocellular carcinoma [18]. Moreover, key EMT-re-
lated transcription factors, such as Slug, ZEB1, Snail, and Twist, were found to implicate in 
the modulation of drug resistance in distinct types of tumor cells [19-21]. 

Melanoma cell adhesion molecule (MCAM, also called CD146), initially identified to act as 
an oncogene in melanoma, was recently discovered to be a mesenchymal marker and a 
unique EMT inducer in breast cancer [22, 23]. A study by Zabouo and colleagues also repor-
ted that MCAM expression was a poor prognostic indicator in human breast tumors [24]. 
In small-cell lung cancer, it had been reported that MCAM mediated chemoresistance via 
regulating the PI3K/AKT/SOX2 pathway [25]. Up to now, the interrelationship and possible 
regulatory effects of Notch and MCAM in breast cancer remain not yet clear. 

Herein, through in-depth analysis in a variety of public databases, as well as clinical speci-
mens from our institution, we found that the expression of Notch1 was positively associated 
with MCAM in breast cancer, particularly in TNBC subtype. Furthermore, the mRNA and pro-
tein levels of Notch1 and MCAM were significantly higher in cisplatin-resistant TNBC cells 
(MDA-MB-231-DDPR) than parental wild-type counterpart. Preliminary experiments sug-
gested that down-regulation of Notch1 inhibited MCAM expression in two TNBC cell lines, 
and can affect the expression of key EMT markers. It is, therefore, hypothesized that Notch1 
might regulate MCAM in EMT and contributed to cisplatin resistance in TNBC. In the present 
study, we sought to investigate the impact and regulation of Notch1 signaling on MCAM, as 
well as the influence on EMT and chemoresistance in TNBC cells, with the ultimate goal of 
identifying a novel strategy to overcome chemoresistance in TNBC.
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Material and methods

Breast cancer cell lines and tissue culture
The five human breast cancer cell lines, including T47D, MCF-7, MDA-MB-231, SKBR-3, and 
BT-549 were purchased from the American Type Culture Collection (ATCC). Al the cells were 
cultured in DMEM medium containing 10% FBS. For construction of the cisplatin-resistant 
MDA-MB-231-DDPR cell line, the parental wild-type MDA-MB-231 cells were treated with 
cisplatin (Sigma-Aldrich, MO, USA) and gradually increased the cisplatin concentration from 
0.1μg/L to 1μg/L for 6 months. Finally, the MDA-MB-231-DDPR cells were continuously cul-
tured in 1μg/L cisplatin and 10% FBS DMEM medium. The γ-secretase inhibitor N-[N-(3,5-di-
fluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester (DAPT) was purchased from Sig-
ma-Aldrich (Merck millipore, Germany).

BcGenExMiner v4.1 database, TCGA datasets, and Kaplan Meier-plotter analysis
The bcGenExMiner v4.1 database was used to analyze the relationship among the expressi-
on of Notch family members (Notch-1, -2, -3, -4), ESR1 (Estrogen receptor-1), CDH1 (E-Cad-
herin), and VIM (Vimentin). The correlation of the mRNA levels between Notch1 and MCAM 
in breast cancer was analyzed by the cBioportal database (TCGA, nature 2012) (http://www.
cbioportal.org/index.do) and Pearson correlation analysis was used to obtain their correlati-
on coefficients [26]. Prognostic values of Notch1 and MCAM were evaluated through survi-
val analysis of 5,143 breast cancer patients derived from the Kaplan Meier-plotter database 
(http://kmplot.com/analy- sis/index.php?p=service&cancer=breast) [27].

Immunohistochemistry (IHC)
Tumor tissue samples were obtained from 52 TNBC patients received surgery in the Cancer 
Hospital of Shantou University Medical College. Immunohistochemistry assay was perfor-
med and analyzed as described previously [28]. The study and related procedures were 
approved by the Ethical Review Board of the hospital as indicated.

Western-blotting assay
Proteins were extracted from culture cells by using radioimmunoprecipitation assay (RIPA) 
buffer. The Bio-Rad BCA protein assay was performed to quantify total protein. Cell protein 
aliquots were loaded on the SDS-PAGE gel, and then transferred to a PVDF membrane with 
subsequent blockade with 5% nonfat milk in TBST buffer. After overnight incubation with 
primary antibodies (Supplementary Table S4) in 4°C, the blots were finally incubated with 
HRP-conjugated secondary antibody for one hour and visualized using ECL Substrates (Ap-
plygen).

RNA isolation and qRT-PCR analysis
Total RNA was extracted from breast cancer cells using Trozol (Thermo Fisher) based on the 
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manufacturer’s protocols. The qRT-PCR assay was performed according to procedures as de-
scribed previously [29]. The sequences of forward and reverse primers used in the qRT-PCR 
assay were showed in Supplementary Table S5.

Immunofluorescence
Cells were seeded with 60% confluence in Millicell EZ 8-well glass slides (Merck Millipore, 
Germany) and fixed with 4% paraformaldehyde. After that, cells were treated with 0.5% 
Triton X-100, and then blocked with 10% BSA for 20 min. After incubated with primary an-
tibodies overnight at 4°C, cells were then incubated with secondary antibodies (Alexa Fluor 
488 donkey anti-mouse IgG, Alexa Fluor 594 donkey anti-rabbit IgG) at room temperature 
for 1 h. Slides were finally mounted in Vectashield with DAPI (Life Technology, NY, USA). 
Images were visualized and captured with an immunofluorescence microscope (Carl Zeiss, 
Jena, Germany).

Cell viability assay
Cells were evenly seeded in 96-well plates and exposed to different treatments as described 
in the Figure legend. The Cell counting kit (CCK-8) (Beyotime Institute of Biotechnology, 
Jiangsu, China) was added to the medium and incubated for 2h by following the manufactu-
rer's instructions before measuring the absorbance value (450 nm).

Plasmids, small interfering RNA, and transfection
The pCMV-GFP-MCAM plasmids and corresponding empty vector pCMV-GFP were purcha-
sed from Sino Biological Inc. (Beijing, China). LV201-N1ICD plasmids were preserved by our 
laboratory. MCAM promoter was amplified and inserted in PGL3-enhancer reporter vector. 
The Fast Mutagenesis System (TansGene Biotech, Beijing, China) was used to construct the 
mutant MCAM promoter reporter according to the manufacturer's protocols. Cells were 
transfected with the plasmids or small interference RNAs (GenePharma Company, Suzhou, 
China) using Lipofectamine 3000 reagent (Life Technology, NY, USA) according to the manu-
facturer's instructions. The oligonucleotide sequences were shown in Supplementary Table 
S5.

Chromatin immunoprecipitation (ChIP)
The ChIP experiment was performed with a ChIP assay kit (Beyotime, Shanghai, China) by 
following the manufacturer's instructions, as described previously [29]. The primer sequen-
ces are displayed in Supplementary Table S5.

Electrophoretic mobility shift assay (EMSA)
The MDA-MB-231 cells and a series of oligonucleotides that contained the core sequence 
(TGGAAA) of CSL-binding elements were used and performed with an EMSA kit (Viagene, 
Tampa, Florida, USA) according to manufacturer’s protocols. In competition experiments, 
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excessive amounts of unlabeled competitors were added and incubated for 20 min, follo-
wed by the addition of labeled probes. In supershift assays, 5 μg of anti-Notch1 monoclonal 
antibody (Cell Signaling Technology) was added and incubated at 4°C for 1h. Sequences of 
the probes and mutated competitors utilized in the EMSAs are shown in Supplementary 
Table S5.

Luciferase reporter assays
Cells were co-transfected with MCAM promoter luciferase reporter and LV201-N1ICD plas-
mid using Lipofectamine 3000. The control vector pRL-SV40 was also co-transfected in each 
sample to normalize transfection efficiency. Dual-Luciferase Reporter Assay System (Prome-
ga, WI, USA) was used by following the manufacturer's instructions. 

Wound healing assay
Cells were seeded in a 6-well plate and allowed to grow to a 90% confluent monolayer. After 
serum-free starved for 12h, cells were wounded through scratching the monolayer with a 
100 mL pipet tip in the middle of each well. After washed with PBS for 3 times, Serum-free 
DMEM medium was added to the wells and then incubated at 37 °C in 5% CO2. All the data 
in the wound-healing assay are presented as a percentage of day 0 wound width.

Transwell assay
Transwell assay was conducted to examine the cell migrated and invasive capacity, as des-
cribed previously [30]. Briefly, cells were seeded in upper transwell chambers (8 mM pore 
size; BD, CA, USA) with 0.1% FBS medium. Medium with 10% FBS was added to the lower 
chamber. After cultured for 48h, cells were fixed with 4% paraformaldehyde and stained 
with 0.1% crystal violet. The number of cells from 5 fields in each well was counted by 2 
investigators (Ying-Sheng Xiao and Yuan-Ke Liang). Each assay was performed in triplicate.

Tumor xenograft models 
The mouse tumorigenesis protocol was reviewed and approved by the Animal Care and Use 
Committee of Shantou University Medical College. 2 × 106 MDA-MB-231-Fluc cells, MDA-
MB-231-shNotch1-Fluc cells or MDA-MB-231-shNotch1+pCMV-MCAM -Fluc cells were uni-
laterally injected into the mammary fat pad of 6-week-old Nu/Nu female mice (purchased 
from Vital River, Beijing, China). Tumor growth was monitored by measuring the width and 
length of tumors twice a week. The corresponding images were captured by using an IVIS 
Kinetic imaging system (PerkinElmer, MA, USA). Mice were euthanized after 42 days follo-
wing tumor cells implantation.

Statistical analysis. 
Data are expressed as the mean ± SEM, unless otherwise stated, and were statistically ana-
lyzed using a two-sided Student’s t-test. P<0.05 was considered statistically significant. Ka-
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plan–Meier survival curve, HR with 95 % confidence intervals and log-rank P value were 
calculated and plotted in R using Bio-conductor packages.

Results

Notch1 expression is positively correlated with MCAM in TNBC 
Previous studies have shown that both Notch signaling and MCAM were critical driver ge-
nes in EMT activation [31, 32], as well as contributed to chemoresistance in multiple tumor 
types [33]. Furthermore, it has also been reported that MCAM was significantly involved in 
Notch signaling [34], however, which specific Notch family member has the most intimate 
connection and potential regulatory effects with MCAM in breast cancer is not yet deter-
mined. Hence, we initially conducted an extensive analysis of public databases with plenty 
of breast cancer cases to probe the association between Notch family members and MCAM, 
as well as key EMT markers. We found that, among the four Notch family members, only 
Notch1 expression was significantly correlated to MCAM in breast cancer (Figure 1A).

Subsequently, the expression profile of Notch1 and MCAM was determined in five breast 
cancer cell lines, which demonstrated that Notch1 and MCAM highly expressed in ER-nega-
tive breast cancer cell lines (MDA-MB-231, SKBR-3, and BT549), but relatively low expressed 
or absent in ER-positive breast cancer cell lines (MCF-7 and T47D) (Figure 1B-C). Immunof-
luorescence assay in MDA-MB-231 cells demonstrated that Notch1 primarily located in the 
nucleus, and MCAM mainly located in the cellular membrane (Figure 1D). The result was in 
line with the finding in immunohistochemistry assay in TNBC tissue samples, which showed 
that MCAM predominantly located in the cellular membrane and particularly aggregated in 
the margin of tumor nest (Figure 1E), implying that MCAM might act as a critical factor that 
facilitate cancer cells invasion and dissemination. 

Analysis of a dataset with 528 breast cancer cases derived from TCGA, which demonstra-
ted the mRNA level of Notch1 was positively associated with that of MCAM (r=0.4450, 
p<0.0001) (Figure 1F). The positive rate of Notch1 was statistically higher in ER-negative tu-
mors than those in ER-positive tumors (p<0.00). The positive rate of Notch1 was statistically 
higher in basal-like subtype than non-basal-like subtype of breast cancer (p<0.00) (Table 
S1). A similar tendency was found in the mRNA profile of MCAM, which showed that the 
positive rate of MCAM was notably higher in ER-negative tumors than those in ER-positive 
tumors (p=0.003). The positive rate of MCAM was significantly higher in basal-like subtype 
than non-basal-like subtype of breast cancer (p<0.00) (Table S2).

Immunohistochemistry for 52 pathologically diagnosed TNBC tissue samples further confir-
med that Notch1 expression was positively associated with MCAM in TNBC (r=0.356, p=0.01) 
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Figure 1. Notch1 expression is positively correlated with MCAM in breast cancer. A. Heat-map representing the 

correlation of Notch family, MCAM and some EMT markers. B. The protein levels of Notch family, MCAM, E-cad-

herin and Vimentin were measured by Western blot in breast cancer cell lines. C. The mRNA levels of Notch family, 

MCAM, E-cadherin and Vimentin were detected by qRT-PCR in breast cancer cell lines. D. Immunofluorescence of 

MDA-MB-231 stained with anti-Notch1 (red signal) and anti-MCAM (green signal) antibodies, as well as DAPI for 

the nucleus (4’6-diamidino-2-phenylindole, blue). E. Representative images for immunohistochemical Notch1 and 

MCAM staining in breast cancer tissues. Scale bars: a-d = 100μm; e and f = 50μm. F. Correlation analysis of Notch1 

and MCAM in a large sample dataset derived from TCGA.
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(Figure 1F, Table S3). Therefore, we postulated that both Notch1 and MCAM might act as 
pivotal roles in TNBC and jointly participate in the regulation of mesenchymal attributes.

High expression of Notch1 and MCAM predicted a poor prognosis in TNBC patients, parti-
cularly in the subgroup receiving chemotherapy
We used Kaplan Meier-plotter, an online database with 5,143 breast cancer patients, to 
elucidate the association of Notch1 and MCAM with survival outcomes in TNBC patients, 
with a particular focus on those who received chemotherapy. In patients with triple-nega-
tive/basal-like subtype breast cancer, elevated Notch1 expression was significantly associa-
ted with reduced recurrence-free survival (RFS, p=0.00054, HR=1.56) (Figure 2A). Of note, 
subgroup analysis indicated that higher expression of Notch1 was significantly associated 
with a shorter RFS (p=0.02, HR=1.82) (Figure 2B). However, no significance was found in 
the group without chemotherapy (p =0.53, HR=1.17) (Figure 2C). In addition, high level of 
MCAM was also associated with poor RFS in triple-negative/basal-like subtype breast cancer 
patients (p=0.048, HR=1.29) (Figure 2D) as well as those patients received chemotherapy 
(p=0.045, HR=1.66) (Figure 2E). However, no statistically significant difference was found 
in those without receiving chemotherapy (p=0.41, HR=1.22) (Figure 2F). Thus, these data 
suggested that high expression of Notch1 and MCAM might contribute, at least in part, to 
the chemoresistance of TNBC.

Notch1 induces EMT by up-regulating MCAM
It has been reported that Notch1 was involved in the modulation of EMT and promote ag-
gressive ability in breast cancer [31, 35]. We found that knockdown of Notch1 in MDA-
MB-231 and BT-549 cells reduced MCAM and mesenchymal marker Vimentin expressions 
but increased the epithelial marker E-cadherin expression, while re-expressing MCAM in 
Notch1-knockdown MDA-MB-231 cells abrogated these expression changes (Figure 3A). 
Next, we examined the influence of the Notch1/MCAM axis on the migration and invasion 
of TNBC cells. Knockdown of Notch1 showed decreased migratory ability in wound healing 
assay, while re-overexpressing MCAM expression could restore the aggressive property (Fi-
gure 3B). Transwell assay showed that the migrative and invasive ability shift reduced by 
knockdown of Notch1 was almost prevented by restoration of MCAM expression. Collecti-
vely, these data suggest that Notch1 induce EMT through regulating MCAM in TNBC cells 
(Figure 3C-F).

Notch1 and MCAM are abundant in cisplatin-resistant MDA-MB-231 cells 
To explore the role of Notch1 and MCAM in chemoresistance of breast cancer cells, we 
treated parental wild-type MDA-MB-231 cells with 0.5μM/L cisplatin from 0h to 12h. We 
found that both Notch1 and MCAM expressions were increased time-dependently when 
exposing to cisplatin (Figure 4A). Next, we established a cisplatin-resistant MDA-MB-231 
cell line (MDA-MB-231-DDPR) by continuously exposing to increasing concentrations of DDP 
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Figure 2. The prognostic values of Notch1 and MCAM expressions breast cancer patients. A-C. The Kaplan-Mei-
er survival curves of high and low expressions of Notch1 in basal-like subtype breast cancer patients (A: n=718, 
HR=1.56, p=0.00054), and those treated with chemotherapy (B: n=230, HR=1.82, p=0.02) and without chemothe-
rapy treatment basal-like subtype breast cancer patients (C: n=184, HR=1.17, p=0.53). D-F. The Kaplan-Meier sur-
vival curves of high and low expressions of MCAM in basal-like subtype breast cancer patients (D: n=718, HR=1.29, 
p=0.048), and those treated with chemotherapy (E: n=230, HR=1.66, p=0.045) and without chemotherapy treat-
ment basal-like subtype breast cancer patients (F: n=184, HR=1.22, p=0.41).
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Figure 3. Notch1 induces EMT by up-regulating MCAM. A. Notch1, MCAM, E-cadherin, and Vimentin protein levels 
were analyzed by western blot in MDA-MB-231 and BT-549 when knockdown Notch1, with or without re-overex-
pressing MCAM. B-C. Representative images (B) and quantitative (C) wound recovery data of 0h and after 24h in 
MDA-MB-231 cells transfected with shNotch1 and with or without overexpressing MCAM. D-E. Representative ima-
ges (D) and quantitative (E) wound recovery data of 0h and after 24h in BT-549 cells transfected with shNotch1 and 
with or without overexpressing MCAM. F-G. Representative images (F) and quantitative (G) migration and invasion 
assays in MDA-MB-231 cells transfected with shNotch1 and with or without overexpressing MCAM. H-I. Represen-
tative images (H) and quantitative (I) migration and invasion assays in BT-549 cells transfected with shNotch1 and 
with or without overexpressing MCAM. Mean ± SEM, *p<0.05; **p<0.01; ***p<0.001 by Student’s t-test.
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for 6 months until a stable resistant phenotype was obtained. The IC50 value of cisplatin to 
MDA-MB-231-DDPR cells (77±0.7148μM/L) was about 6.02 times higher than that of pa-
rental cells (12.85±0.599μM/L)(Figure 4B). Then, we examined Notch1 and MCAM expres-
sions in MDA-MB-231-DDPR cells. As shown that both protein and mRNA of Notch1 were 
higher in the MDA-MB-231-DDPR cells as compared to the parental MDA-MB-231 cells. In 
addition, the mesenchymal marker Vimentin and major drug resistance-related proteins in-
cluding pAKT, P-glycoprotein (P-gp), and multidrug resistance protein 1 (MRP1) were also 
activated (Figure 4C-D). Furthermore, the transwell assays showed that the migrative and 
invasive capabilities were enhanced in MDA-MB-231-DDPR cells as compared to parental 
MDA-MB-231 cells (Figure 4E-F). These results suggest that Notch1 and MCAM may play 
essential functions in acquiring cisplatin resistance and inducing EMT program in the MDA-
MB-231 cell line.

