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Summary 

Bone morphogenetic proteins (BMPs) are actively involved in cancer 

development and metastasis of solid tumours, especially in breast cancer. 

BMPs are functional in cell differentiation, proliferation, invasion and 

metastasis in breast cancer cells. BMPs have been reported to play dual roles 

in malignant tumours. However, the specific roles of breast cancer sub-type 

are still poorly understood. As an antagonist of BMP, increased Noggin 

expression contributes to bone metastasis in breast cancer. However, its role 

in different subtypes of the disease remains largely unknown. In this study, it 

was found that aberrant expression of Noggin was revealed in different 

subtypes of breast cancer, which was associated with poor prognosis. In ER 

positive subtype, Noggin expression was repressed by an oestrogen-induced 

interruption of BMP-Smad signalling. Noggin overexpression conferred a 

resistance of ER positive breast cancer cells to both tamoxifen (TAM) and 

chemotherapy. Noggin promoted invasiveness and migration through up-

regulation of EGFR/ERK in TNBC cells. In HER2 positive breast cancer cells, 

Noggin promoted proliferation and invasion through up-regulation of HER2 

and its downstream MAPK/ERK signalling pathway. On the other hand, the 

expression of Noggin was increased following knockdown of HER2 or 

blockage with a HER2 inhibitor (CP724714). Furthermore, proteomics 

analysis revealed that PFKP was the only commonly up-regulated protein 

investigated in both BT474 and HCC1419 HER2 expressing breast cancer 

cell lines. Moreover, by analysing phosphorylated proteins, certain pathways 

were highlighted for a possible role in Noggin regulated molecular and cellular 

events, in HER2 expressing breast cancer cells, which included the TGF-ɓ 

pathway, BMP-Smad dependent and independent pathways and the Wnt/ɓ-

catenin pathway, although further validation is required. In conclusion, higher 

expression of Noggin is associated with poor survival of breast cancer 

patients. Noggin regulates proliferation, migration and invasion of breast 

cancer cells in a subtype specific fashion, by interacting with ER, HER2, 

EGFR, BMPs and BMP signalling. Noggin may serve as a subtype specific 

marker and novel target for the personalised disease management of breast 

cancer.    
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Breast cancer is the most common cancer in females worldwide. In the past 

decades, increasing incidence and mortality rates of breast cancer have been 

reported in different countries and regions (Arnold et al. 2022), although the 

survival rates of breast cancer patients were also increased over the same 

period, as a result of advances in early detection and treatment. However, the 

prognosis remains poor especially for advanced metastatic breast cancer.  

 

1.1 Clinical and pathological characteristics of breast cancer 

1.1.1 Incidence 

Breast cancer in women has become the leading cancer in the world, 

approximately 2.26 million cases in 2020 (Sung et al. 2021; Wilkinson and 

Gathani 2022). In females, breast cancer accounts for 30% of female cancers 

in the US (Siegel et al. 2020). Similarly, breast cancer is the most common 

cancer in the UK, accounting for 15% of all new cases per year (2017 Cancer 

research, UK) (Figure 1.1A). Moreover, breast cancer is highly associated 

with age, with the highest incidence rates in older people (Figure 1.1B).  

 

1.1.2 Mortality 

    According to the Global Cancer Statistics 2020, lung cancer remains the 

leading cancer type of cause of cancer death, followed by female breast 

cancer, accounting for 6.9% of all cancers in the world  (Sung et al. 2021). A 

25-year study indicated that the mortality rate of breast cancer had been 

increasing significantly in most areas worldwide. Data analysis showed that 

the average mortality rate of breast cancer was 13.77/100,000 in 1990. This 

showed an increasing trend within 25 years being 15.25/100,000 in 2015 

(from 1990 to 2015) (Azamjah et al. 2019). There are three different mortality 

patterns: the mortality rate is increasing over 2% per year in developed 

countries; mortality rates are increasing in many developing countries and 

low-income regions (Trapani et al. 2022). Moreover, one research published 

that the sociodemographic is another factor affecting breast cancer incidence. 

The tendency and patterns are associated with the sociodemographic index 

(SDI). It was found that higher SDI was correlated to higher breast cancer 
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incidence (Hu et al. 2019). Mortality of breast cancer in the UK was 11,499 

cases, with 7% contributing to total cancer death, during 2017-2019 (Cancer 

Research, UK, cancerresearchuk.org/ accessed in May 2023). The reduced 

morality over the recent decades is mostly due to early detection and efficient 

systemic therapies. Mortality from breast cancer is still increasing in South 

America, Africa and Asia, partly due to a lack of diagnosis and therapies 

(Harbeck and Gnant 2017). Moreover, common genetic mutations or 

variations and lifestyles are related to cancer risk. Approximately 50% cancers 

can be prevented by lifestyle changes and improvement. For example, 

lifestyle changes such as rational diet, including eating more vegetables, a 

variety of fruits, wholegrains, lean proteins and healthy fats; doing physical 

exercise, avoiding tobacco and limiting alcohol use (Byrne et al. 2023). There 

is also solid evidence showing that lifestyle changes decrease the risk rates of 

breast cancer (Zhang et al. 2020). However, the overall cancer risk of 

individuals with unhealthy lifestyles remains unclear (Zhu et al. 2021).  
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Figure 1.1 Numbers of new cases of breast cancer in the UK. In total 55109 cases 
(2016-2018). Females account for 99% in the UK. (Cancer Research, UK, 
https://www.cancerresearchuk.org/cancer-statistics, accessed 2023) (A). Average 
number of new cases per year and age-specific incidence rates per 100,000 females, 
UK, 2015-2017. Number of new cases was rising with increasing age. This figure 
shows that breast cancer incidence, with the age distribution, is higher in senior age 
groups. The highest incidence was shown in 65-69 year old females. (Cancer 
Research, UK, https://www.cancerresearchuk.org/cancer-statistics, accessed 2023) 
(B). 
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1.1.3 Classification of breast carcinomas 

1.1.3.1 Histological categorisation 

According to the latest edition of the WHO classification, breast carcinomas 

are divided into 19 different major categorisations, including invasive 

carcinomas of no special type (70ï75%), lobular carcinomas (10ï14%) and 

other carcinomas of special type, which consist of 17 different, rare 

histological types and their subclasses. Breast carcinoma in situ are tumours 

at an early stage, which a solid tumour with no invasion of the basement 

membrane and no metastatic possibilities (Cserni 2020). Carcinoma in situ is 

then divided into ductal and lobular. Both forms have a higher risk to develop 

to an invasive tumour (Taurin and Alkhalifa 2020). Breast cancer is a 

collection of diseases with specific molecular characteristics, prognoses and 

individual therapies (Ciriello et al. 2013).  

 

1.1.3.2 Molecular classification 

Breast cancer subtypes can be determined based on two approaches: 

immunohistochemical (IHC)-based and molecular-based (ER, PR, Ki67, 

HER2) (Gao and Swain 2018). There are five molecular subtypes: Luminal A, 

Luminal B, HER2-enriched, Basal-like and Normal-like, in breast cancer (Yeo 

and Guan 2017). From a clinical point of view, the most commonly occurring 

subtype of breast cancer is ER+, and /or PR+, HER2- which accounts for 

150,000 new cases per year in the US (Ciriello et al. 2013). Luminal/ER 

positive breast cancers are the most common type compared with the others. 

Regarding oestrogen receptor and HER2 status, this can be grouped into four 

intrinsic subtypes, including Luminal A (ER+, PR+, HER2-; low proliferation 

rates, typically low grade, low Ki67 index, tubular cribriform and classic lobular 

histology (NST-no special type), with good prognosis); Luminal B (ER+, 

PR+/-, HER2+; higher grade, high Ki67 index, micropapillary and lobular 

pleiomorphic histology (NST),  with intermediate prognosis); HER2 positive 

( ER-, PR-, HER2+; higher grade, high Ki67 index, NST histology with 

intermediate prognosis); and Triple negative breast cancer (TNBC being ER-, 

PR-, HER2-; high grade, high Ki67 index, NST histology, poor prognosis) 
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(Harbeck et al. 2019) (Table 1.1). TNBC tumours can be further classified into 

four main subtypes: luminal androgen receptor (LAR), mesenchymal-like, 

immunomodulatory (IM) and basal-like subtypes (Lee et al. 2020).  

 

Table 1.1 Molecular classification of breast cancer.  

Intrinsic 
subtypes 

Luminal A Luminal B HER2 
positive 

TNBC 

ER + + - - 
PR + +/- - - 
HER2 - + + - 
Grade Low High High High 
Ki67 Low High High High 
Histology  Lobular 

NST 
Lobular 
pleiomorphic 
NST 

NST NST 

Survival  Good 
prognosis 

Intermediate 
prognosis 

Intermediate 
prognosis 

Poor 
prognosis 

NST: no special type.  

 

1.1.4 TNM staging of breast cancer 

    The Tumour-Node-Metastasis (TNM) system (Table 1.1) has become a 

standard to set the level of anatomical staging, throughout in the world, since 

the 1940s. Therefore, it is the most common classification of the disease, 

according to clinical and pathological evaluation of disease progression 

(Cserni et al. 2018). Researchers, especially surgeons, frequently utilise the 

AJCC TNM staging system again assessing primary tumour (T), regional 

lymph node (N) and distant metastases (M) (Hortobagyi et al. 2018). 

Furthermore, a new TNM staging system added biomarkers into staging 

classifications. In breast cancer, it is regarded that there are at least four 

molecular subtypes, based on gene expression: Luminal A, Luminal B, HER2 

positive and triple negative breast cancer (Hortobagyi et al. 2018).  
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Table 1.2 TNM staging of breast cancer 

Stage T N M 

Stage 0 Tis N0 M0 

Stage A T1 N0 M0 

Stage B T0 N1mi M0 

T1 N1mi M0 

Stage A T0 N1 M0 

T1 N1 M0 

T2 N0 M0 

Stage B T2 N1 M0 

T3 N0 M0 

Stage A T0 N2 M0 

T1 N2 M0 

T2 N2 M0 

T3 N1 M0 

T3 N2 M0 

Stage B T4 N0 M0 

T4 N1 M0 

T4 N2 M0 

Stage C Any T N3 M0 

Stage  Any T Any N M1 

T: primary tumour; Tis: carcinoma in situ; N: the status of the lymph nodes; N1mi: 
micro metastasis, reginal lymph node metastasis (0.2-2mm) to pelvic lymph nodes. 
M: the presence of distant metastases. Derived from The American Joint Committee 
on Cancer (AJCC) 8th (Giuliano et al. 2018). 
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1.1.5 Diagnosis and disease management 

1.1.5.1 Screening  

Breast screening provides an approach for early detection of breast cancer. 

An early-stage breast cancer, of small size without metastasis is often related 

to a favourable clinical outcome. Patients with these early, small, non-

metastatic breast cancers also benefit from treatment with less aggressive 

surgery and chemotherapies (Sitt et al. 2018). Randomized screening with 

mammography can reduce roughly 15% mortality of breast cancer in females 

over 40 (Farrell et al. 2020). Furthermore, a clinical trial of mammography 

screening in Sweden demonstrated the benefit of a reduced risk of breast 

cancer-related death (Tabar et al. 2021). In general, women with dense 

mammary glands are invited for a standard screening include mammography 

or MRI (magnetic resonance imaging) every 2 years (Khan and Chollet 2021). 

In European countries, the potential for breast cancer screening still needs to 

be fully reached. Nadine Zielonke et al, (2021) concluded that screening was 

able to prevent or reduced breast cancer-related deaths, especially in females 

from 50 to 74 years of age (Zielonke et al. 2021). Breast cancer screening has 

been strongly recommended at a pre-clinical stage in Europe (Cardoso et al. 

2019).  

 

1.1.5.2 Treatment 

Management of breast cancer is now multidisciplinary in practice. Local or 

regional treatments include surgery and radiation therapy. Systemic therapies 

include chemotherapies, endocrine therapy for hormone receptor-positive 

breast cancer, anti-HER2 therapy for HER2-positive disease, immunotherapy 

and cell-based therapies (Lau et al. 2022). The therapeutic options for breast 

cancer are increasingly moving toward a personalised approach as well as 

treatment de-escalation and escalation according to evaluation of biological 

traits of the tumour and also responses to previous treatments (Harbeck et al. 

2019). Systemic therapies are given to patients on the basis of subtype 

classification. Here are three main strategies: patients with Luminal subtype 

(ER positive) tumours receive endocrine therapy and some chemotherapy; 

patients with HER2 positive tumours receive HER2-targeted therapy or other 
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small inhibitors, in combination with chemotherapy; TNBC patients, they 

receive chemotherapy only. Nonmetastatic breast cancer patients receive 

surgery and considered radiation therapy. The principles of breast cancer 

treatment are different between nonmetastatic and metastatic breast cancer. 

For nonmetastatic breast cancer, the clinical strategies are focusing on 

primary tumours and regional lymph nodes. For metastatic breast cancer, the 

main goals are improving the quality of life and symptom relief (Waks and 

Winer 2019).  

Treatment of early-stage breast cancer has multiple choices including 

surgery, radiotherapy, endocrine therapy, chemotherapy and molecular 

targeted therapy. Regarding the ESMO clinical practice guidelines for early 

breast cancer, treatment of early-stage breast cancer must pay attention to 

the tumour burden (tumour size, location, lymph nodes), biology (pathology, 

biomarkers), age and menopausal status (Cardoso et al. 2019).    