Figure 4. Notch1 and MCAM are abundant in cisplatin-resistant MDA-MB-231 cells. A. The protein levels of Notch1 
and MCAM were measured by Western blot in MDA-MB-231 cells treated with cisplatin. B. Cell viability analy-
sis of cisplatin-resistant MDA-MB-231 cells (MDA-MB-231DDPR) and parental MDA-MB-231 cells after treatment 
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Notch1 promotes cisplatin resistance in MDA-MB-231 cells by regulating MCAM
To evaluate the effects of Notch1 and MCAM on chemoresistance of breast cancer cells, 
we treated cisplatin-resistant MDA-MB-231 cells (MDA-MB-231-DDPR) with varying doses 
of cisplatin and measured the IC50 values. Knockdown of Notch1 or MCAM enables MDA-
MB-231-DDPR cells to become more sensitive to cisplatin (IC50 were 33.85±0.5773μM/L 
and 35.73±1.732μM/L, respectively), as compared to the cisplatin-resistant (MDA-MB-
231-DDPR) control group (IC50=59.10 ±1.155μM/L). It was more obvious that combinative 
inhibition of Notch1 and MCAM by using RNAi significantly enhanced cisplatin sensitivity 
(IC50= 26.99 ±1.842μM/L). However, the effect of siNotch1 in chemosensitive can be partly 
nullified by overexpressing MCAM (IC50=47.58±1.039μM/L) (Figure 5A-B). In MDA-MB-231 

with cisplatin. C. Protein level of Notch1, MCAM, Vimentin, pAKT, P-glycoprotein (P-gp) and multidrug resistance 
protein 1 (MDR1) detected by Western blot analysis in MDA-MB-231 and MDA-MB-231DDPR cells. C. The mRNA 
expressions of Notch1 and MCAM were validated by qRT-PCR in in MDA-MB-231 and MDA-MB-231DDPR cells. 
E-F. Representative micrographs and quantitative migration and invasion transwell assays. Mean ± SEM, *p<0.05; 
**p<0.01 by Student’s t test.
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cells, knockdown of Notch1 decreased IC50 value to cisplatin (IC50=7.600 ±0.2887μM/L) 
compared with the control group (IC50=16.00±0.5774μM/L), while re-expressed MCAM 
abrogated this effect (IC50=15.80±0.4041μM/L) (Figure 5C-D). Furthermore, we demonstra-
ted that re-expressing MCAM could restore the inhibition of colony formation ability by de-
pletion of Notch1, especially in the cells treated with cisplatin (Figure 5E-F). These findings 
indicate that Notch1 acts as a pivotal mediator of cisplatin resistance via modulating MCAM 
in TNBC cells.

Notch1 ICD directly binds to the MCAM promoter and activates its expression
In MDA-MB-231, knockdown of Notch1, but not Notch2 and Notch4, decreases the protein 
level of MCAM, which were further verified by qRT-PCR in mRNA level (Figure 6A-F). Next, 
we used the gamma secret inhibitor (DAPT) to block Notch1 intracellular domain (ICD) in 
MDA-MB-231 cells. It was found that both Notch1 ICD and MCAM expressions were decre-
ased dose-dependently by treating with gamma secret inhibitor (Figure 6G and H). These 
findings suggest that Notch1 positively regulates MCAM in TNBC cells.

Figure 5. Notch1 promotes cisplatin-chemoresistance in MDA-MB-231 cells by regulating MCAM. A-B. Cell viabi-
lity and IC50 analysis of cisplatin-resistant MDA-MB-231 cells transfected with siNotch1, siMCAM or pCMV-MCAM 
after treatment with cisplatin. C-D. Cell viability and IC50 analysis of MDA-MB-231 cells transfected with shNotch1, 
shMCAM or pCMV-MCAM after treatment with cisplatin. E-F. Representative images and quantitative of colony 
formation in MDA-MB-231 cells treated with or without cisplatin are shown. Mean ± SEM, **p<0.01; ***p<0.001 
by Student’s t test.
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To explore the regulatory mechanism of MCAM by Notch1, we further evaluated whether 
Notch1 regulated MCAM in transcription level. As expected, four Notch family CSL binding 
sites were confirmed to be present in the promoter of MCAM. Among them, three continuo-
us CSL binding sites were located in -3.5kb of MCAM promoter, the other one was located 
at -477b (Figure 7A). ChIP assay demonstrated that Notch1 directly bind to the promoter 
of MCAM, especially in the region of -3.5kb upstream of MCAM exon 1 (Figure 7B-D). We 
next constructed the wildtype and mutant MCAM promoter luciferase reporter. Overex-
pression of Notch1 ICD induces nearly 15 folds of luciferase activities in MCAM promoter 
luciferase reporter, which contains three CSL binding sites, and more than 3 folds in the 
reporter that contains one CSL binding site compared with the control reporter. However, 
mutated CSL binding sites can abrogate the increasing luciferase activities by Notch1 (Figure 
7E-F), suggesting that Notch1 signaling is responsible for trans-activating MCAM expression 
in TNBC cells. Next, electrophoretic mobility shift assays (EMSAs) was employed to explore 
the elements required for Notch1 binding within the promoter of MCAM. In competition 
assays, we found that addition of excess unlabeled nucleotides eliminated the Notch1 shif-
ting band. However, this effect was not observed in the presence of an excess of unlabeled 
mutated oligonucleotide. After adding labeled probe and anti-Notch1 antibody to MDA-
MB-231 nuclear extracts, a super-shifted band was observed, suggesting that Notch1 was 
capable of binding to the typical core bound element within the promoter of MCAM. Our 
findings indicate that Notch1 is a component of a complex that binds the MCAM promoter 
(Figure 7G-H).

MCAM is a pivotal mediator in Notch1 induced tumor formation and proliferation in MDA-
MB-231 cells
We next performed tumor xenograft model to explore the role of Notch1 and MCAM in 
tumor formation and proliferation. MDA-MB-231 cells were injected into the mammary fat 
pad of NU/NU mice. It showed that Notch1-knockdown MDA-MB-231 cells developed fewer 
tumor formation (4/8) than the control group. In addition, the proliferation rate was slower 
and tumor weight was less in the Notch1-knockdown group. However, re-overexpressing 
MCAM in Notch1 depleted MDA-MB-231 cells restored the tumor formation and proliferati-
on capability (Figure 8A-D). These results showed that Notch1 inhibition suppressed tumor 
formation and proliferation in MDA-MB-231 cells by down-regulating MCAM.

Figure 6. Notch1 positively regulates MCAM expression in MDA-MB-231 cells. A-C. The protein levels of Notch1, 
Notch2, Notch4, and MCAM were determined by western blot in MDA-MB-231 cell and MDA-MB-231 cells trans-
fected with Notch1 RNAi, Notch2 RNAi, and Notch4 RNAi. D-F. The mRNA levels of Notch1, Notch2, Notch4, and 
MCAM were determined by qRT-PCR in MDA-MB-231 cell and MDA-MB-231 cells transfected with Notch1 RNAi, 
Notch2 RNAi, and Notch4 RNAi. G. The protein levels of Notch1full length (FL), Notch1 ICD and MCAM were de-
termined by western blot in MDA-MB-231 cell treated with γ-secretase inhibitor DAPT. H. Representative images 
of immunofluorescence staining with anti-Notch1 (red signal) and anti-MCAM (green signal) antibodies, as well as 
DAPI for the nucleus (blue) in the MDA-MB-231 cell.
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Figure 7. Notch1 directly binds to the MCAM promoter and activates its expression. A-B. Schematic represen-
tation of the CSL binding element-containing regions in MCAM promoter (A) and PCR products containing CSL 
binding sites in MCAM promoter (B). C. PCR product bands of MCAM promoter regions 1, 2, and 3. D. Bands were 
dramatically decreased in regions 1 and 2 when cells were treated with siNotch1. E-F. Relative luciferase activity of 
MDA-MB-231 cells co-transfected with Notch1 ICD and wild-type or mutated MCAM promoter luciferase reporter; 
pRL-SV40 was used as control. G-H. EMSA assay was performed in MDA-MB-231 cells. Probes 1 and probe 2 re-
present two biotin probes containing the core element of the CSL-binding sites of the MCAM promoter. Supershift 
bands (lane 3) were seen in the presence of an anti-Notch1 antibody, but not in the presence of an anti-IgG anti-
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body (lane 4). Competition assays were performed using a 100-fold (lane 5) excess of unlabeled oligonucleotide 
containing the core element of the CSL-binding element of the MCAM promoter. A 100-fold excess of unlabeled 
mutation oligonucleotide containing the mutated core element of the CSL-binding element (lane 6) was used for 
mutation competition assays. Mean ± SEM, **p<0.01; ***p<0.001 by Student’s t test.

Figure 8. MCAM is a pivotal mediator in Notch1 induced tumor formation and proliferation in breast cancer. A. 
2×106 MDA-MB-231-Luc cells were injected into the mammary fat pad of immunodeficient NU/NU mice (control 
group n=8; Notch1 knockdown group n=8; Notch1 knockdown and MCAM re-overexpressing group n=8). Repre-
sentative bioluminescence images of mice tumor were shown. B. Tumor size was monitored every 3 days. C. Pri-
mary tumors dissected from each group of mice are shown. D. Weight of primary tumors in the different groups. 
E. Schematic signaling model of Notch1/MCAM axis promoting EMT, invasion and chemoresistance in TNBC cells.
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Discussion

Systemic chemotherapy remains a mainstay in the treatment of women with TNBC, either 
at adjuvant or metastatic setting, due to the absence of a valid target [73]. Generally, TNBCs 
are more susceptible to chemotherapy as compared to luminal-A, -B or HER2-positive tu-
mors [36]. However, the risk of relapse for patients with TNBC is markedly higher than those 
with hormone positive subtypes, primarily attributed to the aggressive biological nature, 
and in a large part to chemoresistance, which accounts for over 90% of treatment failure in 
patients presenting with advanced and metastatic diseases [37].

Currently, the established molecular mechanisms of chemoresistance in TNBC include: 1) 
ABC transporter [38], 2) alterations in genes involved in apoptosis inducer such as p53 [39], 
3) aberrant activation in NF-ϰB or PI3K/AKT signaling pathways [40, 41], 4) mutations in DNA 
repair enzymes such as DNA mismatch repair enzymes [42], 5) autophagy [43], and more 
recently, 6) epithelial-to-mesenchymal transition (EMT) [44, 45]. EMT has been recognized 
to be an essential attribute in cancer biology, in which cancer cells obtain a more aggressive 
phenotype to adapt to the microenvironment with possibly low oxygen and poor nutrition 
supply and facilitate migration to a more habitable location within the host [46]. Increasing 
evidence has indicated that activation of the EMT program contributes critically to the de-
velopment of drug resistance in a variety of cancer types, thereby permitting clinical relapse 
[47].

In the present study, in-depth exploratory analysis on an array of publicly accessible da-
tabases, including BcGenExMiner v4.1, TCGA and Kaplan Meier-plotter, revealed a strong 
link between Notch1 and MCAM mRNA expression, which also demonstrated an intimate 
connection with major EMT markers in TNBC. This remarkable association was also verified 
in the correlation analysis of immunohistochemical examination for tissue samples from our 
institution. Analysis of the prognostic value of the expression levels of Notch1 and MCAM 
in breast cancer patients indicated that RFS was significantly shorter in patients with high 
expression of Notch1 in basal-like breast cancer patients, especially in those treated with 
chemotherapy. Similarly, high MCAM expression was significantly correlated with shorter 
RFS in patients with basal-like subtype breast cancer, particularly in the subgroup under-
going chemotherapy. Therefore, we postulated that high expression of Notch1 and MCAM 
might contribute, at least in part, to the chemoresistance of TNBC.

Strikingly, in vitro experiments revealed that, when exposing to low dose cisplatin (non-
lethal), the expression of Notch1 and MCAM in TNBC cells gradually increased in a time-de-
pendent manner. The expression of Notch1 and MCAM in cisplatin-resistant TNBC cells 
(MDA-MB-231-DDPR) were significantly higher than wild-type counterparts. In addition, 
the expression of mesenchymal marker Vimentin and classic chemoresistance-associa-
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ted proteins, such as pAKT, P-gp, and MRP1, were also found to significantly upregulate in 
MDA-MB-231-DDPR cells. A similar phenomenon was observed in a recent study by rese-
archers from MD Anderson Cancer Center, demonstrating that MCAM markedly upregula-
ted in chemoresistant small cell lung cancer (SCLC) cell lines that exhibited a mesenchymal 
phenotype and in chemoresistant patient-derived xenografts (PDXs) compared to matched 
treatment-naïve tumors [25]. Hence, we posited that Notch1 and MCAM might jointly parti-
cipate in the modulation of EMT program, and play essential roles that enable TNBC cells to 
acquire anti-cancer drug resistance.

The major molecular hallmark of EMT in breast cancer is the down-regulation of E-cad-
herin and upregulation of cytoskeleton protein vimentin [48, 49]. Lost- and gain-of-function 
experiments in TNBC cells demonstrated that inhibition of Notch1 substantially decreased 
MCAM expression both at mRNA and protein levels, and over-expression of Notch1-ICD 
significantly increased MCAM expression. Subsequent rescue experiments in two TNBC cell 
lines demonstrated that Notch1 was able to modulate the EMT program with corresponding 
changes in the expression of E-cadherin and Vimentin, as well as alter their migratory and 
invasive capabilities. More importantly, MCAM was found to act as a key mediator during 
these regulatory processes. The results were in line with previous studies recognizing that 
Notch1 signaling pathway was a pivotal signal pathway constitutively involved in EMT regu-
lation in breast cancer [32, 35, 50], and agree with the latest perspective that MCAM is a 
unique EMT inducer [22, 35].

The intriguing findings prompt us to further evaluate whether the Notch1/MCAM signaling 
pathway can also influence chemosensitivity. In vitro drug resistance assays revealed that, 
as compared with the control group, knockdown of Notch1 in MDA-MB-231 cells signifi-
cantly enhanced their sensitivity to cisplatin, along with significantly reduced IC50. While 
enforced expression of MCAM, the sensitivity of MDA-MB-231 cells to cisplatin decrease 
again, with IC50 significantly increased. The clonal formation assay also found the similar 
tendency. These results verified that inhibition of the Notch1/MCAM signaling pathways not 
only reversed the EMT in TNBC cell, but also increased their sensitivity to cisplatin. The vie-
wpoint was supported by the findings in the study by Ren, J. and colleagues, who suggested 
that targeted inhibition of ZEBl in pancreatic cells can restore epithelial cell characteristics, 
and enhance the sensitivity of anti-tumor drugs [51]. Moreover, recent clinical studies have 
shown that EMT-targeted therapeutic strategies can reverse cancer resistance to the che-
motherapeutic drug, including carboplatin and gemcitabine [52-54].

Previous study in melanoma by Pinnix and colleagues have reported that Notch1 signaling 
could regulate MCAM expression, however, the detail regulatory mechanism remains not 
fully elucidated. In the present study, we found the core sequence of CSL binding element 
in Notch1 signaling in the MCAM promoter. ChIP and EMSA experiments mutually validated 
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that Notch1-ICD can directly bind to the CSL binding site in MCAM promoter in vitro. Mo-
reover, dual-fluorescent reporter assay confirmed that Notch1-ICD can drive the activity of 
MCAM promoter in MDA-MB-231 cells. The above results suggested that Notch1 transcrip-
tionally activated MCAM expression in TNBC cells.

The mediating effect of MCAM in Notch1 signaling was also found in in vivo experiments. 
Xenograft models demonstrated that, compared with the control group, knockdown of 
Notch1 significantly reduced tumor size than the control group. While enforced-expressed 
of MCAM significantly enhanced tumor formation ability and tumor size, which indicated 
that MCAM mediated the Notch1 signaling in promoting the proliferative ability of breast 
cancer cells, as well as facilitating xenograft tumor formation.

One possible explanation for the Notch1/MCAM axis promoting EMT and contributing to 
cisplatin resistance of breast cancer cells, is that the EMT process could enable the cancer 
cell to acquire self-renewal capacity, with features resemble those of cancer stem cells [5], 
since Notch1 and MCAM has been recognized to be essential contributors of cancer stem-
ness [55-57]. Another reason is that the Notch1/MCAM axis is able to activate the PI3K/AKT 
pathway, as well as upregulation of several classic chemoresistant proteins, such as P-gp and 
MRP1, which has been demonstrated in cisplatin-resistant MDA-MB-231 cells in the present 
study. The previous study on the mechanism of chemoresistance in breast cancer suggested 
that canonical Notch1 pathway can promote chemoresistance by regulating PTEN/PI3K/AKT 
pathways [58]. Several studies suggested that the constitutive and inducible PI3K/AKT activi-
ties involved in chemoresistance of breast cancer [59, 60]. A study by Singel and colleagues 
showed that KLF14 promoted AKT phosphorylation, thereby enhance chemoresistance in 
TNBC [61]. Kim, B. and his colleagues reported that chemotherapy induces Notch1-depen-
dent MRP1 up-regulation, suppression of which sensitizes breast cancer cells to chemothe-
rapy [33]. Lastly, MCAM is a key activator of the PI3K/AKT pathway, which has been widely 
recognized to contribute to drug resistance in multiple cancers [23, 62], as shown in the 
representative signaling model in Figure 8E.

In summary, Notch1 was positively correlated with MCAM in TNBC both at mRNA and pro-
tein levels. High expression of Notch1 and MCAM both predicted a poor prognosis in ba-
sal-like/TNBC patients, particularly in those treated with chemotherapy. Notch1 promotes 
EMT and chemoresistance, as well as invasion and proliferation of TNBC cells via direct ac-
tivating MCAM promoter. Inhibition of Notch1 significantly down-regulated MCAM expres-
sion, resulting in the reversion of EMT and chemoresistance to cisplatin in TNBC cells. This 
study might help to better understand the regulatory mechanism of EMT in contribution to 
chemoresistance in breast cancer and provides evidence that targeting the Notch1/MCAM 
axis, in conjunction with conventional chemotherapies, might be a potential avenue to en-
hance the therapeutic efficacy for patients with TNBC.
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Supplementary

Table S1: Correlation of Notch1 Expression with Clinicopathological Status in Breast Can-
cer (TCGA)

Clinicopathologic feature

Expression (%)

χ2 P valueNegative 

(n= 300)

Positive 

(n= 228)
Age 7.16 0.007
≤50 78 (48.1) 84 (51.9)
>50 222 (60.6) 144 (39.4)

Tumor size 0.061 0.89
T1 79 (59.4) 54 (40.6)
T2 175 (55.9) 138 (44.1)
T3 32 (55.2) 26 (44.8)
T4 12 (60.0) 8 (40.0)

No Data 2 (50.0) 2 (50.0)
LN metastasis 2.63 0.45

N0 154 (57.2) 115 (42.8)
N1 97 (57.4) 72 (42.6)
N2 37 (60.7) 24 (39.3)
N3 12 (42.9) 16 (57.1)

No Data 1 
AJCC Histological grade 1.88 0.60

I 58 (63.0) 34 (37.0)
II 165 (56.0) 130 (44.0)
III 60 (55.6) 48 (44.4)
IV 9 (64.3) 5 (35.7)

No Data 8 (42.1) 11 (57.9)
Metastasis 0.86 0.35

M0 286 (56.3) 222 (43.7)
M1 9 (69.2) 4 (30.8)

No Data 5 (71.4) 2 (28.6)
ER 53.31 <0.00

Negative 32(27.1) 86 (72.9)
Positive 262(65) 141 (35)

No Data 6 (85.7) 1(14.3)
PR 37.40 <0.00

Negative 68 (37.9) 111 (62.1)
Positive 225 (66.0) 116 (34.0)
No Data 7 (87.5) 1(12.5)

HER2 0.007 0.93
Negative 246 (56.8) 187 (43.1)
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Positive 43 (57.3) 32 (42.7)
No Data 11 (55.0) 9 (45.0)

Breast cancer subtypes 79.04 <0.00
Luminal A 157 (68.3) 73 (31.7)
Luminal B 86 (68.8) 39 (31.2)

HER2-enriched 31 (53.5) 27 (46.5)
Basal-like 18 (18.3) 80 (81.7)
No Data 8 (72.7) 3 (27.3)

Table S2: Correlation of MCAM Expression with Clinicopathological Status in Breast Cancer 
(TCGA)

Clinicopathologic 
features

Expression (%)

χ2 P valueNegative 

(n= 283)

Positive 

(n= 243)
Age 2.68 0.10
≤50 78 (48.5) 83(51.5)
>50 205 (56.2) 160 (43.8)

Tumor size 3.06 0.38
T1 74 (56.5) 57 (43.5)
T2 159 (50.8) 154 (49.2)
T3 34 (58.6) 24 (41.4)
T4 13 (65.0) 7 (35.0)

No Data 3 (75.0) 1 (25.0)
LN metastasis 2.49 0.48

N0 142 (53.2) 125 (46.8)
N1 97 (57.4) 72 (42.6)
N2 31 (50.8) 30 (49.2)
N3 12 (42.9) 16 (57.1)

No Data 1
AJCC Histological 

grade 1.89 0.59

I 52 (57.8) 38 (42.2)
II 156 (52.9) 139 (47.1)
III 54 (50.0) 54 (50.0)
IV 9 (64.3) 5 (35.7)

No Data 12 (63.2) 7 (36.8)
Metastasis 1.25 0.26

M0 271 (53.6) 235 46.4)
M1 9 (69.2) 4 (30.8)

No Data 3 (42.9) 4 (57.1)
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ER 10.93 <0.00
Negative 47(39.8) 71 (60.2)
Positive 229(57.1) 172 (42.9)
No Data 7 

PR 8.63 0.003
Negative 79 (44.4) 99 (55.6)
Positive 197 (57.9) 143 (42.1)
No Data 7 (87.5) 1(12.5)

HER2 0.03 0.86
Negative 231 (53.6) 200 (46.4)
Positive 41 (54.7) 34 (45.3)
No Data 11 (55.0) 9 (45.0)

Breast cancer sub-
types 31.16 <0.00

Luminal A 123 (53.5) 107 (46.5)
Luminal B 90 (72.0) 35 (28.0)

HER2-enriched 30 (51.7) 28 (48.3)
Basal-like 34 (34.7) 64 (65.3)
No Data 6 (40.0) 9 (60.0)

Table S3: Correlation of Notch1 and MCAM Expression with Clinicopathological Status in 
Breast Cancer 

Notch1

MCAM
R P value

- + ++ +++

- 8 5 2 2

0.356 0.01
+ 5 5 0 1

++ 1 4 4 2

+++ 2 5 0 6



155

Inhibition of Notch1 reverses EMT and chemoresistance to cisplatin in TNBC

6

Table S4. Proteins and description of corresponding antibodies
Antibodies Vendor NO.
Notch1 Cell Signaling 3439
Notch2 Cell Signaling 4530
Notch3 Cell Signaling 5276
Notch4 Cell Signaling 2423
ERα Cell Signaling 8644
E-cadherin Cell Signaling 3195
Vimentin Cell Signaling 5741
MCAM Cell Signaling 13475
β-actin Santa Cruz Sc-47778
ERα Santa Cruz Sc-8002
p-AKT ser Cell Signaling 4060
p-gp Affinity Biosciences AF5185
MRP1 Abcam Ab233383
GAPDH  Zhongshanjinqiao  TA-08

Table S5. Oligonucleotide sequences for siRNA constructs used in real-time PCR and 
CHIP and EMSA assays

Assay  Sequences (5’ to 3’) Amplicon 
(bp)

RT-PCR    

Notch1 F  CGGGTCCACCAGTTTGAATG 216

R  GTTGTATTGGTTCGGCACCAT

Notch2 F  TTTGGCAACTAACGTAGAAACTCAAC 159

R  TGCCAAGAGCATGAATACAGAGA

Notch2 F  ATGCAGGATAGCAAGGAGGA 86

R  AAGTGGTCCAACAGCAGCTT 

Notch4 F  CCCAGGAATCTGAGATGGAA 180

R  CCACAGCAAACTGCTGACAT

MCAM F  AGCTCCGCGTCTACAAAGC 98

R  CTACACAGGTAGCGACCTCC

ERα F  CTCTCCCACATCAGGCACA 157
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R  CTTTGGTCCGTCTCCTCCA

E-cadherin F  AAAGGCCCATTTCCTAAAAACCT 172

R  TGCGTTCTCTATCCAGAGGCT

Vimentin F  GACGCCATCAACACCGAGTT 238

R  CTTTGTCGTTGGTTAGCTGGT

β-actin F  GAGACCTTCAACACCCCAGCC 264

R  AATGTCACGCACGATTTCCC

siRNA    

siNotch1 CACCAGUUUGAAUGGUCAAtt

siNotch2 GUCUCAGAAGCUAACCUAAtt

siNotch3 CACCUAUAACUGCCAGUGC

siNotch4 AACCCUGUGCCAAUGGAGGCA

siMCAM CCA GCUCCG CGUCUACAAAdTdT

siNC UUCUCCGAACGUGUCACGU

Luciferase reporter   

MCAM-3.5kb F  CGAGCTCAAGAGGCCAGCAGCTCTCAG

R TCCCCCGGGGGCCCACCCTCACAAAGA

MCAM-477b F  CGAGCTCCTGGCGCAGGGTTCTTCT

R  TCCCCCGGGCCTCCCTTGCCACA-
GAGAAT

Mutant 1 F  GTGCAATCGTTCTGTCAAGCGATAGAG-
GCC
R  GGCCTCTATCGCTTGACAGAACGATTG-
CAC

Mutant 2 F  TCCCTGTCAAAGCCAGGCTGTGT-
CAATCCCA
R  TGGGATTGACACAGCCTGGCTTTGA-
CAGGGA

ChIP    

MCAM-1 F  AAGAGGCCAGCAGCTCTCAG 280

R  GGCCCACCCTCACAAAGA

MCAM-2 F  CTGGCGCAGGGTTCTTCT 131

R  CCTCCCTTGCCACAGAGAAT

MCAM-3 F  CCCTCGCCCATTAACTCT 166

R  TTCAAACGCAAGCTCCTG

EMSA    
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Probe1 Biotin-ATCGTTCTGGGAAGCGATAG

TAGCAAGACCCTTCGCTATC–Biotin

Cold Probe1 ATCGTTCTGGGAAGCGATAG

TAGCAAGACCCTTCGCTATC

Probe2 Biotin-GGTCCCTGGGAAAGCCAGGCTGT-
GGGAATCCCA
CCAGGGACCCTTTCGGTCCGACACCCT-
TAGGGT-Biotin

Cold Probe2 GGTCCCTGGGAAAGCCAGGCTGTGG-
GAATCCCA

  CCAGGGACCCTTTCGGTCCGACACCCT-
TAGGGT  
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Abstract

Glioblastoma (GBM), a highly malignant and lethal brain tumor, is characterized by diffuse 
invasion into the brain and chemoradiotherapy resistance resulting in recurrences and poor 
prognosis. In this study we examined if the cell adhesion molecule CD146/ MCAM, known 
for its multiple protumorigenic functions in other tumor types, is involved GBM malignan-
cy. TCGA GBM database analyses revealed enhanced levels of CD146 in GBM compared 
to normal brain. A panel of patient-derived GBM neurospheres, enriched for GBM stem 
cells (GSC), displayed variable and modest expression of CD146 that was strongly enhan-
ced by cell adherence mediated by serum differentiation or ECM-coating. TGF-β-induced 
mesenchymal transition in U87 cells was accompanied by induction of CD146 expression 
and ectopic overexpression of CD146/GFP in GG16 neurospheres increased mesenchymal 
marker expression and cell invasion. Conversely, CRISPR/Cas9-generated CD146 knockouts 
in GSC23 neurospheres led to reduced mesenchymal marker expression and invasion. Mo-
reover, stem cell marker expression and clonogenic assays showed that CD146 increases the 
stem cell potential of GBM cells. The CD146 ectopic overexpression and knockout models 
also demonstrated involvement of CD146 in resistance to radiation that could be mecha-
nistically linked with CD146-dependent suppression of p53 accumulation and activation of 
NF-kB. Interestingly, exploration of additional mechanisms potentially involved in CD146 
functioning, led to the discovery that the oncogenic protein Yes-associated protein (YAP) is 
also regulated by CD146. Together, our findings demonstrate the importance of CD146 in 
controlling tumor aggressiveness and radioresistance in GBM cells.

Introduction

Glioblastoma multiforme, currently named glioblastoma (GBM), is the most common and 
lethal primary malignant brain tumor. Despite maximal initial resection followed by radiati-
on and chemotherapy the median survival with standard of care is only around 15 months 
[1]. Experimental evidence has indicated that GBM aggressiveness and recurrence are 
driven by a subset of cells displaying stem cell properties, such as unlimited self-renewal, 
strong tumor-forming potential and high drug- and radio-resistance [2]. Intense efforts are 
being made to characterize these GBM stem cells (GSCs) and unravel the molecular path-
ways regulating GSCs, which is expected to yield new therapeutic targets for improving the 
treatment of GBM patients [3, 4]. 

Melanoma cell adhesion molecule (MCAM), also named cluster of differentiation 146 
(CD146) or Mucin 18 (MUC18), is an integral membrane glycoprotein belonging to the im-
munoglobulin (Ig) superfamily that was originally discovered in metastatic melanoma and 
associated with poor prognosis [5, 6]. Later CD146 was found to be expressed on endothe-
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lial cells [7], pericytes [8] and immune cells [9, 10] playing a role in amongst others angio-
genesis also involving a soluble form of MCAM produced by cleaving of its extracellular part 
by matrixmetalloproteinases (MMPs) [11]. CD146 is a known cell adhesion molecule that is 
activated via proposed homophilic cell-cell or heterophilic cell-ECM interactions [12]. For 
example, it has been shown that Laminin-411 is a ligand of CD146 and facilitates T cells entry 
into the central nervous system [13]. Moreover, studies have highlighted that CD146 plays 
an important role in tumor invasion, epithelial-mesenchymal transition (EMT), and meta-
stasis [14]. In addition, CD146 was demonstrated to mediate chemoresistance, such as for 
example in small-cell lung cancer via stimulation of the PI3K/AKT/SOX2 signaling pathway 
[15]. Furthermore, our prior work showed that CD146 confers tamoxifen resistance in breast 
cancer cells and that expression is associated with poor prognosis in breast cancer patients 
[16](see chapter 2).

YAP is known to be regulated by the Hippo signaling pathway consisting of Mammali-
an Ste20-like kinases 1/2 (MST1/2, homologues of Hpo) and Large tumor suppressor 1/2 
(LATS1/2, homologues of Wts) kinases, forming a highly conserved central mechanism for 
regulating organ size, stem/progenitor cell proliferation and maintenance [17, 18]. These 
kinases control the stability and cellular localization of YAP that together with its interaction 
partner TAZ translocate to the nucleus to regulate target gene transcription via interacti-
ons with transcription enhancer factors 1–4 (TEF/TEAD 1–4) [19, 20]. YAP/TAZ have been 
identified as primary sensors of a variety of signals generated by cell–cell contacts, cell-ex-
tracellular matrix (ECM) adhesion, mechanical stress as well as alterations in the metabolic 
state of the cell [21, 22]. Deregulation of the Hippo/YAP pathway significantly contributes 
to tumorigenesis, metastasis, therapeutic resistance and associated with poor prognosis in 
glioma, colon cancer, breast and ovarian cancer cells [22-24]. The core components of the 
Hippo pathway are well established, however, knowledge of the various upstream regulato-
ry mechanisms is still expanding.

Currently, the role of CD146 in GBM aggressiveness has been poorly characterized. In hu-
man glioma patient samples increased CD146 expression has been correlated with higher 
grades and was identified as a potential diagnostic and therapeutic target [25]. However, 
the more precise function of CD146 and underlying regulatory mechanisms in GBM are still 
largely unknown. Therefore, in this study we examined the role of CD146 in GBM aggressi-
veness using GSCs cell culture models. Interestingly we could link CD146 function with GSC 
regulation, invasion and, identified YAP as a novel downstream target of CD146.

Materials and Methods 

Cell culture
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Human U87 GBM cell line was obtained from American Type Culture Collection and U251 
was obtained from the CLS Cell lines Service GmbH (Eppelheim, Germany). The GBM cell 
line GSC23 was kindly provided by Krishna Bhat, Ph.D. (Translational Molecular Pathology, 
Department of Pathology, MD Anderson Cancer Center, Texas University, USA).The GBM 
neurospheres GG9, GG12, and GG16 used in this study have been described before [26, 
27] and were generated from human GBM surgical samples after approval and following 
the ethical guidelines of the Medical Ethics Review Committee (METC) of the University 
Medical Center Groningen (UMCG). The U87 and U251 cell were cultured in 10% FCS and 
1% L-glutamine DMEM medium. GG9, GG12, GG16 and GSC23 were cultured in Neurobasal 
A-medium with 2% B27 supplement, 20 ng/ml bFGF, 20 ng/ml EGF and 1% L-glutamine as 
neuropsheres or as adherent cells on 2% matrigel-coated dishes. GBM neurospheres were 
differentiated with 10% FCS culture medium. 

Western-blotting assay
Proteins were extracted from cultured cells by using RIPA buffer with 1% protease inhibitor 
and 1% phosphatase inhibitor. The Bio-Rad BCA protein assay was performed to quantify to-
tal protein. Cell protein aliquots were loaded and run on SDS-PAGE gels, transferred to PVDF 
membranes and after blocking step with 5% nonfat milk in TBST buffer subjected to incuba-
tion with different primary antibodies. After overnight incubation with primary antibodies 
(Supplementary Table S1) in 4 °C, the blots were incubated with HRP-conjugated secondary 
antibody for one hour and visualized using ECL Substrates (Roche, Germany).

Limiting Dilution Assay
Neurospheres were washed with PBS followed by accutase (Sigma-Aldrich, Zwijndrecht, 
Netherlands) treatment to dissociate cells. The single cell suspension was sorted based on 
forward and side scatter pattern using SH800S Cell Sorter (Sony, Japan). 10, 20, 40 or 80 
cells/well were seeded in 96-well plates with 150 μl medium. The number of neurospheres 
per well was counted after 2 weeks. Each assay was performed in triplicate. 

Generation of CD146 overexpression and CRISPR/Cas9 knockout cell models
The pCMV-CD146/ GFP plasmids and corresponding empty vector pCMV-GFP were purcha-
sed from Sino Biological Inc. (Beijing, China). Control and exon1 and exon2 directed gRNAs 
for CD146 were cloned into pSpCas9(BB)-2A-GFP(PX458) (Addgene Teddington, UK), follo-
wing the published protocol by Ann Ran et al [28]. DNA oligonucleotides for CD146 guide 
exon-3-1_ GCTCAGCCTCCAGGACAGAG and guide-exon-3-2_ GGAGAGGCCGCACTTCAGAA. 
Cells were transfected with the plasmids using Lipofectamine 3000 reagent (Life Technology, 
NY, USA) according to manufacturer's instructions. After 48hrs transfected cells were disso-
ciated and GFP positivity cells were sorted by using SH800S Cell Sorter. GG16 transfected 
cells were maintained in medium with 75μg/ml Hygromycin and single cell sorted GSC23 
control and CD146-ko cells were plated in 96 well plates for expansion. Effective ablation of 
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CD146 in GSC23 cells was analyzed by western blotting.

Immunofluorescence
Cells were seeded with 60% confluence in Millicell EZ 8-well glass slides (Merck Millipore, 
Germany) and fixed with 4% paraformaldehyde. Subsequently, cells were treated with 0.5% 
Triton X-100,  blocked with 10% BSA for 20 min, incubated with primary antibodies over-
night at 4°C and  incubated with secondary antibodies (Alexa Fluor 488 goat anti-mouse 
IgG1 and Alexa Fluor 568 goat anti-rabbit IgG; Invitrogen, USA) at room temperature for 1 
h. Slides were finally mounted in Vectashield with DAPI (Life Technology, NY, USA). Images 
were visualized and captured with an immunofluorescence microscope (EVOS XL Core Cell 
Imaging System, Thermo Fisher Scientific).

Transwell assay
Transwell assay was conducted to examine the cell migrated and invasive capacity, as des-
cribed previously [30]. Briefly, cells were seeded in upper transwell chambers (8 μm pore 
size; Corning, USA) with 0.1% FBS medium. Medium with 10% FBS was added to the lower 
chamber. After cultured for 24h, cells were fixed with 4% paraformaldehyde and stained 
with 0.1% crystal violet. The number of cells from 5 fields in each well was counted. Each 
assay was performed in triplicate.

RNA isolation and qRT-PCR
Cells were treated as indicated and RNA was isolated from cell pellets using RNeasy Mini Kit 
(Qiagen, Germany) following the manufacturer’s protocol. Reverse transcription was perfor-
med using the iScript™ cDNA Synthesis Kit (BioRad, USA) according to the manufacturer’s in-
structions. qRT-PCR was performed in triplicate using the iTaq Universal SYBR Green Super-
mix (BioRad, USA) in CFX96 TouchTM Real-Time PCR Detection System C1000 Thermocycler 
(BioRad, USA). Primer sequences for qPCR are listed in Supplemental Table 2. PCR reactions 
were performed at 50°C for 2 min and 95°C for 2 min, followed by 40 cycles of 95°C for 15 s 
and 60°C for 1 min.

Clonogenic assay
GBM cells as indicated were seeded in 6-well plates for 24 hours followed by mock or 4 Gy 
IR. After 2 weeks, colonies were fixed and staining with crystal violet. Colonies consisting at 
least 50 cells were counted as using Start VSpot-Spectrum. 

Statistical analysis
Each experiment was repeated at least 3 independent times unless otherwise noted. Data 
are presented as the mean ± SD., and Student’s t-test. P<0.05 was considered statistically 
significant unless otherwise specified. 
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Results

CD146/MCAM expression is elevated in GBM and upregulated upon cell adherence and 
differentiation of GSC/neurospheres
To determine the expression of CD146 in GBM, we initially conducted an analysis of the GBM 
TCGA database to probe CD146 expression in GBM compared with normal brain. We found 
that CD146 transcript levels were significantly elevated in GBM compared with normal brain 
tissue (Figure 1A). Subsequently, available mRNA-seq data from four different patient-de-
rived GBM GSC/neurospheres allowed further analyses of CD146 expression demonstra-
ting variable levels of CD146 transcripts with highest levels in GSC23 and lowest levels in 
GG16 (Figure 1B). GSC/neurospheres can be differentiated by serum addition resulting in 
adherent growth as shown in Figure 1C. Notably, serum-differentiation of GG16 and GSC23 
GSC/neurospheres resulted in upregulation of CD146 transcript levels (Figure 1B). Next, we 
performed western blotting to examine CD146 protein levels. CD146 could be detected in 
GSC23, and very low levels in GG12 and GG9, while expression in GG16 GSC/neurospheres 
could not be detected. Interestingly, consistent with mRNA expression, CD146 protein levels 
were clearly upregulated upon serum-differentiation, GSC23 showing again highest levels 
compared to the other cells (Figure 1D). Together these data show that CD146 transcripts 
are present in GBM cells, showing variable expression in the GSC/neurosphere panel and is 
enhanced upon differentiation. 

Since differentiated GSC/neurospheres showed upregulated CD146 expression we explored 
if either cell adherence or differentiation or both are mediating this effect. For this GSC23 
cells were cultured for different time periods under stem cell maintaining conditions, eit-
her as neurospheres or adherent on matrigel-coated wells, and under serum differentiating 
conditions on regular or matrigel-coated wells (Figure 2A). GSC/neurosphere cultured cells 
showed relative low CD146 protein levels that strongly increased within 24 h upon differen-
tiation or plating on matrigel-coated wells (Figure 2B). Overall, CD146 expression progres-
sively increased in GSC/neurospheres, adherent matrigel-coated GSCs, differentiated cells 
and combined differentiated/matrigel-coated conditions. Thus, both serum-differentiation 
as well as cell adherence stimulated by ECM provided by matrigel-coating resulted in CD146 
upregulation.