 

1.2 Current understanding of molecular and cellular biology in breast 

cancer 

1.2.1 Tumourigenesis related genes in breast cancer 

Breast cancer susceptibility genes1 and 2 (BRCA1/2) 

BRCA1/2 are tumour suppressors which are often mutated in breast cancer 

(Narod and Salmena 2011). BRCA1/2 are dysregulated during DNA repair. It 

has also been shown that the expression of BRCA1/2 is higher in breast 

tumour tissues compared with normal tissues (Jin et al. 2022).   

BRCA1 is located on chromosome 17q and encodes a nuclear 

phosphoprotein (Apostolou and Fostira 2013). BRCA1 is involved in 

maintaining genomic integrity and stability, such as cell cycle control, mitotic 

spindle assembly, centrosome replication and chromatin remodelling at 

double-strand DNA break sites (Narod and Salmena 2011).  

    BRCA2 is located at chromosome 13q. BRCA2 is also involved in genomic 

stability, which repairs double-stranded DNA breaks by homologous 

recombination (Apostolou and Fostira 2013). Unlike BRCA1, most breast 

cancer patients with BRCA2 mutations are ER positive (Foulkes 2006). 

Therefore, females with mutations of BRCA1 or BRCA2 have a high risk of 
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breast cancer (Ford et al. 1998; Rebbeck et al. 2004). BRCA1/2 are 

considered to be biomarkers of tumourigenesis and disease progression 

(Huynh et al. 2020).  

  

PTEN 

PTEN, the phosphatase and tensin homologue, acts as a crucial tumour 

suppressor in cancers and is essential for normal cell proliferation. It is an 

antagonist of PI3K which indicates a negative modulator of the PI3K/AKT 

pathway (Song et al. 2012). PTEN encodes a protein with the molecular 

weight of 47 kDa (Li and Sun 1997; Haddadi et al. 2018). The PTEN protein 

contains two domains at the N-terminal and C-terminal. The C-terminal of 

PTEN has various phosphorylation sites which can maintain stability of the 

protein (Vazquez et al. 2000). As a tumour suppressor, PTEN is involved in 

several cellular activities and has specific functions in the cytoplasm and 

nucleus (Planchon et al. 2008). In the cytoplasm of a cell, PTEN acts as a 

lipid phosphatase and negatively regulates PI3 kinase (PI3K). PTEN converts 

PIP3 (phosphatydlinositol-3,4,5 triphosphate) to PIP2 (phosphatydlinositol-4,5 

biphosphate) in the cytoplasm of cells. Thus, PTEN can directly inhibit 

PI3K/AKT promoted cell proliferation, adhesion, migration and invasion 

(Haddadi et al. 2018). In the cell nucleus, PTEN is involved in the regulation of 

transcription, by maintaining the stability and repairing the structure of double 

strand DNA of genes (Ming and He 2012). Absence of PTEN results in DNA 

double stand breaks (DSBs) in mice. Moreover, PTEN can affect on 

chromatin which weakens the DSBs (Shen et al. 2007; Ming and He 2012). 

Imbalanced distribution of PTEN, between the cytoplasm and nucleus may 

lead to the occurrence of a malignant tumour (Liu et al. 2005). PTEN can 

regulate cell cycle progression, cell differentiation and apoptosis (Chung et al. 

2005). Furthermore, lack of abundancy and decreased activity of PTEN may 

result in tumourigenesis (Alimonti et al. 2010; Boosani and Agrawal 2013). 

Another tumour suppressor, P53, interacts with PTEN, sharing regulators in a 

feedback regulatory loop (Nakanishi et al. 2014). P53 binds to the upstream 

element of PTEN promotor, increasing PTEN expression at transcriptional 

level (Mayo and Donner 2002). PTEN can be suppressed by SNAIL and 
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SLUG, which both are competitive with P53 (Uygur et al. 2015). It has been 

demonstrated in P53 and PTEN knockout spontaneous tumour models that 

P53 and PTEN act as inhibitors in stemness and tumorigenesis (Zheng et al. 

2008). Expression and function of PTEN can be regulated via a variety of 

mechanisms including phosphorylation, acetylation, ubiquitination, oxidation 

and SUMOylation (Haddadi et al. 2018). PTEN expression could be regulated 

by phosphorylation, whereas dephosphorylation leads to a decreased PTEN 

stability (Al-Khouri et al. 2005; Zhang et al. 2012). PTEN oxidation by H2O2 

changes the PTEN substrate binding region and results in the reduction of 

PTEN activity (Lee et al. 2002). Moreover, Lysine acetyltransferase acetylates 

PTEN, the subsequent inactivation of PTEN consequently leads to 

uncontrolled activation of PI3K  (Okumura et al. 2006). Ubiquitination of PTEN 

reduces its protein stability, resulting in degradation and altered 

compartmentalisation and distribution (Wang et al. 2008). The small ubiquitin-

related modifiers (SUMO) are related to ubiquitin. SUMOylation is involved in 

the PTEN localisation in the nucleus (Gonzalez-Santamaria et al. 2012; Bassi 

et al. 2013).   

    Lack of PTEN can induce PI3K/AKT hyperactivation in various solid 

tumours. AKT hyperactivation is the most important oncogenic control in the 

mediation of proliferation, migration of cancer cells and angiogenesis in 

PTEN-shorten tumours (Fang et al. 2007; Graupera et al. 2008). In addition, 

the aberration in expression of PTEN at both mRNA and protein levels, 

mutations and deletions inactivated PTEN, have been observed in different 

types of tumours including breast, ovarian, thyroid and prostate (Hollander et 

al. 2011; Haddadi et al. 2018). 

 

 

  



12 

 

P53 

P53 is widely known as a tumour suppressor gene which can maintain 

gene integrity (Duffy et al. 2018). P53 protein acts as a guard to activate DNA 

repair proteins for DNA damage, to be repaired by either an arrest of cells at 

G1/S phase or by inducing apoptosis for cells with irreparable DNA damage. It 

can also trigger senescence for those cells with shortened telomeres. Loss or 

dysfunctional P53 may lead to tumourigenesis (Bieging et al. 2014). P53 is 

one of the most commonly mutated genes in malignant breast cancer, 

especially in TNBC. Mutant P53 is considered as both a prognostic biomarker 

and a potential target for breast cancer patients (Duffy et al. 2018). P53 

mutations differ from histological classifications and biological features in 

breast cancer. For instance, the mutations are more frequently seen in ER 

negative, HER2 positive, lymph node positive ductal tumours (Shah et al. 

2012; Silwal-Pandit et al. 2014). Recent studies have also revealed a variety 

of roles played by mutated P53 in cancer cell stemness, metastasis, 

metabolism, and cell-cell communication in the tumour microenvironment 

(Souza et al. 2022). P53 triggers G1 cell cycle arrest in DNA damage, holding 

cells to repair their damaged DNA before proceeding to the phases in a cell 

cycle, therefore resulting in tumour suppression (Deng et al. 1995; Martin-

Caballero et al. 2001). Interestingly, it has been shown in a tumour model with 

choroid plexus epithelial cells, which inactivated P53 resulted in reduced cell 

apoptosis and a dramatic increase of tumour growth (Chen 2016). Other 

supporting evidence has shown the mediation of P53 induced apoptosis in 

vivo (Symonds et al. 1994; Bieging et al. 2014). P53 also represses 

oncogenic metabolic conditions through activating oxidation and 

phosphorylation, which activates metabolic genes and inhibits glycolysis, thus 

suppressing the cell cycle at an early stage (Ward and Thompson 2012; 

Timofeev et al. 2013).   

 

Wnt 

The Wnt proteins are secreted glycolytic molecules which include over 10 

family members: Wnt1 to Wnt 11 and Wnt 16 (Katoh 2002; Katoh and Katoh 

2017). Wnt signalling regulates cell proliferation in cancers and alters immune 
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responses in stromal and immune cells. As a key target of Wnt signalling, 

Wnt/ ɓ-catenin interacts with RTKs to phosphorylate ɓ-catenin thus regulating 

gene expression (Katoh and Katoh 2017). The Wnt signalling pathway is 

activated by the Frizzled family, which are transmembrane receptors (FZDs) 

together with co-receptors (LRP5/6 and ROR), to induce canonical and non-

canonical Wnt signalling (Katoh and Katoh 2007; Niehrs 2012).  

Canonical Wnt signalling is mediated by FZDs, LRP5, LRP6 and 

downstream pathways, including ɓ-catenin dependent and ɓ-catenin 

independent pathways (Rada et al. 2015; Acebron and Niehrs 2016). 

However, the non-canonical Wnt pathway with FZDs and ROR receptors 

involves JNK and Rho-ROCK pathways, PKC or G protein with 

RTK/PI3K/AKT signalling (Katoh 2005). The Wnt signalling pathway can 

promote cell proliferation, invasion and prognosis. It also interacts with other 

signalling, such as Notch and TGF-ɓ (Ranganathan et al. 2011; Gonzalez and 

Medici 2014). Taken together, Wnt signalling governs human homeostasis 

and embryogenesis, and is also involved in tumourigenesis and disease 

progression of certain malignancies (Katoh and Katoh 2017). For example, 

Wnt/ ɓ-catenin signalling regulates neural stem cell differentiation and 

proliferation (Inestrosa and Arenas 2010). Gene mutations have resulted in 

aberrant activation of canonical Wnt signalling, which has been evident in 

some colorectal cancer and sporadic cancers (Schneikert and Behrens 2007), 

whilst the non-canonical Wnt/RTK pathway is actively involved in leukaemia, 

lung cancer, gastric cancer and breast cancer, as a result of increased RORs 

expressions (Katoh and Katoh 2017). For example, Wnt3a can induce 

transcription of BMP2 via beta-catenin in osteoblastic cells (Zhang et al. 

2013).   

     

1.2.2 Oestrogen/oestrogen receptors 

1.2.2.1 Oestrogen 

Oestrogen regulates cell proliferation, differentiation and development of 

breast tissues, as well as growth and invasion of breast cancer. The 

underlying mechanisms of oestrogen in tumourigenesis, disease progression 

and treatment of breast cancer provokes research into oestrogen receptors 



14 

 

(ER), the metabolites of oestrogen and epigenetic regulation (Starek-

Swiechowicz et al. 2021). Furthermore, upon binding to two nuclear receptors, 

ERŬ and ERɓ regulate transcription of target genes (Shanle and Xu 2010; 

Yue et al. 2013). The main oestrogen, 17-ɓ-oestradiol (E2), is not only a ligand 

of oestrogen receptor but also a substrate for the metabolizing enzymes in 

breast tissue (Starek-Swiechowicz et al. 2021). E2 is the most effective 

oestrogen in breast cancer. E2 controls cell apoptosis and promotes 

proliferation through ERŬ signalling, whereas ERɓ represses cell growth in 

breast cancer cells (Lipovka and Konhilas 2016). An experimental study 

revealed that a decrease in tumour formation was found in ERŬ knock down 

animals (Santen et al. 2009). ERŬ has been targeted as a routine therapy for 

ER positive breast cancers. It has an influence on the engagement of 

transcriptional factors activated by ERŬ and degradation (Orlando et al. 2011). 

It has been reported that phytoestrogens have higher affinity to ERɓ 

compared with ERŬ, leading to an inhibition of proliferation. Under 

experimental conditions, a higher concentration of phytoestrogens can inhibit 

cell growth, via both ERŬ and ERɓ, with increased expression of P21, P27 

and decreased cyclin D1 expression (Bilal et al. 2014).     

 

1.2.2.2 Oestrogen receptors 

Both oestrogen and progesterone are key regulators of a wide range of 

human tissues, including breast, bone, brain and the cardiovascular system. 

Oestrogen and progesterone receptors are crucial for the normal breast, 

menstrual cycle and reproduction. The level of expression of ER, present in 

tumours, is identified as a prognostic biomarker (Hilton et al. 2018). 

Oestrogen receptors are nuclear transcriptional factors which are mainly 

composed of 3 types, ERŬ, ERɓ and ERɔ.  

ERŬ is expressed in more than 70% of breast cancer. ERŬ is a 

multifunctional gene, which regulates gene expression and thus coordinates 

cellular functions such as proliferation and differentiation. Targeting ERŬ by 

inhibiting or preventing degradation and less production may provide a crucial 

therapeutic target in breast cancer treatment (Patel and Jeselsohn 2022).  
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Oestrogen receptor Ŭ also known as ESR1, was first identified by Jenson 

and Jacobsen in the 1950s (Jensen et al. 2010). Another oestrogen receptor 

ɓ was discovered in 1995 (Mosselman et al. 1996). Both receptors have 

similarities in their structures, signalling and activation by ligands. ERŬ is a 

protein of 595 amino acids with a molecular weight of 66.2 kDa. It is encoded 

by ESR1 which is located at chromosome 6 (Walter et al. 1985; Green et al. 

1986). ERɓ is encoded by the ESR2 gene located on chromosome 14. In 

comparison with ERŬ, ERɓ protein is slightly smaller with a molecular weight 

of 59.2 kDa which comprises 530 amino acids (Ogawa et al. 1998). ESR1 

encodes 5 functional domains namely A, B, C, D, E and F (Sand et al. 2002). 

These five domains have different functions. The A/B domains are at the N-

terminal and play a key role in signal transduction, transactivation via 

activation factor-1 (AF-1) and transcriptional regulation of target genes for 

both activation and repression. The C domain is also known as the DNA 

binding domain. The C domain also mediates receptor dimerization. The D-

hinge domain is involved in nuclear localization, acetylation, ubiquitination and 

SUMOylation. In addition to these domains, the E domain is the ligand binding 

domain, which is dominant in the dependent signalling pathway and 

transactivation via AF-2. The last F domain which is located at the C-terminal 

end in the long protein among the five regions. The F domain can modulate 

antioestrogens activity and activation through E2 (17-ɓ-oestradiol) -dependent 

signalling at transcription level (Patel and Jeselsohn 2022).  