CD146 regulates mesenchymal transition and stimulates invasion of GBM cells 
CD146 has been implicated in EMT in several cancers [14, 29]. Previously we showed that 
TGF-β induces a mesenchymal transition (MT) in GBM U87 cells [30]. To examine CD146 
expression during MT, the expression of CD146 was determined in U87 cells treated with 
TGF-β (10ng/ml) for 0, 12, 24, 48 and 96 hrs continuously. TGF-β exposure resulted in a 
time–dependent change in cellular morphology acquiring a spindle-shaped, elongated and 
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stretched appearance (Figure 3A), as reported earlier [30]. Lysates generated from these 
cells were subjected to Western blotting showing pSmad2 activation and time-dependent 
increases in expression of the EMT transcription factors ZEB1 and Twist, together with in-
creased expression of Fibronectin upon TGF-β exposure. Importantly, CD146 expression also 
increased after 48 h TGF-ß treatment (Figure 3B).

Figure 1.CD146 expression in GBM. A. Comparison of CD146 mRNA expression in normal human brain and GBM 
tissues using TCGA brain cancer database. Box plots were derived from gene expression data compared in ONCO-
MINE (p=1.30E-4, fold change: 2.675). B. Relative CD146 mRNA levels in GBM neurospheres and serum differenti-
ated cells. C. Representative phase contrast microscopic images (20x) of indicated GBM neurospheres cultured in 
serum-free medium (upper) or derived serum-differentiated cells growing as monolayers (lower). D. Western blots 
showing variable CD146 protein expression in GBM neurospheres that is increased after serum differentiation. 
Regular GBM cell lines U87 and U251 are also included. Data represent the mean of triplicate experiments ± SEM, 
**p<0.01; ***p<0.001 by Student’s t test.
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We next explored whether CD146 can modulate MT in GBM cells. For this CD146 overex-
pression plasmid pCMV-CD146/GFP and the control vector pCMV-GFP were stably transfec-
ted in GG16 GSC/neurospheres that have low endogenous CD146 expression. As expected 
we found that the fusion protein CD146-GFP was mostly located to the cell membrane, whi-
le GFP staining in control GG16 cells was more uniform in cytoplasm and nuclei in both neu-
rospheres and differentiated cells (Figure 3C-D). Effective ectopic overexpression of CD146-
GFP was confirmed by western blotting detecting an approximately 140 kD band (Figure 
3E). Moreover, in these cells expression of ZEB1, β-Catenin and the mesenchymal marker 
N-Cadherin was increased (Figure 3E). In addition, serum-differentiated GG16-CD146/GFP 
cells had more spindle-shaped and elongated mesenchymal morphology than GG16-GFP 
control cells (Figure 3F). Furthermore, GG16-CD146/GFP cells demonstrated a 6-fold incre-
ase of  migration potential compared to control cells in transwell assays, in agreement with 
an enhanced mesenchymal state (Figure 3G).

Figure 2. CD146 expression in GBM neurospheres is enhanced upon cell adherence and differentiation.
A. Representative phase contrast microscopy images (20x) of GSC23 cell morphology during time after seeding in 
serum-free neural stem cell (NSC) medium, 10%FCS medium, 1% Matrigel-coated wells in serum-free NSC medium 
and 1% Matrigel-coated wells in 10%FCS medium. B. Western blots showing cell adherence- and differentiation-de-
pendent enhancement of CD146 protein expression during time.
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Figure 3. CD146 is involved in mesenchymal transition in GBM cells
A. Representative phase contrast microcopy images (20x) of U87 cells treated with TGF-β (10ng/ml) for 0h, 24h, 
48h, and 96h show induction of a spindle-shaped, stretched out mesenchymal morphology. B. Western blots sho-
wing TGF-β-induced expression of p-Smad2 and mesenchymal markers Fibronectin, ZEB1, Twist1 and CD146 in U87 
cells. C+D. Phase contrast microscopic images of GG16 cell ectopically overexpressing GFP (control) or a CD146/
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We also generated a CRISPR-Cas9 CD146 knockout (ko) model in GSC23 cells that have re-
latively high endogenous CD146 levels. Western blotting confirmed effective knockout of 
CD146 in two selected clones that was accompanied by reduced levels of ZEB1, β-Catenin, 
and N-Cadherin in differentiated GSC23 cells (Figure 4A). Moreover, CD146 ablation redu-
ced migration ability in GSC23-CD146-ko cells compared to control (Figure 4B-C). Together, 
these results indicate that CD146 can enhance mesenchymal and migratory properties of 
GBM cells.

GFP fusion protein in neurospheres and serum-differentiated cells. Cell surface expression of CD146/GFP can be 
appreciated. E. Overexpression of CD146/GFP in GG16 cells is accompanied by increases in ZEB1, N-cadherin, and 
β-catenin. F. Phase contrast microscopic images of differentiated GG16 or GG16 CD146 over-expressing cells. G. 
Transwell migration assays demonstrate increased migration in CD146/GFP overexpressing GG16 cells vs GG16-GFP 
control. Representative images of cells on Transwell membranes and quantified data are presented. Data represent 
the mean of triplicate experiments ± SEM, ***p<0.001 by Student’s t test.

Figure 4. GSC23-CD146 knockout cells display reduced mesenchymal marker expression and migration.
A. Two independently generated GSC23-CD146-ko cells cultured in serum-differentiation conditions have reduced 
expression of mesenchymal markers ZEB1, N-cadherin, and β-catenin compared to control cells as detected by wes-
tern blotting.  B-C. Representative images of Transwell migration assay membranes and quantified data comparing 
GSC23 control and GSC23-CD146-ko cells. Data represent the mean of triplicate experiments ± SEM, ***p<0.001 
by Student’s t test.
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Figure 5. Ectopic expression of CD146 promotes stemness in GG16 cells.
A-B. Western blots showing increased expression of SOX2 and Oct-4 in CD146/GFP overexpressing GG16 neurosp-
heres and differentiated cells. C-D. Representative images (10x) and quantified data of GG16 control or CD146/
GFP overexpression neurospheres in limiting dilution assays. E. Representative images of GG16 control and GG16-
CD146/GFP colonies in colony formation assay showing more dispersed cells in CD146 overexpressing cells. F. 
Quantified data of colony numbers in GG16 control compared with CD146/GFP over-expressing GG16 cells. Data 
represent the mean of triplicate experiments ± SEM, **p<0.01; ***p<0.001 by Student’s t test.
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CD146 promotes stemness in GBM
To explore a possible effect of CD146 on GSC self-renewal potential, we determined expres-
sion of the stem cell transcription factors SOX2 and Oct-4 in GG16 cells.  SOX2 and Oct-4 
protein levels were upregulated in GG16-CD146/GFP neurospheres compared to control 
cells and expression remained high after serum-induced differentiation (Figure 5A-B). In ad-
dition, limiting dilution assays demonstrated that CD146 overexpression significantly enhan-
ced neurosphere formation potential in GG16 cells (Figure 5C-D). Also serum-differentiated 
GG16-CD146/GFP cells had increased colony formation potential when compared to control 
cells (Figure 5E-F). Of note, GG16-CD146/GFP colonies consisted of cells with a more spread 
and elongated morphology.

To further investigate the involvement of CD146 in regulating self-renewal and proliferation 
potential, we also examined GSC23-CD146-ko cells and found a strong decrease of SOX2 and 
Oct-4 expression compared to control cells (Figure 6A). Limiting dilution - and colony for-
mation assays demonstrated reduced neurospheres formation potential and proliferation 
capacity in CD146 knockout cells (Figure 6B-E).  Overall these findings indicate that CD146 
stimulates stemness and proliferation potential in GBM cells.

CD146 is involved in radioresistance of GBM cells
Radiotherapy is a pillar for GBM treatment, however radioresistance presents a prominent 
clinical challenge which results to poor prognosis in patients. We next sought to investigate 
whether CD146 affects radiation sensitivity in GBM cells. For this GG16-CD146/GFP and con-
trol differentiated cells were exposed to 2Gy, 4Gy, and 6Gy ionizing radiation (IR) followed 
by clonogenic survival assay. GG16-CD146/GFP cells were significantly more resistant to ra-
diation than control cells (Figure 7A-B). Interestingly, endogenous CD146 (Mw around 120 
kD) expression was also induced in both GG16 and GG16-CD146/GFP cells when exposed 
to γ-IR (Figure 7C). This indicates that CD146 may play a causal role in regulating radiation 
response.

We reasoned that CD146 may regulate radiosensitivity by modulating DNA damage res-
ponse (DDR) pathways. This was explored by irradiating GG16 control and GG16-CD146/GFP 
cells for 1 and 16 hr with 4Gy followed by analyses of several key components of the DDR 
pathway. We found that CD146/GFP overexpressing cells evoked longer lasting activation of 
both checkpoint kinases CHK1 and CHK2, indicated by prolonged accumulation of phosp-
hor(p)-CHK1 and p-CHK2 levels compared to control GG16 cells (Figure 7C). Despite this, 
apparently similar levels of radiation-induced DNA damage and repair were detected in this 
isogenic model indicated by similar γ-H2AX accumulation and decreases. Interestingly, ec-
topic expression of CD146/GFP in GG16 cells resulted in higher p-MDM2 levels and a striking 
decrease in p53 expression when compare to controls. After irradiation, GG16 control cells 
displayed time-dependent increases in p53 levels together with decreases in p-MDM2 16h 
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after radiation, while p53 remained low and p-MDM2 high in GG16-CD146/GFP cells. This 
suggest that CD146 is able to suppress p53 activation likely by increasing p-MDM2 levels, 
which will result in reduced p53-dependent apoptosis. In addition, higher NF-κB levels were 
detected in untreated GG16-CD146/GFP cells. NF-κB activation has been reported to induce 
mesenchymal differentiation associated with poor radiation responses that was mediated 
by NF-κB-dependent enhancement of DNA damage repair and antiapototic effects [31]. To-
gether, these results indicate that CD146 can promote radioresistance in GBM cells involving 
suppression of p53-induced apoptosis and activation of NF-κB survival signaling.

Figure 6. Deletion of CD146 reduces stemness of GSC23 cells.
A. Western blots showing reduced SOX2 and Oct-4 expression in two different GSC23-CD146-ko cells compared 
to control serum differentiated cells. B-C. Representative images (10x) and quantified data of GSC23 control and 
two different GSC23-CD146-ko neurospheres in limiting dilution assay. CD146 loss reduces neurosphere formation 
potential. D-E. Representative images and quantified data of differentiated GSC23 control vs GSC23-CD146-ko in 
colony formation assays. CD146 loss reduces colony formation potential in differentiated GSC23 cells. Data repre-
sent the mean of triplicate experiments ± SEM, *p<0.05; **p<0.01; ***p<0.001 by Student’s t test.
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CD146 activates YAP by regulating Hippo pathway 
Expression of CD146 was reported to be transcriptionally regulated by YAP in hepatocellular 
carcinoma cells [32]. In order to examine if YAP regulates CD146 expression in GBM, we 
determined CD146 and YAP protein levels in the GBM models that suggested a positive cor-
relation, most clearly seen at serum-differentiated conditions (Figure 8A). Using lysates as 
described in Figure 2B derived from GG16 cells cultured under neuropshere, adherent and/
or differentiated conditions, CD146 expression also appeared to correlate with YAP levels 
(Figure 8B).

Next, correlations between CD146 and YAP expression were further studied in two inde-
pendently generated GSC23-CD146-ko cell lines compared to control GSC23 cells cultured 
under GSC/neurosphere or differentiated conditions. Differentiated cells showed a clear 
positive correlation between CD146 and YAP expression suggesting that CD146 determines 
expression of YAP (Figure 9A). YAP accumulation is known to be negatively regulated by 

Figure 7. CD146 confers radioresistance in GBM cells.
A-B. GG16 control and CD146/GFP overexpressing cells were untreated or exposed to different doses of irradiati-
on (IR) and colony forming potential was monitored. Representative images of colonies and surviving curves are 
shown. C. Western blots showing effect of 4Gy IR in time on expression of CD146 and indicated DDR, and cell cycle 
regulatory proteins in GG16 GFP control and GG16-CD146/GFP cells cultured as differentiated cells. Endogenous 
CD146 expression is induced by radiation, and overexpression of CD146/GFP is associated with prolonged CHK1 
induction, suppression of p53 and induction of NF-kB signaling.
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the kinase LATS1 that by phosphorylating YAP results in its nuclear exclusion subsequently 
resulting in cytoplasmic degradation [19]. In differentiated GSC23-CD146-ko cells increased 
levels of pYAP ser397 and pLATS1 ser909 were seen compared to control cells, while total 
LATS1 expression remained mostly the same (Figure 9A). In GSC/neurospheres conditions 
CD146 and also YAP expression are low and absence of CD146 did not affect YAP levels. 
However, levels of pYAP ser397 and both total LATS1 and pLATS1 ser909 were increased in 
CD146-ko cells (Figure 9B). Although pLATS and pYAP will lead to YAP inactivation/ degrada-
tion currently we cannot explain differences in pYAP and YAP levels in the CD146-ko cells. 
Regardless, overall these findings suggest that CD146 suppresses the Hippo pathway (pLATS 
and pYAP levels) that provides an explanation for increased YAP expression and, conversely, 
reduced YAP levels in the CD146-ko cells.

Next, we analyzed the intracellular localization of YAP by immunofluorescence microscopy 
in the GSC23 serum-differentiated cell models. GSC23 control cells showed nuclear YAP, 
whereas in CD146-ko cells a clear cytoplasmic shift of YAP was detected (Figure 9C-D). In 
addition, membranous CD146/GFP expression could be confirmed in control cells. YAP acts 
mainly as a cofactor of TEAD transcription factors and regulate the expression of target 

Figure 8. Positive correlation between CD146 and YAP expression in GSC23 cells.
A. Western blots showing expression of CD146 and YAP in the indicated GBM cells cultured in serum. B. Western 
blots showing CD146 and YAP protein levels  in GSC23 cells when cultured in serum-free neural stem cell (NSC) 
medium, 10%FCS medium, 1% Matrigel-coated wells in serum-free NSC medium and 1% Matrigel-coated wells in 
10%FCS medium.
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Figure 9. CD146 loss leads to YAP inactivation.
A-B. Western blots detecting CD146, YAP and Hippo pathway proteins in serum-cultured and neurospheres GSC23 
control and CD146-ko cells. CD146 loss reduces YAP expression and increases pLATS and pYAP levels. C. Immunof-
luorescence microscopic images of GSC23 control and GSC23-CD146-ko serum cultured cells depicting cytoplas-
mic and nuclear (active) YAP (red). Nuclei are counterstained with DAPI (blue). Loss of CD146 reduces nuclear YAP 
(scale bars, 100μm). D. Immunofluorescence of GSC23 or GSC23 CD146 knockout cells stained with CD146 (red) 
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genes including Cysteine Rich Angiogenic Inducer 61 (Cyr61) and Connective Tissue Growth 
Factor (Ctgf) [33]. To investigate whether CD146-dependent phosphorylation and nuclear 
translocation of YAP is associated with transcriptional activation of target genes we moni-
tored the expression of Cyr61and Ctgf in GSC23 cells. Indeed, qRT-PCR analyses showed re-
duced transcript levels of these genes in GSC23-CD146-ko cells compared to control (Figure 
9E). Thus, these findings are in agreement with the notion that CD146 is a positive regulator 
of YAP.

To further confirm the above findings we studied correlations between CD146 and YAP in 
the GG16-CD146/GFP overexpression model. CD146/GFP overexpression dramatically indu-
ced YAP expression in both GG16 GSC/neurospheres and serum-differentiated cells (Figure 
10A-B). Furthermore, expression of LATS1 was reduced by CD146 overexpression and at 
the same time accompanied by increased pLATS1 and pYAP, whereas total YAP levels re-
main elevated (Figure 10A-B). Quantification of bands allowed calculations of pYAP vs. total 
YAP ratios showing decreased ratios in CD146/GFP overexpressing cells predicting relative 
higher levels of active nuclear YAP. This notion was corroborated by an observed dramatic 
increase in nuclear localized YAP in GG16-CD146/GFP cells, compared to more dispersed 
YAP staining found in GG16 control cells (Figure 10C). To further validate subcellular YAP dis-
tribution, cytoplasmic and nuclear lysates were prepared from differentiated GG16 control 
and CD146/GFP overexpressing cells. Western blotting showed increased YAP expression in 
both cytoplasmic and nuclear fractions in CD146/GFP overexpressing cells, indicating over-
all higher levels of active YAP compared to control cells (Figure 10D). Of note, as control 
SOX2 was only found in nuclear fractions and levels were increased by ectopic CD146/GFP 
expression. CD146-dependent YAP activation was further demonstrated by enhanced tran-
scriptional activation of Cyr61 and Ctgf in GG16 cells (Figure 10E). Taken together, CD146 
can increase YAP levels and subsequent nuclear translocation and activation of target genes 
and could be a downstream effector of CD146 in enhancing tumor aggressiveness in GBM.

Discussion

CD146 is regarded as a tumor promoting protein in many cancers, however, the function of 
CD146 in GBM has been poorly studied. Here, we demonstrated that CD146 is an important 
regulator of MT, cell invasion and stem cell capacity in GBM. In addition, CD146 was associ-
ated with radioresistance linked with suppression of p53 accumulation and activation of NF-
κB signaling. Moreover, we identified the transcriptional regulator YAP to be a downstream 
effector of CD146, which has been implicated in the transduction of various protumorigenic 
functions.    

and nuclei (blue; scale bars, 100μm). E. RT-PCR analyses of YAP target genes Cyr61, and CTGF showing reduced 
expression in GSC23-CD146-ko cells. Data represent the mean of triplicate experiments ± SEM, *p<0.05, **p<0.01 
by Student’s t test.
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Figure 10. CD146 overexpression in GG16 activates YAP.
A. Protein levels of CD146 and Hippo/YAP pathway molecules were measured by Western blot in GG16 neurosphe-
res or differentiated cells with or without CD146/GFP overexpression. CD146 induced YAP expression accompanied 
by increased phosphorylation of YAP and LATS. B. Histograms showing relative levels of YAP normalized to β-actin 
(loading control), together with ratio of pYAP (inactive)/YAP. The ratio decreased in CD146 overexpressing cells 
suggesting increased YAP activity.  C. Immunofluorescence microscopic images of GG16 or GG16-CD146/GFP cells 
stained for YAP (red) and nuclei (blue; scale bars, 100μm); green signal (GFP or CD146-GFP). Nuclear YAP was en-
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Analysis of TCGA database revealed that CD146 is highly expressed in GBM compared to 
normal brain tissue. This supports a previous study showing elevated levels of CD146 in 
human WHO grade III and IV gliomas when compared to grade I and II gliomas, and CD146 
represented a marker for poor prognosis for disease-free survival and overall survival in 
GBM patients [25]. In addition, we found variable and mostly low expression levels of CD146 
in GBM GSC/neurospheres, being highest in GSC23, however, that was strongly enhanced 
upon ECM-induced cell adherence and increased further upon serum-induced differentia-
tion. Since CD146 is a cell adhesion molecule known to interact with ECM proteins such as 
laminins, increased expression of CD146 may facilitate cell adherence [11-13]. On the other 
hand, we found that cell adhesion can increase CD146 levels. Moreover, CD146 expression 
was found to be controlled by various signals including cytokines and growth factors and 
regulate cell growth, cell-cell communication, inflammatory responses and EMT [11]. Ac-
cordingly, we found that TGF-β-induced mesenchymal transition in GBM cells led to CD146 
induction and, interestingly, CD146 overexpression or knockout positively correlated with 
mesenchymal marker expression in line with earlier studies reporting CD146-dependent 
EMT in other tumor types such as breast cancer [14, 16]. Furthermore, in the GG16 overex-
pression and GSC23 knockout model CD146 expression was positively linked with cell inva-
sion in line with a more mesenchymal phenotype. 

GBM is characterized by extensive heterogeneity which is one of the key contributors to 
poor clinical outcome. Cellular heterogeneity is associated with one of the salient features 
of GSCs, which endowed self-renewal potential, high tumorigenic ability, and resistant to 
conventional therapy [4]. Here we found that CD146 expression also enhanced neurosphere 
formation in the GBM models accompanied by increased expression of stem cell markers 
such as SOX2 and Oct-4 indicating that CD146 regulates stemness in GBM. This is in accor-
dance with the reported expression and function of CD146 on several normal and cancer 
stem cell types including mesenchymal stem cells, dental stem cells and tumor-initiating 
cells in sarcoma [34-36]. Of interest is also the perivascular niche described for maintaining 
GSCs [37] since CD146 is a well-known pericyte marker [38] and may facilitate interactions 
with CD146 expressing GSCs although this remains to be examined [39].

GBM is aggressive and impossible to be completely removed by surgery; radiotherapy is 
part of standard treatment to shrink existing tumors or eliminate residual tumor after sur-
gery. However, intrinsic radioresistance of tumor cells or resistance acquired during radi-

hanced by CD146/GFP overexpression. D. Western blotting of cytoplasmic and nuclear extracts showing levels of 
CD146, YAP, and SOX2. Cytoplasmic and nuclear fractions were obtained from the serum-differentiated GG16-NC/
CD146 cells. CD146 increased YAP levels in both fractions. β-actin used as loading control of cytoplasmic fractions 
and Lamin B1  for nuclear fractions. SOX2 was included as additional control for purity of extracts. E. The mRNA 
levels of YAP, Cyr61, and CTGF were detected by qRT-PCR, indicating YAP activation by CD146. Data represent the 
mean of triplicate experiments ± SEM, *p<0.05, **p<0.01 by Student’s t test.
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otherapy leads to recurrent disease and hampers effective treatment of GBM patients [3, 
40]. It has been reported that GSCs and EMT play an important role in radioresistance of 
GBM with a transition to mesenchymal GBM subtype linked with radioresistance [31, 41]. 
Since CD146 stimulated a mesenchymal phenotype and stem cell potential in GBM cells, we 
assumed that CD146 promotes radioresistance in GBM cells. Indeed, CD146 overexpressing 
GG16 cells exhibited increased clonogenic survival on irradiation compared with parental 
cells. Moreover, expression of endogenous CD146 appeared to be increased by radiation, 
which is in agreement with a recent report linking CD146 with radioresistance in cervical 
cancer [42]. CD146 overexpressing and control cells demonstrated similar levels of radia-
tion-dependent DNA damage, CHK2 activation and DDR, however, clear differences were 
seen in CHK1 activation, MDM2 phosphorylation, p53 accumulation and NF-κB activation. 
It’s known that high activation of CHK1, CHK2 and NF-κB results in GBM radioresistance and 
accordingly these pathways likely contribute to CD146-mediated radioresistance [31, 43]. 
Interestingly, IR seems to enhance the expression of endogenous CD146 in GG16 control 
cells. However, the most striking differences were observed for p53, expression of which 
was strongly reduced in GG16 CD146 overexpressing cells both in control and irradiated 
cells. This identifies CD146 as an inhibitor of p53 expression. P53 plays a pivotal role in 
the decision of cell survival or cell death and stronger and longer activation of p53 is a key 
determinant for triggering apoptosis rather than  cell cycle arrest [44]. Thus, reduced levels 
of p53 seen in CD146 overexpressing cells are indicative of impaired apoptosis activation in 
these cells facilitating cell survival. In normal conditions, p53 is both constitutively produced 
and degraded  by interaction with the E3 ubiquitin ligase MDM2 [45]. The increased levels 
of phosphorylated MDM2 detected in GG16-CD146/GFP cells may enhance proteasomal 
degradation providing an explanation for reduced p53 levels. The more precise way in which 
CD146 signals to NF-κB and MDM2 remains to be examined. We postulate based on previ-
ous reports in which MAPK, p38 and Akt were identified as downstream effectors of CD146 
in melanoma, these kinases may also be activated in GBM and modulate IκB/NF-κB and 
MDM2 activity [46]. 

Finally, we identified the transcriptional regulator YAP as a new downstream effector of 
CD146 signaling. YAP, being a transcriptional co-activator, can interact with many transcrip-
tion factors and modulate the expression of various target genes and is involved in balancing 
stem cell proliferation in tissue formation and regeneration, cellular communication via ECM 
interactions and various adaptive responses in normal physiology. In cancer, YAP functions 
as an oncologic protein involved among others in tumorigenesis, EMT and metastasis [22, 
23, 33, 47]. It is well established that Hippo pathway can directly affect YAP function in which 
activated MST1/2 kinase associates with its scaffolding partners SAV1 and phosphorylate 
and activate LATS1/2. Subsequently, activated LATS1/2 kinase binds and phosphorylate YAP 
and TAZ to prevent nuclear translocation and/or promote cytoplasmic protein degradation 
[17, 18]. Here, we found that CD146 levels positively correlate with YAP expression. GSC23 
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cells with relative high levels of endogenous CD146 showed nuclear localized YAP and YAP 
target gene activation, which was impaired by CD146 knockout. GSC23-CD146-ko cells dis-
played increased YAP phosphorylation and strongly decreased active YAP protein levels. This 
suggests that CD146 represses Hippo pathway and pYAP leading to increase in YAP/ nuclear 
active YAP. Consistently, ectopic expression of CD146 in GG16 dramatically increased YAP 
protein levels and nuclear transcriptionally active YAP. However, CD146 overexpression in 
GG16 simultaneously increased pLATS1 and pYAP expressions which would counteract YAP 
activation. It could be that the high levels of ectopic CD146 and active YAP trigger a negative 
feedback that tries to balance YAP activity by activating pLATS1/ pYAP in order to keep cellu-
lar homeostasis. Overall, our data show that CD146 activates YAP that may partially involve 
suppression of the Hippo pathway. The more precise interactions between CD146 and YAP 
signaling remain to be elucidated and relevance for GBM aggressiveness can now be further 
explored.    

YAP activity is strongly related to tumor initiation, development, and anti-cancer drug re-
sistance. Verteporfin (VP), recently identified as an inhibitor of YAP-TEAD binding and al-
ready approved by the FDA, could serve as reference to develop new YAP inhibitors [48]. 
Moreover, CD146 located at the cell surface represent an attractive target for therapy. In 
GBM mouse xenografts model, Yang et al. reported that an anti-CD146 monoclonal antibo-
dy (YY146) can mitigate GBM aggressiveness. In addition, 64Cu-labeled YY146 was used for 
noninvasive positron emission tomography (PET) imaging of orthotopic GBM models [25]. 
Furthermore, another monoclonal antibody against CD146 (AA98) has been reported to 
sensitize cervical cancer cells for radiation [42]. Together, this illustrates the possible poten-
tial of CD146 as a target for therapy, although this has to be studied more extensively.
    
In summary, our work identifies CD146 as an important regulator of aggressiveness and 
radioresistance in GBM. Importantly, we identified YAP as a potential downstream effector 
of CD146 signaling. We conclude that CD146 presents a potential novel therapeutic target 
for GBM. 
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Supplementary

Table S1. Proteins and description of corresponding antibodies
Antibodies Vendor NO.
CD146 Cell Signaling 13475
YAP Cell Signaling 14074
p-YAP Ser127 Cell Signaling 13008
p-YAP Ser397 Cell Signaling 13619
LATS1 Cell Signaling 3477
pLATS1 Ser909 Cell Signaling 9157
β-Catenin BD transductor 610154
ZEB1 Novusbio NBP1-05987
Twist Abcam Ab50887
Fibronectin BD transductor 610077
N-cadherin Cell Signaling 13116
SOX2 R&D System MAB-2018
Oct-4 Cell Signaling 2750
pCHK1 Cell Signaling 12302S
pCHK2 Novusbio NB100-92502
γ-H2A-X Cell Signaling 9718
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MDM2 Santa Cruz Sc-965
pMDM2 Cell Signaling 3521
P53 Cell Signaling 2324
pNFκB Cell Signaling 3033
CD146 Abcam Ab75769

Table S2. Primers for qRT-PCR

Genes Sequences (5’ to 3’)
CTGF F  CCAATGACAACGCCTCCTG

R  TGGTGCAGCCAGAAAGCTC

Cyr61 F  AGCCTCGCATCCTATACAACC

R  TTCTTTCACAAGGCGGCACTC

YAP F  GATCCCTGATGATGTACCACTGCC

R  GCCATGTTGTTGTCTGATCGTTGTG

MCAM F  AGCTCCGCGTCTACAAAGC

R  CTACACAGGTAGCGACCTCC

β-actin F  GAGACCTTCAACACCCCAGCC

R  AATGTCACGCACGATTTCCC
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Summary
Breast cancer, the most diagnosed cancer in woman, is presenting with increasing incidence 
while mortality is decreasing in the past few decades, primarily attributed to early detection 
and emerging effective treatment [1-3]. However, intrinsic or acquired drug resistance re-
mains a significant problem and is one of the important reasons responsible for treatment 
failure of breast cancer. Approximately 70-75% of breast cancers are estrogen receptor (ER) 
and/or progesterone receptor (PR)-positive and 12-18% are triple negative breast cancers 
(TNBC) lacking ER, PR as well as HER2 expression [4]. Endocrine therapy plays an important 
role in decreasing the recurrence risk for hormone receptor positive patients with localized 
disease, and yields clinical benefit in advanced or metastatic disease [5, 6]. Unfortunately, 
high rates of de novo resistance and resistance acquired during treatment compromises ef-
fectiveness and presents a prominent challenge in the endocrine therapy of hormone-sen-
sitive breast cancer patients. For TNBC patients, without available targeted therapy options, 
standard of care remains chemotherapy. In fact, patients diagnosed with TNBC are typically 
more responsive than other subtypes to preoperative chemotherapy associated with a high 
rate of pathological complete response (pCR). However, TNBC also has higher overall rates 
of relapse, which is due to  acquired chemoresistance [7]. 

Glioblastoma (GBM), the most common and lethal brain tumor, remains a disease with poor 
prognosis with a 5 year survival of around 5% [8]. Standard of treatment is surgery followed 
by chemo-radiotherapy, which has limited success because of the high infiltrative nature 
and high therapy resistance of GBM cells. Unfortunately, targeted therapies have thus far 
not been successful mainly attributed to high cellular heterogeneity in GBM [9]. Also current 
immunecheckpoint inhibitors, successful in other cancer types, failed in GBM likely due to 
the immunosuppressive (‘cold’) characteristic of these tumors [10]. In GBM cancer stem 
cells have been identified, named GBM stem cells (GSCs), which contribute to heterogeneity 
and have been implicated in therapy resistance [9]. Notably, GSCs as well as a mesenchymal 
phenotype were demonstrated to be controlled by signals originating from niches and/ or 
the tumor microenvironment.  

Considering the above, clearly a better understanding of therapeutic resistance mechanisms 
in both breast cancer and GBM is needed to overcome this problem and to develop novel 
improved treatment strategies.

Current researches suggest that epithelial-to-mesenchymal transition (EMT) is one of the 
pivotal processes that induces tumor metastasis [11, 12]. Various signaling pathways im-
plicated in the induction of EMT have been identified such as Notch pathway, TGFβ–SMAD 
signaling, canonical or noncanonical Wnt pathway, growth factor–receptor tyrosine kinase, 
and ECM–integrin signaling pathways [13-16]. Interestingly, these stimuli can also regulate 
self-renewal in CSCs and a link between EMT and CSC properties have been proposed [17]. 
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The aim of the work described in this thesis was to examine the involvement of EMT and un-
derlying regulatory mechanisms in standard therapy resistance and tumor aggressiveness, 
defined by tumor cell dissemination/ metastatic potential and growth/ stem cell properties 
in breast cancer and GBM models. 

Chapter 1 provides a general introduction on breast cancer and GBM and current therapeu-
tic challenges, the aim and outline of this thesis. ER expression and functioning are a pre-
requisite for breast cancer sensitivity for hormonal therapy, which could be modulated by 
EMT processes. In chapter 2 we established and characterized a MCF-7 cell model resistant 
to tamoxifen and found that CD146 was overexpressed in MCF-7-Tam-R cells compared to 
tamoxifen-sensitive counterparts. Elevated CD146 significantly correlated with poor relap-
se free survival (RFS) and distant metastasis relapse free survival (DMFS) in breast cancer 
patients, especially in the cohort of patients who only received tamoxifen treatment. Com-
pared to parental MCF-7 cells, MCF-7-Tam-R cells displayed changes in phenotypic features 
together with enhanced motility and invasive behavior, as well as increased expression of 
EMT markers. We demonstrated that CD146 confers tamoxifen resistance, through suppres-
sing ERα expression involving Slug upregulation and onset of EMT together with activation 
of the AKT survival pathway. In chapter 3, we found a strong correlation between Notch3 
and ERα in breast cancer cell lines and human breast cancer tissues with a luminal epithelial 
phenotype. Interestingly, ectopic overexpression of Notch3 resulted in activation of ERα in 
ERα-negative breast cancer cell lines, whereas conversely silencing Notch3 in ERα-positive 
cells down-regulated ERα expression. Further investigation of the underlying regulatory me-
chanism showed that Notch3 intracellular domain (N3ICD) specifically binds to CSL (CBF-1, 
Su (H), Lag-1) binding elements present in the ERα promoter region and transactivates ERα 
expression accompanied by suppression of EMT and cell invasion in vitro and metastatic 
spread in vivo. Silencing Notch3 in Notch3-expressing breast cancer cells had opposite ef-
fects, showing induction of EMT and decreased ERα levels. What’s more, in a large clinical 
microarray database, elevated Notch3 transcript levels were significantly associated with 
better RFS in clinically diagnosed breast cancer patients, especially for those with ERα po-
sitive tumors. These findings delineate a role of the Notch3/ERα axis in maintaining the 
luminal phenotype and inhibiting tumorigenesis and metastases in breast cancer.   

In the following the role of Notch3 in ERα regulation was studied in more detail in the breast 
cancer models. In chapter 4, we revealed that Notch3 was a target of two onco-microRNAs, 
microRNA-221 and microRNA-222. MiR-221/222 expression is inversely correlated with 
Notch3 and ERα expressions in breast cancer cell lines. Ectopic expression of miR-221/222 
significantly promoted EMT, whereas overexpression of N3ICD attenuated the oncogenic 
function of miR-221/222. Mechanistic study showed that miR-221/222 targets Notch3 by 
binding to its 3’ untranslated region and suppressing protein translation. In chapter 5, we 
showed that the transcription factor GATA3, which is essential for the development of hu-
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man mammary gland and the differentiation breast cancer cells, is a novel downstream 
target of Notch3 signaling. Our investigation of the regulatory mechanism of Notch3 and 
GATA-3 revealed that both were positively associated with ERα expression in breast cancers. 
Interestingly, enforced N3ICD expression resulted in the upregulation of GATA-3 in breast 
cancer cell lines with ERα-negative phenotype, while suppressing Notch3 expression down-
regulated GATA-3 expression in ERα-positive cells. Moreover, using a reporter assay and a 
ChIP assay, we demonstrated that Notch3 is capable of binding to CSL-binding motifs in the 
promoter of GATA-3 in breast cancer cells, suggesting that N3ICD directly activates GATA-3 
expression. In vitro and in vivo assays demonstrated further that Notch3 inhibits partial-
ly EMT by transcriptionally up-regulating GATA-3 expression, leading to the suppression of 
metastatic spread of breast cancer cells. Together these findings expand our knowledge 
on Notch3 signaling in breast cancer by uncovering that miR-221/222 directly modulates 
Notch3 expression that subsequently   regulates GATA3 and ERα levels that on their turn 
control the EMT process and metastasis in breast cancer.

Intrinsic or acquired resistance to chemotherapy remains a significant problem and is one 
of the main reasons for treatment failure of breast cancer patients, particularly TNBC. In 
chapter 6, we generated cisplatin-resistant TNBC cells, named MDA-MB-231-DDPR cells, 
and found that the expression of Notch1 and CD146 were significantly higher in MDA-MB-
231-DDPR than wild-type counterparts. In vitro experiments revealed that upon exposure to 
low dose cisplatin (non-cytotoxic), the expression of Notch1 and CD146 gradually increased 
in a time-dependent manner in TNBC cells. In addition, the expression of mesenchymal mar-
ker Vimentin and classic chemoresistance-associated proteins such as pAKT, P-gp, and MRP1 
were also significantly upregulated in MDA-MB-231-DDPR cells. Dual-fluorescent reporter 
assay, ChIP and EMSA experiments mutually validated that Notch1-ICD can directly bind to 
the CSL binding site in CD146 promoter and induce its expression in TNBC cells. Inhibition 
of Notch1 significantly down-regulated CD146 expression, resulting in reversion of EMT and 
cisplatin-resistance in TNBC cells. Our findings provide evidence that targeting the Notch1/
CD146 axis, in conjunction with conventional chemotherapies, might be a potential thera-
peutic avenue to enhance the  efficacy for patients with TNBC.

In GBM, tumor aggressiveness and therapy resistance have been linked with a mesenchy-
mal or an acquired mesenchymal phenotype. As described above CD146 is a unique EMT 
inducer and modulator of tumor aggressiveness and therapeutic resistance in breast cancer. 
However, the possible functions of CD146 in GBM are largely unknown. In chapter 7, we de-
monstrated that CD146 is highly expressed in GBM compared with normal brain tissue and 
exhibits various expression levels in patient-derived GBM neurosphere cells. In addition, a 
previous report by others showed that WHO grade III and IV gliomas express higher CD146 
levels compared with grade I and II tumor specimens, and high CD146 expression correlated 
with shorter disease-free survival and overall survival in GBM patients [18]. This suggests 



189

Summary, discussion and future perspectives

8

that CD146 may act as an oncogenic protein in GBM that we explored further. Therefore, we 
generated a CRISPR/Cas9 CD146 knockout and an ectopic CD146/GFP overexpression mo-
del in two different GBM neurospheres and examined CD146 functioning in various assays. 
We demonstrated that CD146 has pleiotropic effects in GBM by promoting mesenchymal 
transition, stemness potential and radioresistance. CD146 could be linked with suppression 
of p53 accumulation and NF-κB activation providing cell survival signals. Interestingly, we 
identified a novel function of CD146 as an activator of the transcription-activation factor YAP 
know to regulate cell growth and survival, in part by suppressing Hippo pathway. Together, 
these findings illustrate the importance of CD146 in GBM malignancy and therapy resistance 
suggesting that targeting and inactivating CD146 signaling may present a new therapeutic 
approach for this deadly brain tumor.

Discussion and future perspectives

CD146, a novel signaling protein involved in Tamoxifen resistance and metastatic potential 
in breast cancer
Tamoxifen has been used to treat both pre- and post-menopausal breast cancer patients for 
over 40 years and remains a cornerstone in endocrine therapy for breast cancer [19]. Howe-
ver, intrinsic or acquired resistance to tamoxifen presents a particular clinical concern [20]. 
Although resistance to tamoxifen can be counteracted by switching to aromatase inhibitors 
[21] or fulvestrant [22], underlying aggressive biological behavior of the tumor, often with a 
variety of altered signaling transduction [23], are associated with an unfavorable prognosis 
[24].

To date, various studies have led to the identification of key signaling pathways or factors 
involved in tamoxifen resistance including loss of ERα expression, up-regulation of receptor 
tyrosine kinases (RTKs) signaling pathways (EGFR, HER2, insulin-like growth factor 1 receptor 
(IGF1R) and fibroblast growth factor receptor (FGFR)), enhanced activity of NF-κB signaling, 
deregulation of the PI3K/AKT pathway and activation of EMT [25-28]. ERα positive patients 
with higher levels of ERα show increased benefits to tamoxifen therapy compared to those 
with lower ERα expression [29, 30]. Our study (chapter 2) identified a novel mechanism 
involved in tamoxifen resistance involving CD146/MCAM that is primarily overexpressed 
in basal-like or HER-2 overexpressing breast cancer, but not in luminal subtypes. We found 
an inverse correlation between CD146 and ERα expression levels in breast cancer cell lines. 
Given that the effects of tamoxifen are primarily mediated through its binding to ER and the 
status of ERα has long been considered the primary determinant of a clinical response to 
tamoxifen, loss of ER expression could confer resistance to therapy [31]. CD146 could sup-
press ERα at the transcription level by up-regulating Slug expression. A previous study by Li 
et al. suggested that Slug binds directly to E-boxes in the ERα promoter region to control ERα 
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activation and function. Knockdown of Slug increased sensitivity to tamoxifen treatment in 
MCF-7-Tam-R cells [27]. In addition, Zeng et al demonstrated that CD146 overexpression 
contributed to activation of Slug and RhoA and induced EMT in breast cancer [32]. The-
refore, we postulate that CD146 transcriptionally down-regulates ERα expression partially 
through activation of Slug.