ERŬ can alter the related gene expression at transcriptional level by 

interaction with oestrogen response elements (EREs) (Gruber et al. 2004). ER 

binds to the EREs then forms a dimeric complex in specific DNA sequences. 

The structure of the dimer uses two zinc fingers and ERE for dimerization. 

The interaction and transduction between ER and regulated genes rely on 

numerous factors such as types of ER (ERŬ and ERɓ), dimeric receptors and 

ERE (Zilliacus et al. 1995; Klinge 2001).  

    ER is also an essential regulator in cellular and molecular biology and 

tissue development, such as in bone remodelling, regeneration, vascular 

function, activity and metabolism (Lee et al. 2012). Based on previous studies 

of ER, differential ER expression is seen in various tissues and organs during 
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signalling transduction. However, the ER signalling in mammary glands and 

how it is impacted on tumorigenesis and disease progression is still unknown 

(Chi et al. 2019a).  

    Some data suggested that ERɓ can regulate over 900 different genes in 

oestrogen induced MCF-7 cells (Grober et al. 2011). The exclusive role of 

ERɓ in prognosis and treatment in breast cancer remains unclear. Although 

ERɓ may be responsible for the endocrine response and resistance in breast 

cancer, it is still not being applied for routine therapy and clinical work (Patel 

and Jeselsohn 2022).      

    Detectable expression of ERɓ has been reported in the normal mammary 

gland as well as in breast cancer (Murphy and Leygue 2012; Cheng et al. 

2013). However, the exact role remains unknown, due to a lack of specific 

ligands and antibodies in breast and effects in breast cancer (Haldosen et al. 

2014). ERŬ and ERɓ, two types of nuclear ER, regulate the impact of 

oestradiol. ERŬ is considered to be the dominant receptor in the breast. It 

prevents normal mammary progression and development in knockdown-ERŬ 

mouse models. While knocking down ERɓ, it has a weak impact, compared to 

ERŬ (Forster et al. 2002; Palmieri et al. 2002). Moreover, ERŬ and ERɓ 

exhibit various expression patterns in various kinds of cells in human tissues. 

Expression of ERŬ is limited into the luminal epithelial cells, whereas ERɓ is 

expressed in luminal cells, myoepithelial cells, stromal cells and blood 

endothelial vascular cells (Speirs et al. 2002).  

 

1.2.2.3 Oestrogen-induced signalling in breast cancer 

               Oestrogen is a key driver in ER positive breast cancer. Oestrogen is a 

pivotal regulator in normal mammary gland development via promotion of 

ductal epithelial cell proliferation and morphogenesis (Sternlicht 2006). In 

addition to the effects on proliferation, oestrogen also plays an important role 

in metabolism. Mutated oestrogens can interact with DNA directly and impair 

the DNA adducts. Upon binding to DNA directly, oestrogen metabolites canôt 

subsequently bind to oestrogen receptors. This may lead to tumourigenesis in 

ER related cancers. Oestrogen mutations and corresponding metabolism can 

be processed from catechol to quinones, through oxidation and redox 
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reactions which further produce reactive oxygen species (ROS) (Fernandez et 

al. 2006; Lu et al. 2007). Similarly, in ER negative breast cancer, oestrogen 

also promotes tumour growth in some ER negative breast cancer cells 

(Savage et al. 2014). Oestrogen itself, and its metabolic products break the 

double strands of DNA in mammary epithelial cells, together with E2 

mutations, which may contribute to tumourigenesis in breast (Bhardwaj et al. 

2019). 

 

         Genomic dependent signalling 

                Activation of oestrogen in breast cancer occurs via two signalling pathways 

that are mainly genomic and non-genomic pathways. The genomic pathway 

depends on the mediation of oestrogen response elements (EREs) (Deroo 

and Korach 2006). Oestrogen can bind to ER directly interacting with EREs of 

responsive genes, thus regulating gene expression and consequently 

coordinating cell differentiation, apoptosis, proliferation and angiogenesis (Hall 

et al. 2001). Indirectly, E2 can change gene expression without interaction 

with EREs. In the ERE independent regulation of gene expression, oestrogen 

can target other transcriptional factors, such as Fos/Jun, AP-1 and SP1, to 

regulate gene transcription (McKenna et al. 1999).  

 

Non-genomic signalling   

                Activation of oestrogen in the non-genomic signalling pathway presents on 

the cell plasma membrane. ER can stimulate with some growth factor 

receptors such as EGFR and HER2, enzymes and MAPK/PI3K/AKT kinases. 

This mechanism is in addition to E2 regulated gene expression (Wong et al. 

2002; Schiff et al. 2004). Oestrogen increases the expression of transforming 

growth factor Ŭ (TGFŬ) and amphiregulin. They further activate EGFR and 

downstream of MAPK and AKT (Frasor et al. 2003). Conversely, the 

abovementioned pathways, including EGFR, MAPK/ERK, PI3K/AKT and 

cytokines, can in turn phosphorylate E2 signalling. The serine-threonine 

kinase pathway activates and phosphorylates ER during these processes 

(Kato et al. 1995; Bunone et al. 1996; Campbell et al. 2001; Sun et al. 2001; 

Bhardwaj et al. 2019).  
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Oestrogen promotes invasiveness and migration of cancer cells (Giretti et 

al. 2008). In ER negative breast cancer cells, oestrogen can also promote 

migration and invasion through crosstalk between GPER1 and CXCR1 which 

has been evident in both SKBR3 and BT20 breast cancer cell lines. As G 

protein-coupled oestrogen receptor 1 (GPER1) is highly expressed in breast 

tumours and associated with aggressive traits of cancer cells. CXC receptor 1 

(CXCR1) acts as a modulator of cancer metastasis with IL-8 (Interleukin-8) 

(Jiang et al. 2013). From the perspective of immune response, proteinase 

inhibitor-9 (PI-9) induced by E2 with Granzyme-B prevention leads to immune 

escape in breast cancer (Lauricella et al. 2016). Additionally, oestrogen-

promoted breast cancer metastasis is associated with bone marrow myeloid 

(BMD), both in ER positive and negative breast cancer, in which oestrogen 

can promote angiogenesis via VEGF-A  (Iyer et al. 2012). Furthermore, E2 

regulates astrocyte cell function and contributes to brain metastasis of ER 

negative breast cancer patients (Sartorius et al. 2016).     

 

1.2.2.4 Clinical implications of ERs in breast cancer 

ER is a key factor in predictive and prognostic clinical outcomes in breast 

cancer. Patients with ER positive (ER+) breast cancer can more likely benefit 

from endocrine therapy (Zhou et al. 2022). However, patients with ER 

negative (ER-) breast cancer may hardly benefit from the endocrine therapy 

(Fisher et al. 2001).  

    Regarding different hormone receptors status, two molecular subtypes (ER 

positive) of breast cancer can be identified. The positive correlation between 

ER, PR and prognosis divides breast cancer into different subtypes, with ER 

and PR belonging to Luminal subtypes (Gyorffy et al. 2015). The Luminal 

subtypes, including Luminal A and Luminal B are classified by ERŬ and PR 

(progesterone receptor). The differences between both subtypes are that: 

Luminal A subtype tumours present as lower grade, less metastatic 

possibilities, a higher sensitivity to endocrine therapy and favourable survival, 

in comparison with Luminal B tumours (Goldhirsch et al. 2011; Yanagawa et 

al. 2012).    
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   To date, targeted drugs and agents of the oestrogen signalling pathway are 

the most practical treatment, acting as first line therapy for ER positive breast 

cancer patients. Anti-oestrogen drugs, or oestrogen inhibitors such as 

selective oestrogen receptor modulators tamoxifen and aromatase inhibitors 

(AIs), are the standard treatment of ER positive breast cancer patients, by 

blocking or inhibiting oestrogen which improves the five-year survival rates, 

reducing recurrence rates after diagnosis (Early Breast Cancer Trialists' 

Collaborative 2022). Despite the lack of ERŬ in triple negative breast cancer 

(TNBC), oestrogen signalling can be activated and regulated by oestrogen-

related receptors (ERRs) (Treeck et al. 2020). Oestrogen facilitates brain 

metastasis in TNBC cells through the ERŬ-independent pathway (Sartorius et 

al. 2016).  

   

1.2.3 Receptor tyrosine kinases in breast cancer 

Receptor Tyrosine Kinases (RTKs) are transmembrane proteins located on 

the cell surface (Butti et al. 2018). They are detected in different cell types 

such as fibroblast cells, endothelial cells and cancer cells. RTKs are important 

in cancer development and tumour progression through regulation of several 

downstream pathways including mitogen-activated protein kinase (MAPK) 

(Wise and Zolkiewska 2017), phosphoinositide 3-kinase (PI3K)/AKT and 

Janus kinase (JAK)/signal transducer and activator of transcription (STAT) 

(Park et al. 2016) signalling pathways (Qian et al. 2015; Ibrahim et al. 2017). 

RTKs are a group of receptors that include epidermal growth factor receptor 

(EGFR), vascular endothelial growth factor receptor (VEGFR), fibroblast 

growth factor receptor (FGFR), hepatocyte growth factor receptor (also known 

as Met or c-Met), insulin-like growth factor receptor (IGFR) and platelet-

derived growth factor receptor (PDGFR) (Palmieri et al. 2007; Lemmon and 

Schlessinger 2010; Tomiguchi et al. 2016). RTKs are closely related to cancer 

stemness, invasiveness and metastasis in various cancer types. In breast 

cancer, elevated RTKs are associated with poor prognosis (Templeton et al. 

2014).  

    There are over 50 RTKs that have been identified in humans which are 

grouped into 20 subfamilies based on the structural and biological 
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characteristics (Filis et al. 2023). The structure of RTK includes an 

extracellular ligand binding domain, a transmembrane domain and an 

intracellular tyrosine kinase domain. The 20 different subgroups of RTKs are 

EGFR, PDGFR, VEGFR, FGFR, Met, Ros, ALK, InsR, DDR1/2, PTK7/CCK4, 

Trk, Ror, MuSK, Axl, Tie, EphA/B Ret, Ryk, LMR, and STYK1/SuRTK106 

(Butti et al. 2018). The intracellular domain of RTKs has a tyrosine kinase 

domain that can phosphorylate tyrosine in downstream molecules. RTK 

mutations cause structural and biological abnormalities and disorders (Butti et 

al. 2018). On the other hand, the transmembrane domain mutations can affect 

RTK dimerization, resulting in certain deformities (van Rhijn et al. 2002). In 

addition to the aforementioned HER family, some of the other RTKs also play 

an important role in breast cancer.  

 

1.2.3.1 Deregulated AKT signalling in breast cancer  

    AKT, also known as protein kinase B (PKB), was first identified in the 

1990s, as a protein kinase which is involved in the PI3K/AKT signalling 

pathway (Bellacosa et al. 1991). AKT is a pluripotent factor which can 

promote proliferation and invasion of cancer cells (Adil et al. 2021). There are 

three isoforms, namely AKT1, AKT2 and AKT3. In breast cancer, AKT1/2/3 

play crucial roles in cancer cell invasiveness and metastasis. AKT1 promotes 

proliferation by upregulating cyclin D1 and downregulating cell cycle inhibitors 

P21 and P27 (Abbas and Dutta 2009). AKT2 is dominant in cancer metastasis 

and progression via regulating EMT markers and ɓ-integrins, whereas AKT3 

is related to ER status in breast cancer (Hinz and Jucker 2019). Increased 

AKT is associated with poor overall survival in cancers (Perez-Tenorio et al. 

2002). AKT is a serine/threonine kinase protein which belongs to the ACG 

family (Hanada et al. 2004). The PI3K/AKT signalling pathway can bind 

growth factors such as EGF, HGF and VEGF to their receptors, leading to the 

phosphorylation of RTKs (Okano et al. 2000; Olayioye et al. 2000; Hinz and 

Jucker 2019). Inactivation of AKT can also be triggered by PTEN 

dephosphorylation (Stambolic et al. 1998).  

The biological and catalytic activities of AKT are engaged in cell apoptosis, 

proliferation, migration and protein alteration (Manning and Cantley 2007; 
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Vasudevan and Garraway 2010). For example, AKT can directly supress P21 

and P27 and promote proliferation (Zhou et al. 2001; Liang et al. 2002). In 

contrast, AKT governs cyclin D1 degradation by inhibiting GSK3 

phosphorylation to facilitate cell growth (Diehl et al. 1998). Furthermore, AKT 

is involved in cell survival through regulation of anti-apoptotic proteins, via NF-

əB signalling (Ozes et al. 1999). Additionally, AKT can promote invasiveness 

by upregulating MMP2 and MMP9 (Kim et al. 2001; Park et al. 2001).   

 

1.2.4 ERBB/HER family 

1.2.4.1 EGFR  

Epithelial growth factor receptor (EGFR) is a transmembrane receptor 

protein located on the cell membrane. EGFR was first identified in 3T3 cells 

mice in 1977 (Das et al. 1977). It belongs to the HER family including ERBB2 

(HER2/neu), ERBB3 (HER3) and ERBB4 (HER4) (Sequist et al. 2015). EGFR 

was initially identified as an oncogene which was encoded by cell 

erythroblastosis virus oncogene B1, thereby namely C-erb B1 (Gullick et al. 