In addition, many studies have demonstrated that AKT is a critical factor in conferring re-
sistance to tamoxifen [33, 34]. Activation of the PI3K/AKT pathway is recognized as one 
of the mechanisms contributing to endocrine resistance [35]. We demonstrated that pAKT 
was dramatically activated in MCF-7-Tam-R cells. We also specifically showed that forced 
expression of CD146 suppressed PTEN expression and induced pAKT activity. The results are 
consistent with a previous study by Li et al. showing that CD146 was constitutively implica-
ted in the AKT signaling pathway [36]. Moreover, another study has indicated that MUC1-C, 
a member of the same cellular adhesion family as MCAM (MUC-18), exerted its function by 
activating the PI3K/AKT pathway in the development of breast cancer [37]. Taken together, 
our results imply that CD146 also induces tamoxifen resistance by activating the AKT path-
way, at least in part. Furthermore we showed that elevate CD146 is associated with a poor 
prognosis in ER-positive patients who received tamoxifen therapy. It has been reported that 
anti-CD146 monoclonal antibody AA98 inhibits angiogenesis and tumor growth via suppres-
sion of NF-κB activation [38, 39]. What’s more, targeting soluble CD146 with a neutralizing 
antibody inhibits vascularization, growth and survival of CD146-positive tumors [40]. The-
refore, targeting CD146 may be a promising therapeutic strategy to overcome tamoxifen 
resistance in breast cancer patients.

NOTCH3 regulates EMT in breast cancer 
The majority of breast cancer deaths result from metastatic disease [41]. One of the pivo-
tal processes that induce metastasis of cancers is the epithelial-to-mesenchymal transition 
(EMT) by which epithelial cells are converted to cells with a mesenchymal phenotype that 
is associated with enhanced migratory and invasive properties [12]. EMT is considered to 
be the first step in the complex process of metastasis for many types of cancers [12, 42]. 
Cells undergo EMT usually loss epithelial phenotype marker E-cadherin and up-regulate of 
mesenchymal markers such as N-cadherin, vimentin, and fibronectin [17]. Various signaling 
pathways implicated in the induction of EMT such as TGFβ–SMAD signaling, canonical or 
noncanonical Wnt pathway, growth factor–receptor tyrosine kinase, and ECM–integrin sig-
naling pathways [13-15].

Notch family is known to play vital roles in many biologic processes, including cell fate de-
termination, EMT, stem cell maintenance, and lineage commitment [43]. Notch family con-
sists four Notch receptors (NOTCH1, NOTCH2, NOTCH3 and NOTCH4 (NOTCH1–4)) and five 
ligands of the Delta–Serrate–Lag (DSL) family (jagged 1 (JAG1), jagged 2 (JAG2), delta-like 1 
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(DLL1), delta-like 3 (DLL3) and delta-like 4 (DLL4)). In human cancers, increasing evidence 
has demonstrated that the outcome of Notch activation is dependent on the cancer type 
and cellular context [44-47]. Notch-1 and Notch-4 are responsible for tumorigenesis and 
Notch-2 was identified as a tumor suppressor in many studies [48-51]. Harrison et al. sho-
wed that Notch4 and Notch1 enhance breast cancer stem cell activity, and inhibition of 
Notch4 or Notch1 reduces tumor formation in vivo [52]. The role of Notch3 in breast cancer 
is less clear and more controversial. However, here we found that Notch3 is positively as-
sociated with ERα and GATA3 in both breast cancer cell lines and human breast cancer tis-
sues. It’s known that ERα and GATA3 are essential for the development of human mammary 
gland and the differentiation breast cancer cell [53-57]. In addition, ERα and GATA-3 are 
involved in suppressing EMT by regulating different cellular signaling pathways such as Slug, 
FOXC1, and miR-29b [58-63]. Emerging evidence shows that Notch3 may play an essential 
role in mammary gland development and commitment to luminal fate [64, 65]. Notch3 is 
expressed in a luminal progenitor cell population that is highly clonogenic and transiently 
quiescent, and differentiates into a ductal lineage [66]. Moreover, loss of Notch3 expression 
reduces luminal cell production from bipotent progenitors [67]. These findings prompted us 
to investigate whether there is a correlation among Notch3, GATA-3 and ERα, and if they are 
regulated by each other, especially in ER-positive subtype breast cancer. In chapter 3 and 5, 
we showed that activated Notch3 maintains the epithelial phenotype and suppresses EMT 
and metastasis through the transcriptional regulation of ERα and GATA-3 in breast cancer. 
Furthermore, Notch3 transcripts were significantly associated with better RFS in clinically di-
agnosed breast cancer patient. Moreover, in chapter 4 we demonstrated that miR-221/222 
target Notch3 by binding to its 3’ untranslated region and suppressing protein translation. 
Notch3 by binding to its 3’ untranslated region and suppressing protein translation. Ectopic 
expression of miR-221/222 significantly promotes EMT, whereas overexpression of Notch3 
intracellular domain attenuates the oncogenic function of miR-221/222, suggesting that 
miR-221/222 exerts its oncogenic role by negatively regulating Notch3. Our findings provide 
novel insights into the complex regulation of EMT and provide a basis for further delinea-
tion of the miR/Notch3/GATA3/ERα pathway as a prognostic indicator and/or therapeutic 
avenue for breast cancers. Nowadays, utilizing miRNAs as therapeutic tools for cancers have 
been validated in preclinical tests and left for further clinical investigation. For example, 
MRX34, a liposome-formulated miR-34 mimic, was the first miRNA replacement therapy 
with entered human clinical trials for patients with advanced or metastatic liver cancer by 
intravenous injection [9]. Therefore, targeting miR-221 and miR-222 may represents an ef-
fective strategy to prevent and inhibit tumor progression and metastasis in breast cancer.

TNBC and chemoresistance
TNBC is an aggressive subtype that constitutes 10%–20% of breast cancer patients, which 
refers to the breast cancer phenotype that in the absence of ER, PR ,and HER-2 [68]. For 
this reason, endocrine therapies or trastuzumab are unprofitable in TNBC treatment. Sys-
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temic chemotherapy remains a mainstay in the treatment of women with TNBC, either at 
adjuvant or metastatic setting, due to the absence of a valid target. Generally, TNBCs are 
more susceptible to chemotherapy as compared to luminal-A, -B or HER2-positive tumors 
[69]. However, the risk of relapse for patients with TNBC is markedly higher than those with 
hormone positive subtypes, primarily attributed to the aggressive biological nature, and in a 
large part to chemoresistance, which accounts for over 90% of treatment failure in patients 
presenting with advanced and metastatic diseases [7].

Cisplatin and carboplatin for treating TNBCs has been investigated in clinical trials and 
showed a beneficial effect for cisplatin in neoadjuvant chemotherapy, particularly in BR-
CA-mutation carriers [70, 71]. Though standard chemotherapy regimens are considered to 
be effective for a subgroup of patients with early chemosensitive TNBC, often patients with 
advanced disease typically respond poorly to current chemotherapy, and those patients 
who response well to the chemotherapy at the beginning, about 30%–50% evolve resistan-
ce leading to poor overall survival [68, 72]. 

Notch1 is known to contribute to the maintenance of the CSC phenotype and chemore-
sistance in breast cancer [73-75]. In chapter 6, we revealed a strong link between Notch1 
and CD146 mRNA expression, which also demonstrated an intimate connection with major 
EMT markers in TNBC. Analysis of the prognostic value of the expression levels of Notch1 
and CD146 in breast cancer patients indicated that RFS was significantly shorter in patients 
with high expression of Notch1 and CD146 in basal-like breast cancer patients, especially in 
those treated with chemotherapy. Notch1 promotes EMT and chemoresistance, as well as 
invasion and proliferation of TNBC cells via direct activating CD146 promoter. Inhibition of 
Notch1 significantly down-regulated CD146 expression, resulting in the reversion of EMT 
and chemoresistance to cisplatin in TNBC cells. This study might help to better understand 
the regulatory mechanism of EMT in contribution to chemoresistance in breast cancer and 
provides evidence that targeting the Notch1/CD146 axis, in conjunction with conventional 
chemotherapies, might be a potential avenue to enhance the therapeutic efficacy for pa-
tients with TNBC. 

CD146 regulates tumor aggressiveness in GBM
GBM has been classified into four subtypes, proneural (PN), neural (NE), classical (CL), and 
mesenchymal (MES) based on transcriptional profiling and several common mutations in 
genes such as IDH1, TP53, PTEN, and EGFR have been linked with these subtypes. MES GBM 
is characterized with the highest degree of aggressiveness and associated with the worst 
prognosis. A number of signaling pathways such as WNT/β-catenin, Hippo/YAP pathways 
and transcription factors like ZEB1, SNAIL, TWIST, C/EBP-b and STAT3 are identified as mas-
ter regulator of mesenchymal phenotype in GBM [76, 77]. In addition, the strong invasive 
behavior of GBM is not only an inherent property of GBM cells, but also highly regulated by 
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the tumor microenvironment. In gliomas, inflammatory processes or hypoxic microenviron-
ment within the tumor or neighboring normal tissues may lead to the recruitment of  immu-
ne cells and microglia that produced transforming growth factor beta (TGF-β) which induces 
ZEB1 leading to promote GBM cells aggressiveness, and blocking TGF-β signaling with its 
inhibitor can inhibit mesenchymal-transition (MT) in GBMs [78]. In the current study (chap-
ter 7), we found that CD146 was significantly induced upon TGF-β-induced MT in GBM cell 
model.  Moreover, ectopic expression of CD146 up-regulated ZEB1, β-catenin and a number 
of stem cell markers leading to increased stem cell potential, EMT and migration ability in 
GBM cells. CD146 has been implicated in stem cell regulation. For example, purified CD146+ 
human umbilical cord perivascular cells (HUCPVCs), which have been considered as an al-
ternative source of mesenchymal progenitors, were highly proliferative and potent in me-
senchymal lineage differentiation both in vitro and in vivo. Moreover, hypoxic environment 
induce the colony forming efficiency and proliferation of CD146+ HUCPVCs, and modulate 
their osteogenic differentiation [79]. In addition, several proinflammatory cytokines such as 
the tumor necrosis factor-alpha (TNF-α) and interleukin-α (IL-1α) are able to induce CD146 
mRNA expression in luteinizing granulosa cells. Together, this indicates that inducible CD146 
expression may play a role in cells responding to TME stimuli, such as proinflammatory cyto-
kines and growth factors for initiating proper inflammatory reactions, cell proliferation and 
migration. Further investigations of the importance of CD146 in GBM and elucidation of 
activating stimuli derived from tumor cells and/or TME will be required to determine its 
therapeutic potential. Considering our findings that demonstrated relevance of CD146 in 
the malignant behavior of breast cancer cells it will be interesting to explore possible tumor 
cell-specific differences and/or similarities in CD146 signaling. 

CD146 also promoted radioresistance in GBM cells that was linked with increased MDM2 
phosphorylation and repression of radiation-induced p53 accumulation, while at the same 
time activating NF-κB signaling. Both damage-induced mechanisms are known to prevent 
apoptosis activation and their importance in resistance remains to be formally confirmed 
in our GBM models [80, 81]. The more precise way in which activated CD146 transmits sig-
nals to NF-κB and MDM2 remains to be examined as well. Previous reports have identified 
MAPK, p38 and Akt as downstream effectors of CD146 in melanoma and we postulate that 
similar mechanisms may be relevant in GBM [82]. 

Finally, we identified the transcriptional regulator YAP as a new downstream effector of 
CD146 signaling in GBM. In cancer, YAP functions as an oncogenic protein involved among 
others in tumorigenesis, EMT and metastasis [83]. Hippo pathway control the stability and 
cellular localization of YAP that together with its interaction partner TAZ translocate to the 
nucleus to regulate target gene transcription via interactions with transcription enhancer 
factors 1–4 (TEF/TEAD 1–4) [84, 85]. In Chapter 7, we found that CD146 activated YAP that 
may partially involve suppression of the Hippo pathway. However, the more precise inter-
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actions between CD146 and Hippo/YAP signaling remain to be elucidated and relevance for 
GBM aggressiveness can now be further explored. Regardless, several studies have reported 
the importance of YAP signaling in GBM. For example, recently variable YAP expression in 
GBM spheroids was demonstrated to contribute to tumor heterogeneity with YAP expres-
sing cells having increased tumorigenic potential [86]. Moreover, Verteporfin (VP), recently 
identified as an inhibitor of YAP-TEAD binding and already approved by the FDA, which inhi-
bits growth of human glioma in vitro [87]. Clinical trials using Verteporfin for the treatment 
of locally advanced pancreatic cancer was reported feasible and safe [88]. That gives us a 
hint that targeting CD146/YAP may also provide a relevant strategy in GBM.

In conclusion, the findings described in this thesis provide new molecular insights and con-
tribute to advancement of knowledge about the regulatory mechanisms that control tumor 
aggressiveness and therapeutic resistance in breast cancer and GBM. Notably, a novel and 
important role for CD146 was identified in tumor aggressiveness and therapy-resistance in 
these different malignancies. Further exploration of CD146 targeted therapy may provide 
new therapeutic approaches in both tumors. 
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总结

乳腺癌是女性最常见的肿瘤类型，尽管其死亡率在近几十年中呈现下
降趋势，但其年发病率则持续增加，这主要归根于疾病早期的发现及有效
的治疗手段。然而，乳腺癌细胞其固有的对药物治疗的抵抗能力仍然是临
床面临的难题也是造成乳腺癌患者治疗失败的主要原因。大约70-75%的乳
腺癌病例表现为雌激素受体（estrogen receptor，ER）阳性和/或孕激素受
体（progesterone receptor，PR）阳性；12-18%的类型则为三阴性乳腺癌
（triple negative breast cancers，TNBC），即癌组织缺乏雌激素受体、孕
激素受体和人表皮生长因子受体-2 （HER2）的表达。内分泌治疗在降低激
素受体阳性的乳腺癌局部复发起重要作用，且对该类型高级别的或者发生转
移的乳腺癌患者也能获益。不幸的是，有相当一部分乳腺癌患者表现为对内
分泌治疗抵抗或者患者起初对内分泌治疗敏感，但癌细胞在治疗期间逐渐获
得了对药物的抵抗能力。对于三阴性乳腺癌患者则缺乏有效的靶向治疗手
段，因此辅助化疗仍是其主要治疗方法。与其他类型的乳腺癌相比较，三阴
性乳腺癌对辅助化疗的反应更好且有更高的病理完全缓解率。然而，三阴性
乳腺癌患者容易发生获得性化疗抵抗导致其更高的复发率。

脑胶质母细胞瘤（Glioblastoma, GBM）是脑癌中最常见且致命的肿瘤
类型，其五年生存率约为5%。常规的治疗方法包括手术治疗、辅助化疗和放
射治疗等综合治疗。GBM的高侵袭特性以及对治疗的抵抗能力限制了治疗的
成功率，而且GBM的高异质性致使该类型肿瘤的靶向治疗陷入困境。尽管目
前的免疫检查点抑制剂在治疗很多类型的肿瘤中获益，但是这种免疫治疗方
法在GBM治疗中屡遭失败，其原因可能归结于此类肿瘤抑制免疫力的特性。
在胶质母细胞瘤中，其癌干细胞被认为是导致肿瘤异质性及发生治疗抵抗的
原因；而且，胶质母细胞瘤干细胞和癌细胞的间质特性被认为是受癌细胞微
环境的调控。

综上所述，对乳腺癌和胶质母细胞瘤治疗抵抗机制有更好的认识是改善
治疗策略乃至治愈癌症所需要的。

目前研究表明，上皮间质转化（epithelial-to-mesenchymal transi-
tion，EMT）是诱发癌细胞发生转移过程中的至关重要的一步。有很多信号
通路已经被证实参与了EMT的诱导，例如Notch信号通路、TGFβ–SMAD信
号通路、经典的与非经典的WNT信号通路、生长因子受体酪氨酸激酶通路与
细胞外基质-整合素通路等。有趣的是，这些通路的激活也在调节肿瘤干细
胞的自我更新发挥作用，而且上皮间质转化与肿瘤干细胞的相互关系已被报
道。

本论文旨在探索上皮间质转化在参与乳腺癌与脑胶质母细胞瘤发生常
规治疗耐受、肿瘤细胞的增殖、侵袭转移和干细胞特性的调控机制。在第一
章，我们概述了乳腺癌和脑胶质母细胞瘤以及其目前治疗所面临的问题，同
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时也阐述了本论文的研究目的与内容大纲。目前认为，雌激素受体ER的表
达与功能是乳腺癌患者对内分泌治疗是否敏感的先决条件，而上皮间质转化
在乳腺癌内分泌治疗中发挥着调控作用。在第二章节，我们构建了对他莫昔
芬耐药的乳腺癌MCF-7细胞模型MCF-7-Tam-R，并发现CD146分子在MCF-
7-Tam-R细胞中异常高表达，而且高表达CD146的乳腺癌患者与不良的复发
与远处转移风险呈正相关，尤其在患者只使用他莫昔芬治疗的情况下。与对
照组细胞相比，MCF-7他莫昔芬耐药细胞形态学上展现出不同的特点，而且
其侵袭运动能力和EMT的相关标记物的表达都明显增强。进一步的机制研究
发现，CD146通过上调Slug因子与激活AKT通路活性，并参与抑制雌激素受
体ERα的表达和促进了上皮间质转化等机制从而导致了乳腺癌细胞发生他
莫昔芬耐药。在第三章，我们发现在乳腺癌细胞系和肿瘤组织中，Notch3
、ERα的表达和乳腺癌的上皮表型都呈现出正向相关关系。有趣的是，在ER
阴性的乳腺癌细胞中高表达Notch3能激活ERα的表达，而在ER阳性的乳腺
癌细胞中沉默Notch3后则会导致ERα表达水平的下降。在进一步的调控机制
研究发现，Notch3的胞内段（N3ICD）能特异性结合于ERα启动子上的CSL
结合原件从而转录激活ERα的表达并抑制细胞发生上皮间质转化和侵袭转移
能力。然而，抑制Notch3的表达则会促使乳腺癌细胞的ERα表达水平下降并
且诱导EMT的发生。我们运用大型临床微阵列芯片数据库分析发现，Notch3
的高表达与乳腺癌患者的良好预后呈正相关，且在雌激素阳性的患者中尤
为明显。此研究描绘了Notch3/ERα信号轴对乳腺癌维持上皮表型和抑制肿
瘤形成和转移的作用关系。在第四章，我们揭示了Notch3是两个致癌微小
RNA即miR-221/222的靶基因。在乳腺癌细胞系中，miR-221/222的表达与
Notch3以及ERα呈负向相关关系，异位表达miR-221/222能诱导乳腺癌细
胞发生上皮间质转化，而过表达Notch3 ICD能减弱miR-221/222的促癌功
能。分子机制研究发现，miR-221/222能靶向结合Notch3的3’非编码区而
抑制其蛋白翻译表达。在第五章，我们揭示了对人类乳腺发育和乳腺癌分化
起重要作用的转录因子GATA3是Notch3信号通路的下游调控基因。我们在研
究Notch3与GATA3的调控机制发现，Notch3和GATA3的表达都与ERα呈正
相关关系，过表达Notch3 ICD能促进GATA3的表达水平而沉默Notch3则导
致GATA3的表达下调。而且，报告基因和免疫共沉淀实验证明，Notch3能结
合GATA3启动子的CSL结合原件并激活其表达。体内体外实验进一步证明了
Notch3能通过转录调控GATA3部分程度的抑制乳腺癌上皮间质转化和癌细胞
转移扩散。以上的研究发现使我们认识了miR-221/222能通过靶向Notch3
进而调控GATA3和ERα的表达而控制乳腺癌的上皮间质转化和远处转移的过
程。