1984; Subramaniyan et al. 2022). The structure of these family members 

contains extracellular domains, transmembrane region and intracellular 

region. Moreover, the extracellular domains include ligand-binding domain 1 

(domain l), cysteine rich domain 1(domain ớ), ligand-binding domain 2 

(domain lll) and cysteine rich domain 2 (domain lV). 

    The intracellular region comprises the juxtamembrane (JM), tyrosine 

protein kinase domain and carboxyl terminal (CT) (Avraham and Yarden 

2011; Endres et al. 2011; Lemmon et al. 2014). There are still some 

differences among these HER members. HER2 is a non-ligand binding 

receptor, so is only activated by binding with other receptors. HER3 lacks 

effective kinase activity and can only induce signal transduction when 

heterodimerized with other family members (Yarden and Sliwkowski 2001; 

Berger et al. 2004; Jura et al. 2009).  

EGFR belongs to the HER family that modulates cellular functions such as 

proliferation and survival through downstream signalling pathways including 

both mitogen-activated protein kinase (MAPK) and protein kinase B (PKB or 

known as AKT) pathways (Wee and Wang 2017). Higher levels of EGFR and 
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its mutations can activate their signal transduction including the downstream 

pathways, resulting in poor survival in lung cancer patients (Bethune et al. 

2010). Previous studies have demonstrated that targeted EGFR therapies 

using tyrosine kinase inhibitors (TKIs) can improve the survival rates of lung 

cancer patients (Mok et al. 2010). EGFR is highly expressed in breast cancer, 

especially in HER2 positive and some triple negative breast carcinoma 

(TNBC). It plays an essential role in regulating biological activities such as 

proliferation, stemness, migration and invasiveness (Maennling et al. 2019; 

Song et al. 2020; Zhao et al. 2020; Li et al. 2021a). This receptor comprises of 

several extracellular domains and intracellular domains including a juxta 

membrane domain, a tyrosine kinase domain (TKD) with the amino lobe. TKD 

is located at the C-terminal which has a carboxyl tail of tyrosine 

phosphorylation site (Lemmon et al. 2014; Chow et al. 2020; Subramaniyan et 

al. 2022).  

    The tyrosine kinase domain and HER2 receptors activate the MAPK 

signalling pathways, to regulate cell proliferation, apoptosis, migration and cell 

cycle (Moasser 2007). TKD can also activate the PI3K/AKT/mTOR pathway to 

elicit the biological activities which can be blocked by the phosphatase and 

tensin homolog (PTEN) (Chow et al. 2020).  PI3K/AKT/mTOR is widely 

involved in the progression and treatment of breast cancer (Papa and Pandolfi 

2019). Deregulated PI3K/AKT signalling was evident in over 30% of breast 

cancer patients, including PI3K mutations and PTEN mutations (Chow et al. 

2020).     

Overexpression and mutation of EGFR, together with activation of its 

downstream signalling, such as MAPK/ERK, RAS, RAF, PI3K/AKT, PKC and 

STAT pathways, have been observed in breast cancer (Normanno et al. 2006; 

Chong and Janne 2013; Liu et al. 2018a; Sabbah et al. 2020). Taken 

together, the involvement of EGFR is crucial in tumourigenesis and disease 

progression of certain breast cancers. EGFR-promoted proliferation in TNBC 

can be mediated by both MAPK/PI3K/AKT and JAK/STAT signalling pathways 

(Hu et al. 2018; Song et al. 2020). Meanwhile, EGFR can also protect cancer 

cells from apoptosis, through regulation of the PI3K/AKT and PKC pathways 

(Schulze et al. 2005). Additionally, EGFR can promote stemness through the 
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MAPK pathway (Wise and Zolkiewska 2017). EGFR is more frequently 

expressed in CD44+ and CD24- breast cancer cells (Manupati et al. 2017). 

Therefore, targeting EGFR with small inhibitors and neutralising antibodies 

can be beneficial to patients with breast cancer (Li et al. 2022).  

EGFR mutations are mainly observed in TNBC with a range of 2.6%-11.4% 

(Teng et al. 2011; Levva et al. 2017), which is less frequent in comparison 

with non-small cell lung cancer (NSCLC) being over 15% (Shigematsu et al. 

2005; Rosell et al. 2009; D'Angelo et al. 2011; Kris et al. 2014; Wu et al. 

2015). Tyrosine kinase inhibitors (TKIs), targeting EGFR, have been evident 

with improved prognosis for patients with NSCLC. However, this has not been 

demonstrated as being beneficial to patients with breast cancer. This may be 

due to the mutation forms commonly in NSCLC and enriched in EGFR coding 

regions, while low activation or mutation rates of EGFR are seen in breast 

cancer (Lynch et al. 2004; Li et al. 2022). Other unknown factors may also be 

detrimental to patients with an EGFR overexpression tumour. For example, 

our recent study of Noggin in gastric cancer showed that patients more likely 

experience a poorer prognosis if they have a tumour with higher expression of 

both EGFR and Noggin which may form a vicious cycle to enhance EGFR 

and its downstream signalling with accelerated tumour growth (Sun et al. 

2020b).  

    Apart from the mutated EGFR in the intracellular domain, mutation may 

also occur in the extracellular region. One of the mutations is EGFR VIII (An 

et al. 2018). EGFR VIII expression is different among various types of breast 

cancer. EGFR VIII is seen in 29% of ductal carcinomas in situ (DCIS) and 

40% in invasive breast cancer (Yu et al. 2008). Moreover, a high level of 

EGFR VIII has been detected in breast cancer stem cells (Del Vecchio et al. 

2012). EGFR VIII promotes tumorigenesis of breast cancer in vivo (Tang et al. 

2000). In addition to EGFR mutations, transcriptional expression of EGFR can 

be regulated by TGF-ɓ which promotes cell invasion via activation of Smad3 

and ERK-SP1 signalling pathways in breast cancer (Zhao et al. 2018).  

In summary, EGFR signalling can be activated based on normal protein 

levels, mutation, amplification (overexpression) and non-ligand binding 

mediation. For instance, generally, EGFR ligands bind to their receptors for 
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dimerization to stimulate the EGFR signalling pathway. But the mutated 

pattern, such as EGFR VIII, which is disordered in ligand binding, can still 

activate subsequent EGFR signal transduction, by impairing endocytosis and 

defective degradation. When overexpression of EGFR occurs, this results in 

enhanced abnormal EGFR activation. For non-ligand binding mediation, 

EGFR can be phosphorylated by B cell receptor associated protein 31 

(BACP31) (Fu et al. 2019) and breast tumour kinase (BRK) (Li et al. 2012; Fu 

et al. 2019), to activate downstream signalling independently (Li et al. 2022).   

 

1.2.4.2 HER2 

    Elevated expression of human epidermal growth factor receptor-2 (HER2) 

is evident in over 20% of breast cancer (Dieci et al. 2020).  

Ligands bind to receptors to facilitate homodimerization. However, HER2 is 

a protein which lacks the capability for ligand-binding. It only can activate 

when it forms a heterodimer with another HER family member (EGFR, HER3 

or HER4). The dimerization activates the carboxyl tail leading to 

phosphorylation on the tyrosine sites. The carboxy lobe, which is in an EGFR 

dimer, then induces allosteric changes in the amino lobe, thereby 

phosphorylation occurs. Tyrosine phosphorylation further recruits downstream 

pathway proteins and regulate the following cellular functions such as 

proliferation, differentiation and invasion (Chow et al. 2020).  

HER2 expression or HER2 amplification is routinely assessed by 

pathologists, using standard immunohistochemistry or FISH (fluorescence in 

situ hybridization) assay. The levels of HER2 are distinguished as IHC score 

0, score 1+ (classified as HER2 negative), score 2+ with no amplification 

evident from the FISH (classified as HER2 negative), score 2+ with 

amplification by FISH and IHC score 3+ (classified as HER2 positive) 

(Schettini and Prat 2021; Atallah et al. 2022).  

    Based on the overexpression and amplification of HER2, heterogeneity 

also exists in tumours. The heterogeneity mainly has three types: ñclustered 

typeò, defined as two different areas with different HER2 status in the same 

tumour; a ñscattered typeò, is a HER2 negative tumour in which HER2 positive 

or amplified cells are evident and a ñmosaic typeò tumour, in which the tumour 
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presents disseminating cells of different HER2 status (Marchio et al. 2021). 

However, HER2 mutation has already been observed in various types of 

cancers. Mutations of HER2 may occur at extracellular, transmembrane or 

TKD domains. Activation and downstream signal transduction of HER2 can be 

induced with mutated HER2 independently from ligand binding (Chow et al. 

2020). HER2 gene mutations have been identified in approximately 3% of 

breast cancer, especially in HER2 negative breast tumours (Hyman et al. 

2018). Apart from TKD, HER2 can also be activated by self-proteolytic 

cleavage of the extracellular domain (ECD) (Perrier et al. 2018). ECD can be 

released into the blood circulation which has been associated with distant 

metastases (Chow et al. 2020).  

 

1.2.4.3 HER3  

HER3 is another protein of the HER family which has multiple functions, 

such as regulating cell growth in many solid tumours (Majumder et al. 2021). 

The dimerization of HER2/HER3 is the most active format in HER2 signalling 

(Baselga and Swain 2009). It has been demonstrated that HER3 confers a by-

pass resistance to HER2 target therapies for HER2 positive breast cancers  

(Sergina et al. 2007; Narayan et al. 2009). HER3 kinase activities are 

dependent on other HER family members. For example, HER3 dimerizes to 

EGFR or HER2 then forms a heterodimer to activate the downstream 

signalling pathways in a HER3-dependent manner (Shi et al. 2010). However, 

HER3 binds to HER4 for dimerization at a lower affinity (Haikala and Janne 

2021). Moreover, HER3 can activate both MAPK and PI3K/AKT pathways to 

regulate biological activities in cancers (Olayioye et al. 2000; Suenaga et al. 

2005). HER3 mutations facilitate phosphorylation of HER2 and activation of 

the downstream ERK and AKT pathway in HER2 expressing breast cells 

(Siegel et al. 1999; Gao et al. 2013). Furthermore, HER3 can assist HER2 

mediated oncogenesis, whilst HER2 overexpression can also reciprocally 

enhance activation of HER3 in a murine model (Siegel et al. 1999; Kilroy et al. 

2022).  
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1.2.4.4 HER4  

Knowledge of HER4 in breast cancer remains poor so far. HER4 is a 

kinase with functions to promote proliferation and survival (Veikkolainen et al. 

2011; Riecke and Witzel 2020). HER4 is also known as ERBB4, with the 

ligands of neuregulins (heregulins) and epiregulin (Drago et al. 2022; Kilroy et 

al. 2022). Sassen et al. (2009) found that HER4 expression is associated with 

longer overall survival in those patients who underwent Herceptin targeted 

therapy (Sassen et al. 2009).  

 

1.3 Bone morphogenetic protein (BMP) and their signal transduction 

1.3.1 BMP  

    BMPs are secreted cytokines which were first identified by Urist in 1965 

(Urist 1965). BMPs are members of the TGF-ɓ (transforming growth factor-ɓ) 

superfamily. More than 20 BMP ligands have been identified so far (Ye et al. 

2011). Some are found in vertebrates, several BMPs are known as growth 

differentiation factors (GDF1-GDF15) (Ye et al. 2007) and also osteogenic 

proteins (OPs) such as BMP5, BMP6, BMP7 and BMP8 (BMP8A and 

BMP8B). Another review of BMPs has divided them, according to their 

structural characteristics, into four subgroups: BMP2/4, BMP5/6/7/8 or the 

OP-1 group, BMP9/10 and GDF5/6/7 groups (Sharma et al. 2022b). Other 

research includes BMP12, BMP13 and BMP14 within the group as well 

(Miyazono 2000). BMP play a critical role in endochondral bone growth, 

embryonic development, tissue repair and homeostasis and stemness (Sun et 

al. 2020a). Upon interaction with the BMP ligands, the Type-II receptors 

phosphorylate the Type-I receptors. This leads to a recruitment of the 

pathway-restricted Smads (R-Smads, Smads1, 5 and 8) to the receptor 

complex. The intracellular signalling complexes, formed by R-Smads are then 

translocated into the nucleus with assistance by Smad4. This pathway is 

known as the Smad-dependent pathway (Ahmadi et al. 2019). The other 

pathway of BMP signalling, known as the Smad independent pathway, does 

not require Smads, but involves the MAP kinase pathways (P38, JNK and 
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ERK), PI3K/AKT, nuclear factor əB (NF əB) and Ras homolog (Rho) (Aashaq 

et al. 2022). 

BMPs are actively involved in disease progression and metastasis of 

malignant tumours (Ehata and Miyazono 2022). BMPs are multiple functional 

proteins which can facilitate cell proliferation, differentiation, motility, invasion 

and metastasis in cancer cells (Ehata and Miyazono 2022). Moreover, BMPs 

have been widely reported to play dual roles in tumour repression or 

promotion, both from experimental evidence and clinical studies (Sharma et 

al. 2022b).  

    It has been revealed, that heterodimeric BMPs have high affinities and 

binding ability when compared to BMP homodimers (Israel et al. 1996; 

Sharma et al. 2022b). For example, heterodimers formed by BMP2 and BMP4 

were shown to have a higher affinity binding to type l receptors but a lower 

affinity to type ll receptors (Keller et al. 2004), whilst a heterodimer of BMP2 

and BMP6 has similar affinity to both type l and type ll receptors (Isaacs et al. 

2010). Heterodimeric BMP2-BMP7 complex inhibits invasion and bone 

metastasis of breast cancer cells (Buijs et al. 2012; Zhang et al. 2015).  

 

1.3.2 BMP receptors 

BMPs transduce signals by binding to both type l and type ll receptors, 

which subsequently induce intracellular serine/threonine and tyrosine kinase 

activation (Sharma et al. 2022b). There are seven type l receptors and five 

type ll receptors in mammals. BMPs bind to activin receptor-like kinase (ALK) 

(ALK1-ACVRL1), ALK2 (ACVR1), ALK3 (BMPR1A) and ALK6 (BMPR1B), 

whilst ALK4/5/7 are activated by TGF-ɓ, Nodal and activins (Ponomarev et al. 

2021). Different BMPs bind to ALKs, which may differ under certain 

conditions. BMPs have been categorised into four different subgroups 

regarding their affinity to receptors and biological characteristics. In terms of 

type I receptors, BMP2/4/5/6/7/8 bind to ALK2/3/6 and GDF5/6/7 bind to 

ALK6, whilst OPs mainly bind to ALK2 and ALK6 (Ehata and Miyazono 2022). 

Type ll receptors include BMP type ll receptor (BMPR2), activin type ll 

receptor (ActR ll, ACVR2A), activin type llB receptor (ActR llB), transforming 

growth factor ɓ receptor 2 (TGFBR2) and TGFBR3 (Miyazono et al. 2010; Ye 
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et al. 2011). BMP9 was observed to have a high affinity to ALK1 (Brown et al. 

2005). BMP9 and BMP10 can also activate ALK2 and BMPR2. BMP9/10 have 

been found to prevent cell proliferation, migration and angiogenesis in 

endothelial cells via ALK1 (David et al. 2007; Scharpfenecker et al. 2007).  

 

1.3.3 Intracellular signal transduction 

Upon binding by BMP ligands, type l and type ll receptors subsequently 

form a heterotetrametric complex, leading to activation of canonical and non-

canonical signal transduction (Ehata and Miyazono 2022).  

 

1.3.3.1 Canonical BMP signalling pathway 

    The canonical BMP pathway is also known as the Smad dependent 

pathway, in which BMP ligands bind to BMP receptors, including type l and 

type ll receptors serine/threonine kinases leading to a phosphorylation of type 

l receptors by the Gly-ser-rich (GS) domain. The activation of type l and type ll 

receptors complexes subsequently recruits and phosphorylate Smad1/5/8. 

The Smad1/5/8 protein complex recruits Smad4 for transportation into the 

nucleus to regulate responsive genes (Miyazono et al. 2010) (Figure 1.2). In 

comparison to Smad1 and Smad5, Smad8 may act as an antagonist of 

Smad1/5 although it is structurally similar to the other two (Tsukamoto et al. 

2014). Smad6 and Smad7 are the inhibitory Smads (I-Smads) which interact 

with type l receptors to suppress TGF-ɓ signalling (Miyazawa and Miyazono 

2017). More specifically, the I-Smads can repress BMP signalling through 

interaction with ALK3 and ALK6 (Goto et al. 2007). 

    The above-mentioned Smads are proteins named as ñSma and Mother 

against decapentaplegicò (Gomes et al. 2021). Their activity induces and 

regulates the signal transduction of other pathways and vice versa. For 

example, Smad proteins can be regulated by glycogen synthase kinase 3ɓ 

(GSK3ɓ), MAPK and Smad ubiquitin regulatory factor1 and 2 (Smurf1 and 2) 

(Miyazawa and Miyazono 2017). The later leads to a protein degradation of 

Smads. In addition to the regulation of responsive genes, Smads are also 

involved in DNA binding, regulation of microRNA and chromatin modelling 

(Ponomarev et al. 2021).   
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1.3.3.2 Non-canonical BMP signalling pathway 

The non-canonical BMP signalling pathway, also known as the Smad 

independent pathway, includes P38 mitogen-activated protein (MAP) kinase, 

c-Jun N-terminal kinase (JNK), MEK/extracellular signal-regulated kinase 

(ERK), phosphoinositide 3 (PI3) kinase-AKT and NF-əB signalling (Ehata and 

Miyazono 2022). The activation of MAPK, including P38, JNK and ERK 

pathways, by BMPs is mainly mediated by TGF-ɓ activated kinase 1 (TAK1), 

which is a functional mitogen activated protein kinase kinase kinase 

(MAPKKK). BMP receptors can activate TAK1 through X-chromosome-linked 

inhibitor of apoptosis proteins (XIAP) and TAK1 binding protein 1 (TAB1) 

(Zhang and Que 2020). Activation of the Smad independent pathways can 

facilitate the invasiveness and migration of cancer cells (Chi et al. 2019b).  

    The Smad dependent and independent pathways can inhibit each other to 

some extent. For instance, MAPK can prevent translocation of Smads into the 

nucleus whilst the I-Smads (Smad6 and Smad7) can inhibit activation of 

ERK1/2 (Chi et al. 2019b).  
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Figure 1.2 BMP Signalling pathways. The Smad-dependent pathway is activated 
when BMP binds to a pre-formed receptor complex, consisting of type I receptor and 
type II receptor. This leads to the autophosphorylation of the type I receptor, which 
leads to the phosphorylation of Smad1, Smad5 and Smad8 which form a protein 
complex. This Smad complex subsequently recruits Smad4 which assists the 
resultant complex migration into the nucleus, to regulate the transcription of target 
genes. The Smad-independent pathway occurs when BMP binds to a type I receptor 
and recruits a type II receptor. 
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1.3.4 Aberration of BMPs and human disorders 

     BMP signalling plays an important role in vascular biology (Ponomarev 

et al. 2021). BMP signalling plays a profound role in embryonic vascular 

development and neovascularization (Benn et al. 2017; Grant and Coultas 

2019). BMP2, BMP4, BMP6 and BMP7 are associated with proliferation and 

migration in endothelial cells whereas BMP9 inhibits migration and 

angiogenesis in endothelial cells by regulating VEGF (Pardali and Ten Dijke 

2012). However, it has also been shown that BMP9 facilitates angiogenesis 

by promoting proliferation and vascular formation in endothelial cells in mouse 

models through Smad1/5 signalling (Suzuki et al. 2010; Richter et al. 2019). 

Mutations in BMPs, receptors, co-receptors and antagonists have been 

identified in various vascular diseases including hereditary haemorrhagic 

telangiectasia (HTT), pulmonary arterial hypertension (PAH), aortic valve 

stenosis (AOVD2), fibrodysplasia ossificans progressive (FOP) and cerebral 

cavernous malformation (CCM) (Ponomarev et al. 2021). The diseases of 

HTT, PAH and AOVD2 are affected by the loss function mutations in certain 

BMPs, while FOP and CCM are resulted of enhanced BMP signalling 

(Ponomarev et al. 2021). HHT is related to genetic mutations in ENG and ALK 

genes. Both ENG and ALK serve as biomarkers to characterise HHT, i.e., 

HTT1 and HTT2 subtypes (Gu et al. 2006). Furthermore, targeting 

BMP9/ALK1 signalling can potentially be used to treat HTT (Long et al. 2015).  

    In addition to the vascular disorders, deregulated BMP signalling has also 

been observed in inflammatory diseases (Goumans et al. 2018). BMP2 and 

BMP4 can coordinate inflammatory responses in endothelial cells (Wu and 

Hatzopoulos 2019). BMP can govern cell differentiation and inflammatory 

response in atherosclerosis (Souilhol et al. 2020). Apart from this, it has also 

been shown that aberrant BMP signalling can lead to cerebral arteriovenous 

malformations (AVMs) in which a decreased expression of Smad6 together 

with loss of cell-to-cell junctions has been revealed in endothelial cells (Fu et 

al. 2020). 

     Alterations in both extrinsic and intrinsic BMP signalling have been 

observed in different malignancies, including Chronic Myeloid Leukemia 
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(CML), Acute Myeloid Leukemia (AML) and breast cancer (Lefort and 

Maguer-Satta 2020). Interestingly, Laperrousaz, et al., (2013) have found that 

there is a correlation between deregulated BMPR1B and BCR-ABL 

translocation (Laperrousaz et al. 2013). BCR-ABL is an oncogene which has 

been regarded as a specific molecule in the definition of Chronic Myeloid 

Leukemia (CML) (Quintas-Cardama and Cortes 2009). Dysregulation of BMP 

ligands and BMP receptors is also involved in stem cell (SC) transformation 

induced by bisphenols (BPA and BPS) in the mammary glands (Jung et al. 

2019).  

    BMP inhibitors include follistatin, follistatin-like, CAN family (Cerberus and 

DAN), the chordin family and Noggin amongst others. BMP antagonists (such 

as Noggin) can coordinate signalling and interactions between BMP and 

VEGF to regulate angiogenesis (endothelial cells) and osteogenesis 

(osteoblastic cells) through Notch signalling in the blood vessel skeletal 

system (Ramasamy et al. 2014). Increased expression of GREM (Gremlin1) is 

associated with diabetic nephropathy and pulmonary fibrosis (Church et al. 

2017). Mutations in BMP antagonists can also affect the skeletal system in 

different disorders. For example, mutated Gremlin2 is associated with tooth 

agenesis, dry and itchy skin, short tooth roots, microdontia, sparse hair and 

taurodontism (Dolan et al. 2005; Koli et al. 2006; Kantaputra et al. 2015). 

Chordin mutations are associated with hypotonicity and seizures (Davidson et 

al. 2014) and can worsen renal injuries (Larman et al. 2009).   

Mutations of BMP receptors can disturb and prevent the activation of BMP 

signalling, which has been observed in certain disorders (Gomez-Puerto et al. 

2019). For example, mutated ACVRL1 is related to hereditary haemorrhagic 

telangiectasia 2 (HHT2) (Johnson et al. 1996). A loss function mutation in 

ACVR1 was reported in fibrodysplasia ossificans progressive (FOP) (Shore et 

al. 2006). A loss function mutation of BMPR1A leads to a disruption of its 

downstream signalling and consequently results in juvenile polyposis 

syndrome (JPS) and skeletal defection (Howe et al. 2013). Mutated BMPR1B 

has been observed in acromesomelic dysplasia (AMD) (Demirhan et al. 
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2005). BMPR2 mutations have been observed in pulmonary arterial 

hypertension (PAH) (Graf et al. 2018; Sharma et al. 2022b).  

 

1.4 BMPs in breast cancer 

1.4.1 Aberrant expression of BMPs in breast cancer and disease 

progression 

Diverse roles of BMPs have been demonstrated in various cancers (Bach 

et al. 2018). Taking BMP4 as an example, one report showed that BMP4 

prevented metastases of breast cancer cells by enhancing immune responses 

(Cao et al. 2014). Conversely, it was also found that BMP4 promoted 

migration, invasion and metastasis of cancer cells (Katsuta et al. 2019). It was 

shown in a study of BMPs, in 120 primary human breast cancer tissues 

compared with 32 non-neoplastic mammary tissues, which reduced BMP2 

transcript levels were associated with a poor prognosis, whilst a higher 

expression of BMP7 was seen in breast tumours (Davies et al. 2008). 

Elevated expression of BMP2 was found to be associated with 

microcalcification and poor prognosis (Wang et al. 2020). Similarly, a high 

level of GDF9 was associated with better prognosis in breast tissues 

(Hanavadi et al. 2007). On the other hand, elevated expression of GREM1 

was shown to be correlated with poor survival in patients with ER negative 

breast cancer (Neckmann et al. 2019). Thus, there is a great deal yet to learn 

about the comprehensive role of the BMP family in cancer development and 

progression. 

 

1.4.2 BMP and cellular functions of breast cancer  

    Overexpression of BMP2 has been associated with poor disease-free 

survival, by enhancing the AKT/mTOR pathway, among a cohort of 272 

patients with breast cancer (Wang et al. 2020). BMP2 has been shown to 

inhibit breast cancer cell proliferation (Alarmo and Kallioniemi 2010). In the 

study, Alarmo and Kallioniemi reported that BMP2 induced the expression of 

P21, leading to phosphorylation of the retinoblastoma protein (RB) and an 

arrest at the G1 phase in breast cancer cells (Alarmo and Kallioniemi 2010). 

BMP2 and BMP6 inhibit cell proliferation whilst BMP7 promotes the 
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proliferation of breast cancer cells (Arnold et al. 1999; Du et al. 2008; Alarmo 

et al. 2009). Previous studies have shown that BMP4 can inhibit cell 

proliferation in breast cancer cell lines, such as MCF-7, SKBR3 (Sharma et al. 

2022a) and MDA-MB-231 (Ampuja et al. 2013) and induces G1 cell cycle 

arrest in T-47D cells (Ketolainen et al. 2010). A study by Buijs and colleagues 

showed that a decreased expression of BMP7 was significantly related to 

bone metastasis in breast cancer. BMP7 can counteract breast cancer cell 

proliferation and differentiation in both primary tumours and bone metastases 

(Buijs et al. 2007). Additional evidence of the involvement of BMPs in bone 

metastasis came from another observation, in which BMP2/BMP7 

heterodimer elicited inhibitory effects on human breast cancer cells and bone 

metastasis (Buijs et al. 2012). Decreased BMP6 enhances chemoresistance 

and promotes proliferation and invasion in MCF-7 cells (Lian et al. 2013; Liu 

et al. 2014b). It has been shown that BMP6 and BMP7 can suppress 

oestrogen-promoted proliferation of the MCF-7 breast cancer cell line 

(Takahashi et al. 2008). A recent study reported that O-GalNAcylation of up-

regulated BMPR1A can promote cell growth in ER positive (MCF-7 and T-

47D) cells, by inhibiting ERŬ expression (Huang et al. 2022). As a secreted 

BMP antagonist, DAND5 increased proliferation in MDA-MB-231 cells. 