乳腺癌尤其是三阴性乳腺癌患者对辅助化疗的固有耐受或者在化疗过程
中获得的药物抵抗是导致临床上治疗失败的主要原因。在第六章，我们成功
构建了对顺铂耐药的三阴性乳腺癌细胞MDA-MB-231-DDPR并发现Notch1
和CD146的表达异常升高。体外细胞实验研究发现，在低浓度的顺铂刺激
下，三阴性乳腺癌细胞的Notch1和CD146的表达呈时间依赖性的增加。而
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且，MDA-MB-231-DDPR细胞呈现更高的间质细胞标记物Vimentin和经典
的耐药相关性蛋白如磷酸化AKT、P-gp和MRP1表达水平。双报告基因实
验、免疫共沉淀实验以及凝胶迁移实验共同证明了Notch1 ICD能直接结合在
CD146的启动子上并激活CD146的表达导致三阴性乳腺癌细胞发生上皮间质
转化和化疗耐药。我们的研究发现为靶向Notch1 /CD146信号轴协同常规辅
助化疗或许是提高三阴性乳腺癌治疗效果的潜在治疗策略提供理论基础。

在脑胶质母细胞瘤，肿瘤细胞的高度侵袭性和对治疗耐受被证明与间
质表型相关。我们已经在前文描述了CD146是乳腺癌中诱发上皮间质转化
和调节肿瘤侵袭和治疗抵抗的重要分子。然而，CD146在脑胶质母细胞瘤
中的功能鲜为人知。在第七章，我们发现CD146在GBM的表达明显高于正
常脑组织且在病人来源的GBM癌细胞球中呈现各种程度的表达。据已有研
究报道，WHO分级中3级与4级的高级别胶质瘤组织表达CD146的水平高于
1级和2级，而且，CD146的高表达预示着GBM患者更短的无病生存期和总
生存期。这提示CD146在GBM中可能起着促癌的作用并值得我们进一步研
究。因此，我们构建了CRISPR/Cas 9敲除CD146的GBM细胞模型和异位表达
CD146/GFP融合蛋白细胞模型并且通过各种实验方法探讨CD146在GBM的
功能。在此章节中我们展示了CD146在GBM具有促发上皮间质转化、诱导癌
细胞多功能潜能和放疗耐受等基因多重效应。CD146还可能参与了抑制p53
和激活NF-κB通路从而调控癌细胞的生存。更为有趣的是，我们发现CD146
可能通过抑制Hippo通路进而调控被认为是调控细胞增殖和生存的转录激活
因子YAP。因此，我们的研究结果阐明了CD146在GBM的肿瘤恶性和治疗抵
抗发挥着重要作用，并且提示靶向CD146通路可能成为治疗GBM的新策略。

讨论与展望

CD146参与乳腺癌他莫昔芬耐药和肿瘤细胞转移

他莫昔芬被用于治疗绝经前和绝经后乳腺癌患者已经有40余年历史且仍
然是乳腺癌内分泌治疗的基础药物。然而，乳腺癌固有的或者获得性对他莫
昔芬治疗抵抗是临床上关注的重要问题。尽管乳腺癌患者对他莫昔芬治疗发
生耐药后可以转换成使用芳香酶抑制剂或者氟维司群治疗，此时肿瘤潜在的
高侵袭性生物学特性并伴随着一系列的信号转导通路的改变往往与不良的预
后相关。

目前，很多研究认为一些重要的信号通路和因子参与了他莫昔芬耐药，
其中包括ERα表达的缺失、受体酪氨酸激酶信号通路 (EGFR、HER2、IGR1R
和FGFR) 的上调、NF-κB信号通路的活性增加、PI3K/AKT通路的失调以及
上皮间质转化的激活。在雌激素受体表达阳性的乳腺癌患者中，高表达ERα
的患者对他莫昔芬治疗更能获益。我们的研究（第二章）新发现了高表达于
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基地样或HER-2型乳腺癌细胞的CD146分子参与并促进了他莫昔芬耐药。已
有研究证明他莫昔芬主要通过竞争性结合雌激素受体而发挥治疗作用，ERα
的表达水平被认为是临床上对他莫昔芬治疗反应的关键因素，而且ERα表
达的缺失能导致其治疗耐受。我们发现在乳腺癌细胞系中CD146的表达与
ERα的表达水平呈现负向相关关系。CD146能通过上调Slug的表达从而在转
录水平抑制ERα的表达，而Slug能直接结合于ERα的启动子E-boxes原件控
制ERα的活性与功能，敲减Slug能使增强他莫昔芬耐药细胞对他莫昔芬的治
疗敏感性。而且，Zeng等研究证明了高表达CD146能激活Slug和RhoA从而
诱导上皮间质转化。因此，我们认为CD146可能部分通过激活Slug导致ERα
的转录表达下降。另外， PI3K/AKT通路的活化被认为是导致内分泌治疗耐
受的重要机制。我们的研究发现磷酸化AKT在MCF-7他莫昔芬耐药细胞中异
常高表达，且过表达CD146能抑制PTEN和诱导磷酸化AKT的活性。这些研
究结果与之前Li等人报道CD146与AKT通路的调控关系结果呈现一致性。而
且，与MCAM同为细胞粘附分子的家族成员MUC-1同样也是通过激活AKT
通路在乳腺癌的发展过程中发挥功能。综合以上，我们的研究说明了在某种
程度上CD146可能激活AKT通路诱导乳腺癌发生他莫昔芬耐药。此外，我们
展示了在雌激素受体阳性并接受他莫昔芬治疗的患者中高表达的CD146与
不良的预后相关。已经有研究证明抗CD146的单克隆抗体AA98能通过降低
NF-κB的活性从而抑制肿瘤生长以及血管形成。靶向溶解性CD146的中和性
抗体能抑制肿瘤的血管形成和增殖。所以，靶向CD146可能为克服乳腺癌患
者发生他莫昔芬耐药提供一个新的治疗策略。

Notch3调控乳腺癌上皮间质转化

肿瘤发生转移是导致乳腺癌患者死亡的主要原因。上皮间质转化被认为
是诱发肿瘤转移的重要环节之一。上皮间质转化即上皮细胞转变成为间质表
型，其细胞的转移侵袭能力增强且被认为是许多肿瘤发生远处转移复杂环节
中的第一步。细胞发生上皮间质转化通常伴随着上皮表型标记物E-Cadherin
的丢失和间质表型标记物N-Cadherin、Vimentin与Fibronectin的表达增加。
许多信号通路也参与诱导上皮间质转化的发生，比如TGFβ–SMAD信号通
路、经典与非经典WNT通路、生长因子受体酪氨酸激酶和细胞外基质-整合
素通路。

Noth家族在很多生物学过程如细胞命运决定、上皮间质转化、干细
胞维持和细胞族系的传承都发挥重要作用。Notch家族由4个Notch受体
（Notch1-4）和5个配体（JAG1、JAG2、DLL1、DLL3和DLL4）组成。在
人类癌症中，越来越多的证据表明Notch激活的结果取决于肿瘤类型和细胞
环境。Notch1和Notch4被认为能促使癌症发生，Notch2则被认为是抑癌因
子。Harrison等人证明了Notch4或Notch1能增强乳腺癌的干细胞性能，在
体实验表明抑制了Notch4或Notch1能降低肿瘤形成。在乳腺癌中，Notch3
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的功能被了解甚少且仍有争议。然而，我们发现乳腺癌细胞系和组织中
Notch3的表达与ERα和GATA3呈正相关关系。ERα和GATA3在人类乳腺
发育和乳腺癌的分化中起关键作用，而且二者通过调控不同的信号通路如
Slug、FOXC1和miR-29b发挥着抑制上皮间质转化的作用。目前，越来越
多的研究表明Notch3在乳腺的发育和管腔型细胞分化的命运扮演者重要角
色。Notch3表达于有高度克隆性和短暂静止分化成导管细胞的管腔祖细胞
中。而且，Notch3的表达缺失能减少由双功能祖细胞分化而来的管腔细胞形
成。这些研究提示我们去探讨Notch3、 GATA-3 和 ERα之间是否存在相互
调控关系，尤其在雌激素受体阳性的乳腺癌中。在第三章和第五章，我们阐
述了乳腺癌中激活的Notch3通过转录调控和ERα 和GATA-3维持着上皮表型
并抑制上皮间质转化和肿瘤转移。而且，Notch3的转录本表达与乳腺癌患者
良好的无复发生存期呈正相关关系。在第四章，我们阐明了miR-221/222通
过结合Notch3的3’段非编码区抑制Notch3的蛋白翻译，异位高表达Notch3 
ICD能逆转miR-221/222促进上皮间质转化的作用。这表明miR-221/222能
通过负向调节Notch3发挥促进肿瘤的功能。我们的研究对上皮间质转化这一
复杂的过程有了一个崭新的认识，描述了miR/Notch3/GATA3/ERα信号通
路是乳腺癌的预后指标。目前，利用miRNA作为癌症的治疗手段已经在前临
床实验得到证实并推入进一步的临床研究。例如，通过静脉注射的一种脂质
体miR-34模拟物MRX34是第一个被用于治疗临床高级别或者已发生转移的
肝癌患者的微小RNA。因此，靶向miR-221/222可能是抑制乳腺癌发展与转
移的治疗策略。

三阴性乳腺癌与化疗耐药

缺乏ER、 PR 和 HER-2表达的三阴性乳腺癌是一种高侵袭性的乳腺癌类
型，占乳腺癌的10-20%，且传统的内分泌治疗和赫赛丁靶向治疗对其无效。
由于缺乏有效的治疗靶点，系统的辅助化疗仍然是三阴性乳腺癌的主要治疗
手段。一般来说，相比于Luminal A、Luminal B和HER-2过表达型，三阴性
乳腺癌对辅助化疗更加敏感。然而，三阴性乳腺癌的复发风险远高于激素受
体阳性的乳腺癌归因于其高侵袭生物学特性和对化疗产生耐受。化疗耐药是
90%的治疗失败原因并导致了疾病的进展和癌症转移。

顺铂和卡铂治疗三阴性乳腺癌已被纳入临床研究且发现在BRCA突变的
乳腺癌患者新辅助治疗中获益。尽管标准的化疗方案对化疗敏感的初期三阴
性乳腺癌患者是有效的，而通常高级别的患者却对化疗反应率很差或者一开
始对化疗敏感的患者，30%-50%则会发生化疗耐受并导致预后不良。

Notch1被认为在乳腺癌中发挥维持干细胞表型和促进肿瘤发生化疗耐受
的作用。在第六章，我们揭示了三阴性乳腺癌中Notch1与CD146和EMT标
记物有高度相关性。生存预后分析揭示了Notch1和CD146是乳腺癌复发生存
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期的不良预后指标，尤其在接受化疗的乳腺癌患者。Notch1通过激活CD146
促使乳腺癌发生EMT和化疗耐药并且增强肿瘤细胞的侵袭与增值能力。抑制
Notch1能明显下调CD146的表达水平并逆转三阴性乳腺癌发生EMT和化疗耐
受。本研究能更好地了解上皮间质转化在乳腺癌化疗耐药的调控机制，为靶
向Notch1/CD146信号轴联合常规的化疗治疗三阴性乳腺癌提供理论依据。

CD146调控脑胶质母细胞瘤的侵袭能力

根据转录表达谱和几个常见基因如IDH1、TP53、PTEN和EGFR的突变
可以把脑胶质母细胞瘤分为4种类别：原神经细胞型（proneural，PN）、
神经元型（Neural，NE）、经典型（Classical，CL）和间质型（ Mesenchy-
mal，MES）。MES具有最高的侵袭性特征且往往预后最差。在GBM中，诸
多的信号通路如WNT/β-catenin、Hippo/YAP和转录因子ZEB1、SNAIL、 
TWIST、 C/EBP-b和STAT3等被认为是MES的主要调控因素。GBM细胞的高
侵袭行为特性不仅是GBM细胞的固有特征而且还受肿瘤微环境因素的调控。
在胶质瘤中，免疫炎症过程、缺氧的肿瘤微环境或毗邻的正常组织都可能导
致免疫细胞和小胶质细胞的募集并分泌产生转化生长因子β (TGF-β) 从而
诱导ZEB1促进GBM细胞的侵袭能力。若用TGF-β抑制剂阻滞该信号通路则
能GBM发生间质转化。在第七章中，我们发现在TGF-β诱导发生间质转化
的U87细胞模型中，CD146的表达明显上调。而且，过表达CD146能上调
ZEB1、β-catenin和一些干细胞标记物的表达水平而增强癌细胞干细胞性能
和转移侵袭能力。已有文章报道CD146参与干细胞的调节，例如体内体外实
验证明CD146阳性的人脐带血管周细胞有更高的增值能力和向间质细胞系分
化的潜能。此外，缺氧的环境下能诱导CD146阳性的人脐带血管周细胞克隆
形成率和增殖能力并调节成骨分化。除此之外，一些促炎症因子如肿瘤坏死
因子（TNF-α）和白介素α （IL-1α）能诱导黄素化颗粒细胞CD146的信使
RNA。这提示细胞诱导表达CD146在应对肿瘤微环境刺激如促炎症细胞因子
和生长因此引起的适当炎症反应、细胞增殖和迁移等起一定的作用。因此，
进一步研究CD146在GBM肿瘤细胞或免疫微环境重要性是需要的。我们之前
的研究发现的CD146与乳腺癌恶性行为的相关性，所以研究CD146通路在特
定的肿瘤细胞相似或者不同的功能显得很有意义。

CD146还能通过增加磷酸化MDM2而抑制放疗引起的P53蛋白的集聚，
并同时激活NF-κB通路从而促使GBM发生放疗抵抗。这两种由放射损伤诱
导的机制被认为是癌细胞为防止发生凋亡的应对方法，其在我们GBM细胞模
型对放疗抵抗的作用仍需进一步研究。而被激活的CD146如何调控NF-κB 
和MDM2的具体机制也叩待解决。先前的研究报道了在黑色素瘤中MAP-
K、p38 和Akt通路是CD146的下游效应通路，我们猜测在GBM中依然成立。

最后，我们新发现了转录调控因子YAP是CD146在GBM中的下游因子。
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在肿瘤中，YAP被认为是促癌蛋白并参与肿瘤血管形成、上皮间质转化和
远处转移的过程。YAP通过结合TAZ进入细胞核后与转录增强因子TEAD结
合后启动转录调控下游基因，而Hippo通路能控制YAP蛋白稳定性和细胞定
位。在第七章，我们发现CD146可能通过抑制Hippo通路而激活YAP功能。
然而，CD146与Hippo/YAP通路间的具体调控机制和在GBM侵袭能力的作
用关系需进一步研究。目前已有研究报道YAP信号通路在GBM中发挥着重要
作用，比如GBM细胞球中YAP的不同程度的表达时导致肿瘤异质性的原因，
且YAP的表达能增加肿瘤的发生潜能。另外，FDA最近批准通过了一种抑制
YAP与TEAD结合的抑制剂Verteporfin (VP)，有文章报道VP能抑制胶质瘤的
增殖。临床试验报道运用VP治疗局部进展期的胰腺癌是安全且可行的。这提
示靶向CD146/YAP可能GBM的治疗策略。

总之，本论文研究为更进一步了解乳腺癌和脑胶质母细胞瘤的侵袭与治
疗耐受的调控机制提供了新的认识。尤其是发现了CD146在不同肿瘤的侵袭
与治疗抵抗中的重要作用，进一步探索CD146靶向治疗可能为治疗这两种肿
瘤提供新的治疗策略。
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Samenvatting

Borstkanker, de meest gediagnosticeerde kanker bij vrouwen, kent een toename in inci-
dentie terwijl mortaliteit de laatste decennia afneemt, hetgeen voornamelijk kan worden 
toegeschreven aan vroege detectie en effectievere behandeling [1-3]. Intrinsieke of ver-
worven resistentie voor geneesmiddelen is echter één van de belangrijke oorzaken voor 
het mislukken van de behandeling van borstkanker. Ongeveer 70-75% van de borstkankers 
zijn oestrogeenreceptor (ER) en / of progesteronreceptor (PR) -positief en 12-18% zijn tri-
ple-negatieve borstkankers (TNBC), zonder ER-, PR- en HER2-expressie [4]. Endocriene (hor-
moon) therapie gericht tegen deze receptoren vermindert het recidief-risico bij patiënten 
met hormoonreceptor-positieve borstkanker met gelokaliseerde ziekte, en levert bovendien 
klinisch voordeel op bij gemetastaseerde ziekte [5, 6]. Helaas worden deze receptor-posi-
tieve borstkankers veelvuldig resistent tijdens de behandeling,  waardoor endocriene ther-
apie niet meer werkzaam is. Door afwezigheid van effectieve doelgerichte therapie is che-
motherapie de standaard behandeling voor patiënten met TNBC. Deze patiënten reageren 
doorgaans beter dan andere borstkankersubtypen op preoperatieve chemotherapie en leid 
veelvuldig tot een volledige respons (pCR). Echter, chemo-resistentie treed vaak op bij TNBC 
wat leidt tot terugkeer van de kanker [7].

Glioblastoma (GBM) is de meest voorkomende en dodelijke hersentumor en heeft nog altijd 
een zeer slechte prognose met een 5-jaarsoverleving van ongeveer 5% [8]. Standaardbe-
handeling is chirurgie gevolgd door chemo-radiotherapie, welke maar beperkt succes heeft 
vanwege de sterke infiltratieve groei van de tumor en een hoge mate van chemo-radiatie 
resistentie van de GBM-cellen. Helaas zijn er nog geen effectieve doelgerichte therapieën 
gevonden voor GBM, hetgeen wordt toegeschreven aan de hoge mate van cellulaire hetero-
geniteit in GBM [9]. Ook immunotherapie dat succesvol is in andere kankertypes, zijn dusver 
niet effectief bij GBM als gevolg van de immunosuppressieve (‘koude’) eigenschappen van 
deze tumor [10]. In GBM zijn stamcellen geïdentificeerd, genaamd GBM-stamcellen (GSC’s), 
die bijdragen aan heterogeniteit door hun differentiatie mogelijkheden en worden verant-
woordelijk gehouden voor therapieresistentie [9]. GSC’s worden gereguleerd door signalen 
afkomstig van niches en / of de micro-omgeving van de tumor, waarbij GSC’s met een mes-
enchymaal fenotype vooral resistent en agressief zijn.

Het bovenstaande illustreert dat een beter begrip van therapeutische resistentiemechanis-
men in zowel borstkanker als GBM nodig zijn om dit probleem te overwinnen door nieuwe 
verbeterde behandelingsstrategieën te ontwikkelen.

Onderzoek heeft aangetoond dat epitheliale-naar-mesenchymale transitie (EMT) één van 
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de centrale processen is welke leidt tot tumormetastasen [11, 12]. Er zijn verschillende sig-
naalroutes geïdentificeerd die betrokken zijn bij de inductie van EMT, zoals de Notch-route, 
TGFβ-SMAD-signalering, canonieke of niet-canonieke Wnt signalering, groeifactor-receptor 
tyrosine kinases en extra cellulaire matrix (ECM)-integrine routes [13-16]. Een interessant 
bijkomstigheid is dat deze stimuli ook zelfvernieuwing bij kankerstamcellen kunnen regul-
eren en er is een verband aangetoond tussen EMT en kankerstamcel-eigenschappen [17].

Het doel van het werk beschreven in dit proefschrift was het onderzoeken van de betrok-
kenheid van EMT en onderliggende regulatie mechanismen bij het agressieve gedrag van 
borstkanker en GBM zoals therapie-resistentie, groei, invasief gedrag/ mogelijkheid tot me-
tastaseren en stamceleigenschappen.