Increased expression of DAND5 in breast cancer was associated with poor 

survival (Chi et al. 2016). BMP6 activated E-cadherin transcription through the 

repression of delta EFI and promoted cell adhesion and invasion (Yang et al. 

2007). BMPs, as well as TGF-ɓ, are able to promote invasion and bone 

metastasis in breast cancer. For example, BMP2 and TGF-ɓ3 enhanced 

motility of MDA-MB-231 cells, in vitro as well as in vivo, using xenograft 

models (Katsuno et al. 2008). Targeting the elevated expression of TGFBR1 

with the inhibitor, EW-7195 can prevent metastasis of breast cancer cells to 

lungs, by supressing Smad signalling (Park et al. 2011). 

In breast cancer, BMP2 can regulate EMT and stemness by upregulating 

CD44 and MMP11 via the PI3K/AKT and Smad signalling pathways (Zhang et 

al. 2018). Elevated levels of BMP6 regulated E-cadherin, by supressing 

deltaEF1 expression in MCF-7 cells. The expression of deltaEF1 is more 

likely associated with invasiveness in breast cancer cells (Yang et al. 2007). 
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Interestingly, a recent study showed that Diltiazem, a calcium channel 

blocker, was able to prevent EMT and reduce migration and invasion of TNBC 

cells by up-regulating GDF15, with GDF15 itself having the similar inhibitory 

effect on invasiveness and EMT (Chen et al. 2022). TGFBR2, increased by 

histone acetylation, up-regulated SNAIL and SLUG expression, interfering 

with epithelial cell morphology (Dhasarathy et al. 2011). Dominant-negative 

mutant of ALK2 (DNALK2, ACVR1) reduces cell proliferation and metastasis 

in vivo and in vitro (Wang et al. 2017). An ALK5 inhibitor, vactosertib, can 

down-regulate the EMT markers (VIM-Vimentin, SNAIL, SLUG and TWIST) 

thus being considered as an option to prevent metastasis, when radiotherapy 

is applied to breast cancer patients (Choi et al. 2022). BMP9 and BMP10 

inhibited cell growth and tumour angiogenesis in breast tumours (Chi et al. 

2019b). BMP2/4/6 are the key molecules targeting VEGF in endothelial cells. 

BMP6 was found to mediate new vessel formation directly. Thus, 

BMP2/BMP6 may act as specific markers for anti-angiogenic targeted therapy 

(Pulkkinen et al. 2021). Knockdown of TGFBR2 inhibits tumour angiogenesis 

by miR-204 modulation (Flores-Perez et al. 2016). DAND5 can promote 

growth of vascular endothelial cells and angiogenesis in vitro and in vivo (Chi 

et al. 2016).  

 

1.5 Noggin overview 

1.5.1 Genetic and protein structure of Noggin 

Noggin was first identified as a dorsalizing factor in Xenopus model and its 

expression has been evident in several organs and tissues (Chien et al. 

2020). Noggin protein is a homodimeric glycoprotein with a molecular mass 

around 26 KDa. Noggin protein has an acidic amino-terminal and a cysteine-

rich carboxy-terminal (Krause et al. 2011). Noggin is a protein which has 205 

amino acids. The structure of Noggin appears to be a butterfly-like shape. As 

shown in Figure 1.3, Noggin forms as a dimer with a main body region, two 

pairs of ɓ-strands from each side and several short Ŭ-helices. The ɓ-strands 

of each subunit project outward as wings, in parallel to each other at an angle 

approximately 45° away from the axis of symmetry of the dimer (Mulloy and 
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Rider 2015). Noggin binds with high affinity to BMP2, BMP4 and BMP7 to 

homologues from Drosophila and Xenopus17, emphasizing its high degree of 

functional conservation. The poly glycine loop - GGGGGAA95, which is the 

most flexible part of Noggin structure, can only be seen in the mammalians 

(Groppe et al. 2002). 

 

 

Figure 1.3 The structure of Noggin. The dimer of Noggin is shown as a secondary 
structure: red represents Ŭ-helices; green, ɓ-strands (Mulloy and Rider 2015). 
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1.5.2 Reciprocal regulation between Noggin and BMPs 

There are a small number of naturally occurring antagonizing factors that 

inhibit BMP signalling, such as Noggin, Chordin and Follistatin (Chandramore 

and Ghaskadbi 2011). The BMP-Noggin interaction is important for embryonic 

development (Chien et al. 2020). BMP signalling is highly regulated by a set 

of structurally diverse, extracellularly secreted protein antagonists that bind 

BMPs with high and specific affinity and disrupt ternary receptor complex 

formation (Correns et al. 2021). Two crystal structures of BMPïBMP 

antagonist vividly demonstrate the similarities and differences of antagonists 

binding. The first cocrystal, BMP7 in complex with Noggin, reveals a butterfly 

structure. The structure also reveals that the Noggin dimer forms a two-fold 

axis of symmetry with a head-to-head conformation rather than the 

overlapping antiparallel conformation of its BMP ligands. The Noggin clip 

extends and interacts with both wrist and knuckle residues, thus obstructing 

access of the BMP ligands to type I and type II receptors. Noggin interacts to 

maintain a BMP signalling-free zone in the mouse embryo, which is required 

for Sonic hedgehog (Shh)-mediated induction of the sclerotome or early 

vertebrae (Brazil et al. 2015).  

Noggin can be induced by BMP-Smad signalling and consequently inhibit 

BMP signalling (Wang et al. 2013a). Several studies reported that Noggin can 

block BMP signalling by binding to BMP2, BMP4, BMP5, BMP6, BMP7, GDF5 

and GDF6 (Zimmerman et al. 1996; Chang and Hemmati-Brivanlou 1999; 

Merino et al. 1999; Beck et al. 2001; Haudenschild et al. 2004). Noggin binds 

to BMP2 and BMP4 with high affinity and can prevent interactions with BMP 

receptors (Zimmerman et al. 1996). Of interest, in a conditional Noggin 

knockout model, there was a down regulation of BMP2 (Reddi 2001). This 

suggests that a reciprocal regulation may exist between Noggin and its 

antagonised BMP ligands. Noggin and its antagonising BMP ligands, BMP2, 

BMP4 and BMP7 are expressed in cancer cells (Barretina et al. 2012). BMP4 

has the highest affinity to Noggin, followed by BMP2 and BMP7. However, 

Noggin has no impact on BMP9 and BMP10 signalling (Seemann et al. 2009). 

Overexpressed Noggin impacts osteogenesis in hard palate in mice by 

preventing cell differentiation through regulation of the BMP-Smad signalling 
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pathway (Li et al. 2021b). Osteoarthritis is a joint disease in the progression of 

which TGF-ɓ1 may be involved. Noggin can reduce the osteoarthritis risks in 

bone remodelling and cartilage. It has been shown that Noggin can inhibit 

TGF-ɓ1 induced phosphorylation of Smad2 and Smad3 (Wen et al. 2021). It 

has also been found that the deficiency of Noggin is associated with BMP2, 

BMP4 and phosphorylated Smad1/5/8 through BMP signalling pathway (Yu et 

al. 2017b).      

 

1.5.3 Biological functions of Noggin 

1.5.3.1 Noggin and developmental biology 

Noggin plays a critical role in the development of the nervous system, teeth, 

hair follicles, eyes, heart, pituitary, thymus, parathyroid and prostate (Mulloy 

and Rider 2015; Chien et al. 2020). Noggin was initially investigated for its 

role in coordinating BMP regulated development events such as formation of 

the dorsalïventral axis in a vertebrate embryo and later skeletal formation 

(Zimmerman et al. 1996; Brunet et al. 1998). Noggin has been shown to 

induce neuronal differentiation in stem cells of the adult brain subventricular 

domain by providing a favourable microenvironment for neuroblastic cells (Lim 

et al. 2000). Noggin inhibits BMP2 induced alkaline phosphatase (ALP) 

activity in osteoblasts by binding to BMP2 receptor (Hashimi 2019). Noggin 

also plays an important role in regulating EGF and BMP coordinated cell 

differentiation in the stomach (Wolffling et al. 2021).  

 

1.5.3.2 Noggin and bone formation 

One study in mice showed that the absence of homozygous gene in Noggin 

was perinatally lethal, with major defects in neural tube closure, limb 

malformations and deficient somite development (Mulloy and Rider 2015). On 

the other hand, in mice with a deletion of Noggin, various skeletal abnormality 

rates arise, due to cartilage hyperplasia and failure to initiate joint formation. 

Moreover, with the assistance of an osteocalcin promoter, overexpression of 

Noggin in osteoblastic cells resulted in severe osteopenia, significant 

mineralization, density depression, and spontaneous fractures of long bones 

(Mulloy and Rider 2015). Noggin protein can weaken the bone and cartilage in 
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osteoarthritis by inhibiting IL-1ɓ and BMP2 (Chien et al. 2020). Mutated 

Noggin is also found in genetic skeletal disorders and may result in apical joint 

fusions (Groppe et al. 2002; Laurila et al. 2013). Mutations in the human 

Noggin locus are associated with three skeletal dysplasias: proximal 

symphalangism (SYM1), multiple synostoses syndrome (SYNS1) and tarsal-

carpal coalition syndrome (TCC) (Groppe et al. 2002). Noggin can 

downregulate Sox9 during endochondral cell differentiation in vitro and in 

cultivated mouse limb bud cultures (Zehentner et al. 2002). Noggin 

expression could inhibit BMP action at an early stage during skeletogenesis 

(Nifuji and Noda 1999). Reduced expression of Noggin is associated with 

osteoblastic lesions in bone metastases from prostate cancer (Schwaninger et 

al. 2007).  

 

1.5.3.3 Noggin in the nervous system 

The exposure of retinoic acid resulted in neurobehavior changes which 

could be prevented by targeting TGF-ɓ signalling with Noggin (Wang et al. 

2014). Noggin expression has also been revealed in the trigeminal nuclei and 

nerves (Hayashi et al. 2016). BMPs are involved in central nervous system 

development. BMP2, BMP4 and BMP7 are increased after spinal cord injury. 

BMPs are also expressed in neurons, neural stem cells (NSCs) and 

oligodendrocytes (Ouahoud et al. 2020). BMP4 can inhibit differentiation of 

neural precursor cells and induce apoptosis which can be prevented by 

Noggin (Hart et al. 2020).  

 

1.5.4 Noggin in cancers 

    BMPs and their antagonists play a critical role in stem and progenitor cell 

biology, regulating the balance between differentiation and expansion. In 

melanoma, autocrine inhibition of cell proliferation by BMP7 was attenuated 

by the BMP antagonist Noggin, which promotes tumour progression (Brazil et 

al. 2015). Noggin overexpression suppresses osteolytic metastases of 

prostate cancer (Wong et al. 2019) and also inhibits osteoblastic lung cancer 

in bone, as well as in tumour metastases (Feeley et al. 2006). In addition, it 

has also been demonstrated that overexpression of Noggin reduced tumour 
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growth in xenograft mouse models of prostate and non-small cell lung cancer 

cell lines (Mulloy and Rider 2015).  

In oesophageal cancer, the expression of Noggin together with sclerostin 

and BMP6 was correlated with poor progression (Yuen et al. 2012). In lung 

cancer models, Noggin was shown to suppress tumour growth of both 

subcutaneously implanted tumour cells and metastatic lesions in bone (Laurila 

et al. 2013).  

High expression of Noggin protein was associated with a favourable 

prognosis in resected gastric cancer (Chun et al. 2021). Meanwhile, a 

previous study from the host team found that Noggin was related to poor 

overall survival. Noggin promoted cell proliferation through an up-regulation of 

EGFR, facilitating nuclear translocation of ɓ-catenin (Sun et al. 2020b). Lower 

expression of Noggin and higher expression of a BMP responsive gene ID1, 

were associated with a favourable prognosis in colorectal cancer patients. 

BMP9 induced ID1 in patient-derived organoids, with limited influence by 

Noggin (Cai et al. 2022). On the other hand, Noggin could potentially be 

utilised synergistically with RANK/RANKL targeted therapy to treat 

osteoblastic bone metastases of prostate cancer, by reducing BMP-induced 

osteoblastic activities (Virk et al. 2009).  

 

1.5.5 Noggin in breast cancer 

Noggin appears to be up-regulated (but not mutated) in breast cancer, but 

its potential role in breast tumourigenesis has not been well studied. Noggin 

has been seen as both pro and anti-tumourigenic in other cancer types 

(Walsh et al. 2010; Owens et al. 2015).  

Elevated Noggin expression impairs BMP function, contributing to the 

osteolytic bone lesions in breast cancer (Tarragona et al. 2012b). In breast 

cancer, the overexpression of Noggin facilitates colonization and osteolytic 

tumour growth in bone metastases (Mulloy and Rider 2015). However, it was 

also shown that Noggin inhibited FOXF2-induced osteolytic bone metastasis 

in MCF-7 and MDA-MB-231 breast cancer cells (Wang et al. 2019).  

Aberrations of the expression of BMP have been indicated in breast cancer. 

Decreased expression of BMP2, BMP7, Growth and Differentiation Factor 9a 
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(GDF9a) and BMP15 have been observed in primary breast cancer, which 

correlate with poor prognosis. Deregulated BMP7 has been implicated in 

disease specific bone metastasis (Buijs et al. 2007; Hanavadi et al. 2007; 

Alarmo et al. 2008; Davies et al. 2008). In addition to the differential 

expression of BMPs in breast, BMP receptors and downstream signalling are  

also involved in the development and progression of breast cancer, 

particularly disease-specific bone metastasis (Helms et al. 2005; Katsuno et 

al. 2008; Ye et al. 2009). 

1.6 Hypothesis and aims 

    Noggin, as one of the antagonists specifically targeting BMP2, BMP4 and 

BMP7, plays an important role in both normal development and cancer 

progression (Zhu et al. 2006). Elevated Noggin expression impairs BMP 

function, contributing to osteolytic bone lesions in breast cancer (Tarragona et 

al. 2012b). On the other hand, Noggin could potentially be utilised 

synergistically with RANK/RANKL target therapy to treat osteoblastic bone 

metastases of prostate cancer, by reducing BMP-induced osteoblastic events. 

To date, the exact role played by Noggin in breast cancer remains 

controversial and inexplicit though both Noggin and its targeted BMP ligands 

are involved in disease progression and bone metastasis of breast cancer 

(Tarragona et al. 2012a). This is largely due to the current imprecise and 

incomprehensive understanding of the cellular and molecular machinery 

underlying the function of Noggin in breast cancer with an integration with 

current molecular subtyping of the disease. EGFR overexpression has been 

highly active in TNBC (Costa, Shah et al. 2017), and is correlated with poor 

prognosis (Park, Jang et al. 2014). Our recent study showed that Noggin 

promotes proliferation of gastric cancer cells through up-regulation of EGFR 

via ɓ-catenin (Sun, Gao et al. 2020). Such action may also occur in the TNBC 

and HER2 positive breast cancer which was aimed to be investigated in the 

current study. Together with the intimate link between BMP/BMP receptor and 

ER, a hypothesis was proposed that Noggin plays diverse roles during 

disease progression of breast cancer, which is related to the molecular 

subtype of the disease. 
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     The aim of this study was to dissect the molecular and cellular nature of 

Noggin and its involvement in the disease progression and metastasis of 

breast cancer would be dissected by focusing on ER positive (Luminal A/B), 

triple negative (TNBC) and HER2 positive breast cancer, respectively. The 

proposed study was initiated to provide proof of concept for utilising Noggin as 

a biomarker to further development of personalised disease management.  

Objective 1. Clinical implication of aberrant Noggin expression in breast 

cancer. Noggin expression was to be determined using real time PCR, to 

determine its transcript levels in a breast cancer cohort (available at the host 

lab) and also using IHC to detect its protein expression in a tissue microarray 

of breast cancer (BR1505, Biomax). The TMA (BR1505), which has 150 cores 

for 75 cases with IHC scores of ER, PR, HER2, AR and Ki67 was utilised. In 

addition to these experiments, the clinical implication of Noggin expression 

was further dissected and validated, using two online datasets, i.e., TCGA 

breast cancer cohort (n=1097) and E-MTAB-6703 (n=2302). The aim was to 

reveal the differential expression of Noggin in different subtypes of breast 

cancer and the corresponding clinical relevance with an integration of the 

specifically targeted BMP ligands (BMP2, BMP4 and BMP7).                       

Objective 2. Noggin and ER status in breast cancer. Expression and 

correlation between Noggin and ER in breast cancer tissues and cell lines 

were evaluated using real time PCR, Western blot and IHC, and also by 

analysing RNA sequencing data of the TCGA breast cancer cohort and other 

gene expression datasets (E-MTAB-6703). Oestrogen/ER regulated 

expression of Noggin was also examined in ER positive breast cancer cell 

lines using RT-PCR and Western blot.  

Objective 3. Noggin and EGFR signalling in TNBC. Key candidate responsive 

genes involved in the crosstalk between BMP and EGFR were determined in 

TNBC cell lines (MDA-MB-231, MDA-MB-468) using real time PCR in the 

cells treated with recombinant BMPs. The key molecules identified were 

revisited in human breast cancer gene expression array data for their clinical 

relevance by integrating EGFR and BMP expression profiles. Key molecules 

and pathways were further validated using Western blot and corresponding 
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cellular functions assays. 

Objective 4. The role of Noggin in HER2 positive breast cancer. The possible 

reciprocal regulation between Noggin and HER2 was determined. HER2 

mediated regulation of Noggin was evaluated in HER2 positive breast cancer 

cell lines: 1) Noggin expression in HER2 knockdown breast cancer cell lines 

(BT474 and HCC1419) using lentiviral HER2 shRNAs; 2) Targeting HER2 

using CP724714 and the corresponding effect on expression of Noggin.  

Objective 5. Molecular mechanism of Nogginôs involvement in HER2 

expressing breast cancer was also to be dissected using both proteomic and 

transcriptomic analyses.  
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2.1 General Materials 

2.1.1 Primers 

    The following primers were used for conventional polymerase chain 

reaction (PCR) and real-time quantitative PCR (QPCR) to detect genes at 

transcriptional level. Sequences of the primers are shown in Table 2.1. 

Table 2.1 Primers for conventional PCR and QPCR 

 
Gene Primer Sequence (5ô- 3ô) Size of Products (bps) 

ACTIN F1 GGACCTGACTGACTACCTCA 102 (NM_001101.5) 

 ZR1 ACTGAACCTGACCGTACAAGCTTCTCCTCCTTAATGTCAC 

ACVR2A F1 ACTTGTTCCAACTCAAGACC 113 (XM_054344507.1) 

 ZR1 ACTGAACCTGACCGTACACTTTCCAGACACAACCAAAT 

ACVR2B F1 TCATGTGGACATCCATGAG                          88 (XM_017007516.2) 

 ZR1 ACTGAACCTGACCGTACAAGCCTTGATCTCCAGCAG 

ALK1 F1 GTGGAGTGTGTGGGAAAA 109 (NM_001406489.1) 

 ZR1 ACTGAACCTGACCGTACAGGAACCAGGACTGTTCATC 

ALK2 F1 TGGTGTAACAGGAACATCAC 81 (NM_001111067.4) 

 ZR1 ACTGAACCTGACCGTACAAACCTCCAAGTGGAAATTCT 

ALK3 F1 GACCAGTCACAAAGTTCTGG 81 (XM_054366645.1) 

 ZR1 ACTGAACCTGACCGTACAGACCATCTGAATCTGTTTGG 

ALK4 F1 GATATACCAGACGGTCATGC 239 (XM_054373784.1) 

 ZR1 ACTGAACCTGACCGTACACGTGCTCATGATAGTCAGAA 

ALK5 F1 ATGGGCTCTGCTTTGTCTCT 115 (XM_054363656.1) 

 ZR1 ACTGAACCTGACCGTACAGAGGGTGCACATACAAACG 

ALK6 F1 ATGGAACTTGCTGTATTGCT 90 (XM_054350743.1) 

 ZR1 ACTGAACCTGACCGTACACAACTCGAGTGTTAGGTGGT 

ALK7 F1 GACATGAAAACATCCTTGGT 80 (NM_001111031.2) 

 ZR1 ACTGAACCTGACCGTACATTCAGATACCAGCCAAAGTT 

BACT SGF1 CTGGAACGGTGAAGGTGACA 140 (NM_001101.5) 

 SGR1 AAGGGACTTCCTGTAACAATGCA 

BMP2 SGF1 TGTATCGCAGGCACTCAGGTCA 133 (NM_001200.4) 

 SGR1 CCACTCGTTTCTGGTAGTTCTTC 

BMP4 SGF1 CTGGTCTTGAGTATCCTGAGCG 153 (NM_130851.4) 

 SGR1 TCACCTCGTTCTCAGGGATGCT 

BMP6 F1 AGTCTTACAGGAGCATCAGG 126 (NM_001718.6) 

 ZR ACTGAACCTGACCGTACAACAACCCACAGATTGCTAGT 

BMP7 SGF1 GAGTGTGCCTTCCCTCTGAACT 137 (NM_001719.3) 

 SGR1 AGGACGGAGATGGCATTGAGCT 

 F11 GACGTTCCGGATCAGCGTTT 120 (NM_001719.3) 

 ZR11 ACTGAACCTGACCGTACAATGTCAAACACCAGCCAGC 

BMPR2 F1 TTTGGGAAAGAAACAAATCT 113 (XM_054343506.1) 

 ZR ACTGAACCTGACCGTACATGGATAAGGACCAATTTTTG 

CCND1 F1 CGGTGTCCTACTTCAAATGT 144 (NM_053056.3) 

 ZR1 ACTGAACCTGACCGTACACAAAGCGGTCCAGGTAGTTC 
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EGFR F1 GACAGGCCACCTCGTCG 106 (NM_201283.2) 

 ZR1 ACTGAACCTGACCGTACACCGGCTCTCCCGATCAATAC 

GAPDH F8 GGCTGCTTTTAACTCTGGTA 421 (NM_001357943.2) 

 R8 GACTGTGGTCATGAGTCCTT 

 SGF1 TGCACCACCAACTGCTTAGC 87 (NM_001357943.2) 

 SGR1 GGCATGGACTGTGGTCATGAG 

 F1 AAGGTCATCCATGACAACTT 87 (NM_001357943.2) 

 ZR1 ACTGAACCTGACCGTACAGCCATCCACAGTCTTGTG 

HER2 SGF CCTCCTCGCCCTCTTG 101 (NM_001382796.1) 

 SGR TGTCCAGGTGGGTCT  

 F11 CGTTTGAGTCCATGCCCAAT 94 (XM_054315421.1) 

 ZR11 ACTGAACCTGACCGTACACCCACGTCCGTAGAAAGGTA 

HER3 F1 GACCCAGGTCTACGATGGGAA   99 (XM_054371408.1) 

 ZR ACTGAACCTGACCGTACAGTGAGCTGAGTCAAGCGGAG 

HER4 F11 GTTCAGGATGTGGACGTTGC 110 (XM_054341024.1) 

 ZR11 ACTGAACCTGACCGTACAGCCGTCACATTGTTCTGCAC 

MMP11 SGF1 CCTGCATCTGTCTGCCTTCT 197 (NM_005940.5) 

 SGR1 GCTTTGGAGGATAGCAGTGC 

MMP2 F1 TTTGATGACGATGAGCTATG 126 (NM_001302510.2) 

 ZR1 ACTGAACCTGACCGTACAAGTGCAGCTGTTGTACTCCT 

MYC F1 TGCTCCATGAGGAGACAC 128 (NM_002467.6) 

 ZR1 ACTGAACCTGACCGTACATGATCCAGACTCTGACCTTT 

Noggin F11 TACAGATGTGGCTGTGGTCG 252 (NM_005450.6) 

 R11 TGCACTCGGAAATGATGGGG 

 SGF1 GCCAGCACTATCTCCACATCCG 118 (NM_005450.6) 

 SGR1 AGCAGCGTCTCGTTCAGATCCT 

 F14 AGGGCTAGAGTTCTCCGAGG 91 (NM_005450.6) 

 ZR14 ACTGAACCTGACCGTACACGACCACAGCCACATCTGTA 

P21 F1 GCGATGGAACTTCGACTTTG 451 (NM_001374511.1) 

 ZR1 ACTGAACCTGACCGTACAGGGCTTCCTCTTGGAGAAGAT 

P27 F2 GGAATAAGGAAGCGACCTG 85 (NM_004064.5) 

 ZR2 ACTGAACCTGACCGTACACACCGTCTGAAACATTTTCTTC 

SLUG F17 TGGACACACATACAGTGATT 77 (NM_003068.5) 

 ZR17 ACTGAACCTGACCGTACAGATCTCTGGTTGTGGTATGA 

SNAIL F12 TAGGCCCTGGCTGCTAC 125 (NM_005985.4) 

 ZR12 ACTGAACCTGACCGTACACTGAGTGGGTCTGGAGGT 

Highlighted ACTGAACCTGACCGTACA sequence was the Z sequence in the 

specific primers which were specifically prepared for the QPCR.    
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2.1.2 Antibodies 

2.1.2.1 Primary antibodies 

Primary antibodies used in the present study are listed in Table 2.2. 

Table 2.2 Antibodies 

Name Source  Molecular 

weight 

(kDa) 

Dilution Commercial 

origin 

Cat no. 

Anti-Noggin  Mouse 

monoclonal  

23.7 1:1000 NOVUS 

BIOLOGICALS 

NBP1-47881 

Anti-EGFR Mouse 

monoclonal 

170 1:1000 SANTA CRUZ 

BIOTECHNOLO

GY, INC. 