Hoofdstuk 1 geeft een algemene inleiding over borstkanker en GBM en de huidige ther-
apeutische uitdagingen, het doel en de hoofdlijnen van dit proefschrift. ER-expressie en 
-functie zijn een voorwaarde voor de gevoeligheid van borstkanker voor hormoontherapie 
en EMT kan deze moduleren. In hoofdstuk 2 hebben we een MCF-7-celmodel gekarakter-
iseerd dat resistent is voor tamoxifen. Deze MCF-7-Tam-R cellen bleken CD146/MCAM tot 
overexpressie te brengen vergeleken met tamoxifen gevoelige MCF-7 cellen. Verhoogde 
CD146 expressie correleerde significant met terugkeer van kanker na behandeling (relapse- 
free survival(RFS)) en de aanwezigheid van op afstand-gelegen metastasen (distant metas-
tasis relapse-free survival (DMFS) bij borstkankerpatiënten, vooral in de groep patiënten 
die alleen een behandeling met tamoxifen kregen. Vergeleken met MCF-7-cellen vertoon-
den MCF-7-Tam-R-cellen veranderingen in morfologische kenmerken en een verhoogde 
motiliteit en invasief gedrag, evenals verhoogde expressie van EMT-merkers. We hebben 
aangetoond dat CD146 tamoxifen-resistentie veroorzaakt, door ERα -expressie te verlagen 
en tegelijkertijd Slug expressie te verhogen hetgeen leidt tot EMT inductie en activatie van 
de AKT-overlevingsroute. In hoofdstuk 3 hebben we een sterke correlatie gevonden tussen 
Notch3 en ERα in borstkankercellijnen en menselijke borstkankerweefsels met een luminaal 
epitheliaal fenotype. Interessant is dat ectopische overexpressie van Notch3 resulteerde 
in activering van ERα in ERα-negatieve borstkankercellijnen, terwijl omgekeerd het verla-
gen van Notch3 expressie door RNA interferentie in ERα-positieve cellen ERα-expressie ver-
laagde. Onderzoek naar het onderliggende regulerende mechanisme toonde aan dat het 
intracellulaire domein van Notch3 (N3ICD) specifiek bindt aan CSL (CBF-1, Su (H), Lag-1) 
-bindingselementen die aanwezig zijn in het ERα-promotorgebied en ERα-expressie acti-
veren, en ook leidt tot remming van EMT, invasief gedrag in vitro en metastatische verspre-
iding in vivo. Verlagen van Notch3 expressie in NOTCH3-positieve borstkankercellen had het 
tegenovergestelde effect, namelijk de inductie van EMT en verlaagde ERα-niveaus. Verder 
bleek uit analyse van een grote klinische microarray-database dat verhoogde Notch3-tran-
scriptniveaus significant geassocieerd zijn met een betere relapse-vrije overleving (RFS) bij 
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gediagnosticeerde borstkankerpatiënten, vooral bij patiënten met ERα-positieve tumoren. 
Deze resultaten suggereren een rol van de Notch3 / ERα-as bij het in stand houden van het 
luminale-subtype en remmen van tumorigenese en metastaseren van borstkanker.

Het onderliggende mechanisme van Notch3-afhankelijke regulatie van ERα werd vervolgens 
in meer detail onderzocht. In hoofdstuk 4 vonden we dat Notch3 een doelwit was van twee 
onco-microRNA’s, microRNA-221 en microRNA-222. MiR-221/222-expressie is omgekeerd 
gecorreleerd met Notch3- en ERα-expressies in de bestudeerde borstkankercellijnen. Ec-
topische expressie van miR-221/222 stimuleerde EMT, terwijl overexpressie van Notch3 
remmer, N3ICD, de oncogene functie van miR-221/222 verlaagde. Na verder onderzoek 
bleek miR-221/222 te binden aan het 3’-niet-getranslateerde gebied van Notch3 mRNA en 
de translatie tot Notch3 eiwit te onderdrukken. In hoofdstuk 5 hebben we aangetoond dat 
de transcriptiefactor GATA3, die essentieel is voor de ontwikkeling van de borstklier van 
de mens en differentiatie van borstkankercellen, een nieuw ‘downstream’ doelwit is van 
Notch3-signalering. Onderzoek naar het regulatiemechanisme van Notch3 en GATA-3 liet 
zien dat beide positief geassocieerd waren met ERα-expressie bij borstkanker. Interessant 
is dat ectopische N3ICD-expressie leidde tot verhoging van GATA-3 expressie in ERα-negati-
eve borstkankercellijnen, terwijl verlaging van Notch3-expressie resulteerde in verlaging 
van GATA-3-expressie in ERα-positieve cellen. Bovendien hebben we met behulp van een 
reporterassay en een chromatin-immune precipitation (ChIP)-assay aangetoond dat Notch3 
kan binden aan CSL-DNA motieven in de GATA-3 promoter, wat suggereert dat N3ICD GA-
TA-3-expressie direct activeert. In vitro en in vivo experimenten hebben verder aangetoond 
dat Notch3 gedeeltelijk EMT remt door transcriptie activatie van GATA-3, hetgeen leidt tot 
verlaging van metastatische verspreiding van borstkankercellen.  De resultaten hierboven 
beschreven vergroten onze kennis over Notch3-signalering bij borstkanker. We hebben ont-
dekt dat miR-221/222 Notch3-expressie direct moduleren en dat Notch3 vervolgens GATA3- 
en ERα-niveaus reguleert die op hun beurt het EMT-proces en de metastase bij borstkanker 
sterk kan bepalen.

Intrinsieke of verworven resistentie tegen chemotherapie is nog altijd een van de belan-
grijkste redenen voor het falen van de behandeling van borstkankerpatiënten, met name 
bij TNBC. In hoofdstuk 6 hebben we cisplatine-resistente TNBC-cellen gemaakt, MDA-MB-
231-DDPR-cellen genoemd, en vonden dat de expressie van zowel Notch1 en CD146 signif-
icant hoger was in deze cellen dan in controle MDA-MB-231 cellen. In vitro experimenten 
toonden aan dat blootstelling aan een  lage dosis cisplatine (niet-cytotoxisch) leidde tot een 
tijdsafhankelijke toename van Notch1 en CD146 expressie in TNBC-cellen. Bovendien was 
de expressie van de mesenchymale merker Vimentin en van klassieke chemoresistie-geas-
socieerde eiwitten, zoals pAKT, P-gp en MRP1, ook significant verhoogd in MDA-MB-231-
DDPR-cellen. Vervolgens lieten verschillende experimenten, bestaande uit twee-voudige 
fluorescerende reporter assays, ChIP- en electrophorese-mobility-shift-assays (EMSA), zien 
dat Notch 1-ICD direct kan binden aan de CSL-bindingsplaatsen in CD146-promoter en ex-
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pressie kan induceren in TNBC cellen. Remming van Notch1 leidde tot een significante dal-
ing van CD146 expressie, resulterend in reversie van EMT en cisplatine-resistentie in TN-
BC-cellen. Onze resultaten tonen aan dat doelgerichte modulatie van Notch1/CD146-as  een 
mogelijke therapeutische benadering is om het therapeutisch effect van chemotherapie te 
verbeteren bij de behandeling van patiënten met TNBC.

In GBM zijn tumoragressiviteit en therapieresistentie gekoppeld aan een mesenchymaal 
subtype,  of aan een verworven mesenchymaal fenotype. Zoals hierboven beschreven is 
CD146 een unieke EMT-inductor en modulator van tumoragressiviteit en therapeutische 
resistentie bij borstkanker. De mogelijke betrokkenheid en functie van CD146 bij GBM zijn 
echter nog grotendeels onbekend. In hoofdstuk 7 hebben we aangetoond dat CD146 ex-
pressie verhoogd is in GBM in vergelijking met normaal hersenweefsel. Ook verschillen de 
expressieniveaus tussen neurosfeer GBM cellen afkomstig van patiënten.  Bovendien heeft 
eerder onderzoek door anderen laten zien dat Gliomen van klasse III en IV hogere CD146-
niveaus heeft vergeleken met graad I en II gliomen; hoge CD146-expressie correleerde ook 
met kortere ziektevrije overleving (dissease-free survival, DSF) en algemene overleving 
(overall survival, OS) bij GBM-patiënten [18]. Dit suggereert dat CD146 een oncogene func-
tie heeft bij GBM hetgeen we nader hebben onderzocht. Hiervoor hebben we een CRIS-
PR / Cas9 CD146 knockout en een ectopic CD146 / GFP overexpressie-model gemaakt in 
twee verschillende GBM-neurospheres en vervolgens CD146 functie onderzocht. CD146 
bleek pleiotrope effecten te hebben in GBM door zowel mesenchymale transitie (EMT), 
stam cell-potentie als radioresistentie te bevorderen. CD146 bleek ook  p53-accumulatie en 
NF-KB-activering te onderdrukken welke leiden tot verhoging van cel-overleving en resis-
tentie. Interessant is ook dat we een nieuwe functie voor CD146 hebben gevonden, nameli-
jk als een activator van de transcriptiefactor YAP die celgroei en overleving reguleert, wat 
gedeeltelijk via het  remmen van de Hippo-route lijkt te verlopen. Gezamenlijk tonen deze 
resultaten aan dat CD146 van belang is bij het maligne gedrag van GBM cellen en resistentie 
voor therapie. Dit suggereert dat doelgerichte inactivatie van CD146 signalering een nieuwe 
therapeutische benadering kan zijn voor deze dodelijke hersentumor.
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tributed to my Ph.D. in their own particular way and for that I would like to give them special 
thanks.
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years ago, however, when  you pronounced my name Yuanke as “Yongki” at the beginning of 
conversation, I could not disguise my amusement at that moment, and miraculously I didn’t 
feel nervous anymore. The first interview proceeded very well, since then you called me 
Kevin every time. You rarely missed our regular weekly meeting. Sometimes I don’t have so 
much new data to discuss for 1 hour, but we still can talk about the Dutch weather. After the 
meeting, you usually gave me some inspiring words and motivated me to keep my spirit high 
and proceed. You taught me how to make presentation, how to design the experiment, and 
what  impressed me most was you said to me that “If you have any question, please send 
me an e-mail or just come to knock on my door anytime”. You didn’t encourage me keep 
working in the weekend, though Win Sen and me usually arrange some experiments in the 
weekend. You said to me that working hard during working hours is great but don’t forget to 
enjoy the live in the Netherlands. I am very grateful that you put a lot of effort into my thesis 
writing.  Without your enthusiasm, encouragement, support and continuous optimism this 
thesis would hardly have been completed. 

I would like to pay special appreciation to my supervisor Prof. Zhang. Dear Prof. Zhang, I still 
remember the first time I met you in the class in 2010 when you gave us a lesson on breast 
cancer. You have a very high reputation among our students, so I have no hesitation to send 
my application to you to be supervisor in Master degree of medicine. How lucky that I past 
the examination and interview and became your student. You led me to the gate of medical 
research and encourage me keep going and find my own interest. Your mix of straightfor-
ward criticism combined with heart-warming support have made me realize that I am only 
a novice in this exciting profession , and at the same time gave me great confidence and en-
couragement to lucubrate into our research. In addition, you usually share your experience 
of studying and working in Japan and USA with me and encourage me to pursuit the Ph.D. 
abroad to broaden my horizon. What impressed me most was that you advised me to be 
more of a scientist than a doctor and insisted on doing research in my future career. I am 
really grateful for having  you as supervisor.

My sincere thanks also goes to my co-supervisor Prof. dr. W.F.A. (Wilfred) den Dunnen. Dear 
Wilfred, when the first time I met you in Pathology department, you gave me the impression 
that you are an elegant gentleman and very sagacious and amiable. I know you are very 
busy, however, you always do your best to squeeze time in your schedule to have a meeting 
with me and I really appreciate that. You are very professional at Pathology and teach me a 
lot in this academic field. You usually advise me that “Don’t rush to do the experiment; To 
think about what is your scientific question?”. I totally agree with you and I really hope to be 
a scientist soon, and able to ask the best “scientific question”. 

I would like to express my deep gratitude to Coby and Hetty. Dear Coby and Hetty, I partic-
ularly grateful for your kind help during my PhD study in Groningen. I am very inspired by 
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your enthusiasm, meticulousness and persistence for scientific research. I cannot forget the 
valuable conversation and suggestions you gave in my presentations on Tuesday meeting.  In 
addition, I am so happy that both of you enjoy the Chinese tea ceremony.

My sincere thanks also goes to Prof. dr. Steven de Jong and Prof. dr. Marcel van Vugt. 
Dear Steven and Marcel, thanks for hosting the Tuesday journal club and Friday oncology 
research meeting. I know that both of you spend a lot of attentions for the meeting. In ad-
dition to my own field of research, I also learned a lot from various of lectures which really 
help me to broaden my research horizon. 

I would also like to extend my acknowledgements to reading committee members, Prof. dr. 
Marcel van Vugt, Prof. dr. Harry. Hollema, and Prof. dr. Marc Vooijs. Thanks for taking your 
precious time for evaluating my thesis.

My special thanks are extended to our group members, Win Sen, Natalia, Margot, Nadia, 
Bianca and Justin. Dear Win Sen, your enthusiasm, passion and hardworking on the scien-
tific research really impressed me. I am grateful that you encouraged me and helped me to 
improve my English. Escaping Groningen to travel around in the Netherlands with you was 
great fun.  Dear Natalia, it’s my honor to work with you in glioblastoma investigations. I was 
a totally novice in glioblastoma research when I came here, however, you taught me how to 
culture glioblastoma neurosphere and answered my questions patiently and I really appre-
ciated that. I still remember we, together with Win Sen, went to EACR in Amsterdam and 
had a good times. Dear Margot, it’s my honor to know you and be your colleague. Thanks for 
giving me so many helpful suggestions when I presented on our Tuesday meetings. I am so 
happy and appreciate that you will be one of my paranymphs. I would like to thank my mas-
ter student Nadia who is interested in glioblastoma research. Dear Nadia, you are a smart, 
diligent, and modest person and I really enjoyed working with you. I hope you will get your 
MD/PhD offer soon and have  great success in your research. Dear Bianca, your enthusiasm 
and optimistic attitude toward work and life left me with a deep impression. I hope you will 
be an excellent Neurosurgeon as you wish. Dear Justin, I read your thesis over and over 
again even though I haven’t met you face to face until now, I learn a lot from your thesis and 
thanks for helping me performing the CAM assay in Sweden.  

Studying and working in the MOL lab has been great. I particularly would like to express my 
sincere appreciation for my dear colleagues: Shang Li, Thijs, Gerda, Ximena, Joost, Bea, 
Siqi, Qiu, Na Li, Jie Ma, Rolf, Yannick, Sergi, Carlos, Colin, Jiske, Linda, Danique, Francien, 
Frans, Arko, Arjan, Nathalie, and Vivian. Dear Thijs, Gerda, Ximena, and Joost, we had fan-
tastic day in Shang’s home. We learned how to make Chinese dumplings and I was so sur-
prised that all of you mastered the skill so fast and even optimized the protocol.

I’m deeply grateful to all the co-authors and collaborators who contributed to this thesis.  
Xiaowei Dou, Xiaolong Wei, Min Chen, Haoyu Lin, De Zeng, Wenxiu Ni, Yongqu Zhang, 
Jingwen Bai, Chunfa Chen, Xiaofen Wen, Jiaxin Shen, Yuxian Guo, Weiling Chen, Yang Wu, 
Yingsheng Xiao, Zun Wang, Minna Chen, Cuiping Guo, Didi Xi, Ronghui Li, Lifang He and 
Xiangrong Luo. Dear Dr. Xiaowei Dou, you were my daily supervisor when I was in Chang-
jiang Scholar’s lab, thank you for teaching me so many experimental techniques. When I 
failed in the experiment, you helped me to analyze the reasons patiently and encouraged 
me to keep trying. When I had some exciting findings, you were happier than anyone else. I 
feel so lucky that I know such a nice colleague like you. Dear Prof. Min Chen, I am particularly 
grateful for your advices, guidance, and discussions in my projects. Dear Dr. Xiaolong Wei, I 
am apprecite that you gave so many good suggestions and support to my study and daily life 
when I was studying in Shantou. Dear Dr. Haoyu and Dr. Yongqu, the atmosphere is always 
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pleasant when we were in the lab. It’s my pleasure to collaborate with you and accomplish 
these projects. By the way, our team’s name “Xi Jian Chui” is amazing. Dear Dr. Zeng, Ying-
sheng, and Yang Wu, working with you in the CD146 and Notch1 projects were so great. I 
am so glad that we cooperate so smoothly and published three papers in these years. Dear 
Xiaofen and Jiaxin, both of you bring a lot of fun to our lab. You usually do experiments to-
gether, and now you got married, what amazing! 

My great gratitude to Siqi, Tiantian, Jiang Qiong, Shang Li, Yuan He, Yi Yu, Meifang, and Jie 
Ma. Dear Siqi, we have known  each other since 10 years ago in SUMC, and now we work 
in the same department of Medical Oncology at UMCG. I am particularly grateful for the 
assistance given by you in my daily life and work when I am studying in Groningen. I really 
enjoyed our “lunch walk”, which will stay in my memory. Dear Tiantian, I appreciate that 
you often invited me to your home for dinner, and your delicious food definitely ease my 
homesickness. Dear Qiong Jiang, I am so grateful that you helped to find such a good accom-
modation for me before I arrived to Groningen. Your enthusiasms, diligent, and optimistic 
attitude to life really impressed me. It was so fun to travel around Europe with you. Dear 
Shang Li, you are an expert in bioinformatics analysis and thanks for teaching me how to use 
public database; You are smart with a good sense of humor; You always bring a lot of fun to 
everyone hanging out with you. Dear Yi Yu, my “lao tie”. You are definitely a good leader; 
Thanks for leading us to Winterberg for skiing which was a fantastic and unforgettable trip.  
In addition, it’s my great honor to invite you to be one of my paranymphs. Dear Yuan He, 
I really appreciate that you always do me a favor when I met some trouble in MOL. I keep 
wonderful memories for going to the music festival and having a big dinner at your home. 
Dear Meifang, I am grateful that you usually give such helpful advices to me for my future 
career. Dear Jie Ma, I wish you gain a great achievement in your research and have a good 
time in Groningen. 
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wife Tineke for making the TMA slides available to me. Dear Nienke, it’s always my pleasure 
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nechien, thank you for helping me to scan the IHC slides. Elles and Ilse are very kind-heated 
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establishing the Chinese choir of Groningen. Both of you spend a lot of attentions, patience, 
and enthusiasm to organize our rehearsals. We all love music and music bring us together. 
I wish to acknowledge our choir members: Jingwen, Chenglong, Li Shang, Yang Fan, Yanni, 
Wu Yi, Yu Yi, Tingli, Feng Shuai, Li Shuang, Jiang Bin, Cancan, Qinghong, Wang Lu, Li Chan, 
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I would like to offer my special thanks to the Chinese friends I met when studying in Gronin-
gen. Yuan He, Xin Zhao, Min Wang, Lu Wang, Yanyan Fu, Shipeng Chen, Yichen Liu, Sheng-
nan Hao, Fubiao Niu, Peijia Jiang, Wangzhao Song, Fang Liu, Yingying Cong, Mengfan 
Zhang, Yang Zhang, XiaoJuan Huang, Daozheng Yang, Rui Yan, Tianhe Hao, Yang Heng, 
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My love, Xiaoling Zhou, it has been my luckiest moment in life to meet you at Shantou 
University Medical College in 2007. Both of us had the same dream: being a good doctor 
and help people get rid of illness. We witnessed together our youth, frustration, happiness, 
success, and we got our bachelor and master degree together. No one knows me better 
than you and I confirm that you are my one and only. My most brilliant achievement was to 
convince you to be my wife and to share the rest of your life with me. Thanks for being my 
biggest supporter in my journey of Ph.D. Whenever I am down, you are always the first one 
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