SC-71034 

Anti-HER2 Mouse 

monoclonal 

185 1:1000 SANTA CRUZ SC-33684 

Anti-

GAPDH 

Mouse 

monoclonal 

37 1:5000 SANTA CRUZ SC-32233 

Anti-ACTIN Goat 

monoclonal 

43 1:1000 SANTA CRUZ SC-1616 

Anti-P-

Smad1/5/8 

Rabbit 

monoclonal 

52-

56/52/52 

1:500 Sigma Aldrich  AB3848-I 

Anti-MYC Mouse 

monoclonal 

67 1:100 SANTA CRUZ SC-70465 

Anti-Cyclin 

D1 

Mouse 

monoclonal 

37 1:100 SANTA CRUZ SC-8396 

Anti-

ERK1/2 

Mouse 

monoclonal 

44/42 1:1000 SANTA CRUZ SC-514302 

Anti-P-ERK Mouse 

monoclonal 

44/42 1:1000 SANTA CRUZ SC-7383 

Anti-Akt1 Mouse 

monoclonal 

62 1:1000 SANTA CRUZ SC-5298 

Anti-P-

Akt1/2/3 

Mouse 

monoclonal 

62/56/60 1:1000 SANTA CRUZ SC-81433 

Anti-P21 Mouse 

monoclonal 

21 1:100 SANTA CRUZ SC-6246 

Anti-P27 Mouse 

monoclonal 

27 1:1000 SANTA CRUZ SC-1641 

Anti-

SNAIL1 

Mouse 

monoclonal 

29 1:1000 SANTA CRUZ SC-271977 

Anti-SLUG Mouse 

monoclonal 

30 1:1000 SANTA CRUZ SC-166476 

Table is shown the details of antibodies.  
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2.1.2.2 Secondary antibodies 

Horseradish peroxidase (HRP) conjugated anti-goat IgG (A8919), anti-rabbit 

IgG (A6154) and anti-mouse IgG (A5278) antibodies were purchased from 

Sigma Aldrich (Poole, Dorset, UK). 

 

2.1.3 Buffers 

Tris Buffered Saline (TBS) 

A 10 x TBS stock solution (Sigma Aldrich, UK) was diluted 1:10 using 1L 10x 

solution and adding 9L distilled water before storing at room temperature. 

 

Phosphate-buffered saline (PBS 1L) 1×  

KCl                200mg (1g) 

Na2HPO4      1145mg (5.72g) 

KH2PO4         200mg (1g) 

NaCl             8000mg (40g) 

The chemical compounds were dissolved in 800ml distilled water with pH 

value of 7.4, before topping up to 1 litre with distilled water and the buffer was 

then autoclaved before use.  

 

Phosphate-buffered saline (PBS) 1× 

The following recipe was used for PBS with EDTA solution for preparing a 

trypsin solution. 

KCl                200mg (1g) 

Na2HPO4      1145mg (5.72g) 

KH2PO4         200mg (1g) 

NaCl             8000mg (40g) 

EDTA           280mg (1.4g) 

PBS EDTA solution was prepared following the aforementioned procedure with 

the addition of EDTA. 

 

Lysis buffer 1× (for general protein extraction) 

Lysis buffer for protein extraction was made up of  

50 mM Tris-HCl (pH 7.6 6.05g/L) 
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300 mM NaCl (17.52g/L) 

2% Sodium deoxycholate 

1.5% Triton X-100 (15ml/L, v/v) 

2% NP-40 

 

Proteinase Inhibitor buffer (100ml)1×  

Aprotinin 1µg/ml ( 0.1mg/L) 

Na3VO4 5 mM (91.95mg/L) 

Leupeptin 1µg/ml ( 0.1mg/L) 

Lysis buffer was made with 2x lysis buffer and 2x inhibitor buffer in distilled 

water and stored at -20°C  ready for use. Na3VO4 was included to ensure the 

blocking of protease activity during protein extraction. 

 

Lysis buffer for proteomics (10ml) 

4.9ml 2x lysis buffer 

4.9ml 2x inhibitor buffer 

1% (100µl) phosphatase inhibitor cocktail 2 (Sigma, P5726 , phospho-tyrosine 

inhibitor) and cocktail 3 (Sigma, P0044, phospho-serine/threonine inhibitor). 

The individual components have specific inhibitory effect. A description of 

each inhibitor is given below: 

Aprotinin inhibits serine proteases; 

Leupeptin inhibits serine and cysteine proteases; 

Sodium orthovanadate (Na3VO4), inhibits tyrosine and alkaline phosphatases. 

The phosphatase inhibitor cocktail 2 comprised inhibitors for tyrosine protein 

phosphatases, acid and alkaline phosphatases. The phosphatase inhibitor 

cocktail 3 contained inhibitors for serine/threonine protein phosphatases 

(protein phosphatases1 and 2A).    

 

SDS-PAGE Running buffer (10x 1L) 

0.25M Tris 

1.92M glycine 

1% SDS (PH 8.3) 
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A 10x stock solution was made by dissolving Tris 303g, glycine 1.44kg, SDS 

100g and diluted in 9 litres of distilled water. 

 

Transfer buffer (5L) 

0.125M Tris 

0.96M glycine 

20% methanol (v/v)  

Tris 15.15g and glycine 72g were dissolved in 4 litres of distilled water with an 

addition of 1 litre of methanol. 

 

Tris Buffered Saline (TBS) stock solution (10x) 

0.5M Tris (24.228g Tris) 

1.38M NaCl at pH 7.4 (80.06g NaCl)  

The above quantities of Tris and NaCl were dissolved in 0.8 litre distilled 

water and the pH adjusted to 7.4 using HCl, before topping up to 1 litre. 

 

Stripping buffer for Western blot 

Stripping buffer was used to remove the primary and secondary antibodies 

from western blot membrane. The aim of stripping is to investigate more than 

one protein on the same blot.  

Stripping buffer, 1L 

15g glycine 

1g SDS 

10ml Tween 20 

The components were dissolved in 800ml distilled water and the pH adjusted 

to 2.2, finally the volume was brought to 1L with distilled water. 

Charcoal stripped foetal bovine serum 

Activated charcoal (C6241, Sigma-Aldrich) was added to heat inactivated 

foetal bovine serum (FBS) (F9665, Sigma-Aldrich), to a final concentration of 

1% with 0.1% Dextran T-70, i.e., 5g and 0.5g respectively in 500 ml FBS. 

The mixture was then incubated for 1 hour at room temperature with agitation 

(using a shaker at 100 rpm). 
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A centrifugation of 12000xg for 15 minutes was applied, supernatant was 

subsequently filtered with a 0.2 µm sterile filter and store at -20°C  until use. 

 

2.2 Datasets used for bioinformatic analysis 

2.2.1 Breast cancer cohort from the TCGA-BRCA 

The data was derived from breast cancer samples in The Cancer Genome 

Atlas (TCGA) (https://portal.gdc.cancer.gov) database (Ciriello et al. 2015). 

RNA sequencing dataset comprises 1098 primary breast tumours, 112 

adjacent normal tissues and 6 metastatic tumours. The expression of BMPs, 

BMP receptors and antagonists in breast cancer tissues (n=1093) were 

analysed in comparison with adjacent normal tissues (n=112). This cohort 

was employed as a dataset for analysis of correlation between BMPs and 

markers including ER, HER2, proliferation markers (Ki67 and PCNA), EMT 

markers, distant metastasis including angiogenesis, lymph angiogenesis and 

bone metastasis regulators. 

 

2.2.2 Breast cancer cohort from the Gene Expression Omnibus database 

(GEO) 

GEO is an open gene expression repository including microarray data, 

sequencing data analysis and other genomics data.  

GSE21422 The gene expression profiles with 19 paired samples included 

normal tissue samples (n=5), ductal carcinomas in situ (DCIS, n=9) and 

invasive ductal carcinomas (IDC, n=5) which were analysed in this database 

(Kretschmer et al. 2011).  

GSE70951 A gene expression database (Quigley et al. 2017) containing 

tumour samples of breast adenocarcinoma (n=47), paired adjacent normal 

breast tissues (n=47) and normal breast tissues derived from mammaplastic 

reduction (n=43) which was retrieved from https://www. 

ebi.ac.uk/biostudies/arrayexpress/studies/E-GEOD-70951.  

GSE27473 Influence of oestrogen receptor (ER) on the expression of BMPs 

was evaluated in the GSE27473 (Al Saleh et al. 2011) dataset, which 

comprises MCF-7 with ER silencing samples (n=3) and controls (n=3).  

E-MTAB-6703 A meta-dataset comprises of 2302 samples including both 

https://portal.gdc.cancer.gov/
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primary tumours and normal breast tissues from 20 independent GEO 

datasets (Retrieved from 

https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-

6703). Correlated genes, identified from the discovery cohort (TCGA_BRCA) 

were further validated in this dataset.  

E-MTAB-4003 This gene array dataset comprises primary tumours from 

patients with distant metastasis to bone only (n=127), visceral organs 

(n=167), bone and visceral organs (n=173) and without distant metastasis 

(n=226), in which WG-DASL (Whole Genome cDNA-mediated Annealing, 

Selection, extension and Ligation) expression profiling was determined in 

formalin-fixed paraffin embedded primary breast tumours and matched lymph 

node metastases across the four clinically relevant metastatic groups 

(Retrieved from https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-

MTAB-4003) (Lawler et al. 2017) .    

 

2.3 Cell culture 

2.3.1 Cell lines 

Twelve breast cancer cell lines were used in this study; MCF-7, T-47D, ZR-

751, BT474, MDA-MB-361, SKBR3, HCC1419, MDA-MB-231, BT20, BT549, 

MDA-MB-436 and MDA-MB-468, which were purchased from ATCC 

(American Type Culture Collection, Boulevard Manassas, VA, USA). These 

cells were cultured in DMEM-Ham/F12 with L-Glutamine, 15mM HEPES and 

sodium bicarbonate (Dulbeccoôs Modified Eagleôs Medium, D8437, Sigma-

Aldrich, UK) or RPMI-1640 F12 with L-Glutamine and sodium bicarbonate 

(Roswell Park Memorial Institute, R8758, Sigma-Aldrich, UK) (pH=7.3) 

medium with 10% foetal calf serum (heat inactivated, F9665, Sigma-Aldrich, 

UK) and antibiotics (penicillin, streptomycin and amphotericin B). Cells were 

cultured in flasks and incubated at 37°C , with 5% carbon dioxide in a 

humidified incubator. Details of breast cancer cell lines can be seen below in 

Table 2.3. For experimental analysis, the passages of cells were cultured 

within 5 generations to guarantee the cell viability. No contaminations during 

cell culturing regarding mycoplasma testing.  

 

https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-6703
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-6703
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-4003
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-4003
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2.3.2 Cell maintenance 

    All cell culture work was performed under sterile conditions using class ớ 

laminar flow hoods and autoclaved instruments to maintain sterile conditions.   

Cell lines were grown in T25 (25 cm2) or T75 (75 cm2) culture flasks. Flasks 

were loosely capped and placed in an incubator at 37°C , with 5% carbon 

dioxide and 98% humidification. Cells were washed with sterile PBS twice 

before changing medium every 2-3 days and confluency of the cells was 

checked regularly.  

 

2.3.3 Cell passage 

After removing culture medium using a sterile glass pipette under vacuum, 

cells were washed with sterile PBS twice. To trypsinise the cells, 1-2ml 

trypsin-EDTA solution (0.01% trypsin (w/v) and 0.05% EDTA in PBS buffer) 

was added into each flask, followed by an incubation of 5 to 10 minutes at 

37°C  to allow cells to detach. Once the cells had detached from the surface of 

the flask, they were transferred to a 30ml universal container by adding 5ml 

medium. The cell suspension was then centrifuged at 1300 rpm for 5 minutes. 

The supernatant was discarded and the cell pellet was resuspended in 5ml 

medium and cultured in flasks for following experimental work or to be frozen 

down for storage in a deep freezer (-80°C ) or liquid nitrogen.    

 

2.3.4 Cell counting 

To count the cells, 20µl of cell suspension was mixed with 20µl 0.4% 

Trypan blue (T10282, Thermo Fisher). Viable cells were determined by 

manual counting using a Neubauer haemocytometer counting chamber (Mod-

Fuchs Rosenthal, UK) under an inverted microscope (Olympus, Tokyo, 

Japan).  

 

2.3.5 Cell storge  

Cells were stored in liquid nitrogen by resuspending cells in culture medium 

containing 10% dimethyl sulfoxide (DMSO, D8418, Sigma-Aldrich, UK). 

Resuspension was at a cell density of 2x 106 cells/ml and 1ml aliquots of cell 

suspension were then transferred into 1ml CRYO.STM tubes (Greiner Bio-
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One Ltd, UK). After overnight storage in a freezer (-20°C ), the cryotubes were 

then stored at -80°C  for 24 hours before a long storge in a liquid nitrogen (-

196°C ) tank.  

 

2.3.6 Cell revival from a frozen stock 

    The cells were thawed rapidly in a 37°C  water bath. The cell suspension 

was transferred to a universal container with 5ml pre-warmed medium. The 

cells were then centrifuged at 1400xg for 5 minutes followed by removal of the 

supernatant. The cell pellet was then resuspended in 5ml medium and 

transferred to a T25 flask. Cells were cultured in an incubator at 37°C , with 

5% carbon dioxide and 98% humidification.    
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Table 2.3 Human breast cancer cell lines 

Cell line  Characteristics ER PR HER2 Subtype 

MCF-7 Adenocarcinoma, oestrogen receptor, expressed, isolated from mammary gland 
tissue, epithelial cells. 

+ + - LA 

T-47D Carcinoma, ductal, isolated from mammary gland tissue, epithelial cells. + + - LA 

ZR751 Carcinoma, ductal, isolated from mammary gland tissue, epithelial cells. + +/- - LB 

BT474 Carcinoma, ductal, isolated from a solid, invasive ductal carcinoma of the 
breast, epithelial cells. 

+ + + LB 

MDA-MB-361 Adenocarcinoma, isolated from brain, epithelial cells. + +/- + LB 

SKBR3 isolated from pleural effusion cells, epithelial cells. - - + H 

HCC1419 ductal carcinoma TNM stage IIIA, grade 3, epithelial cells. P53(-) - - + H 

MDA-MB-231 Adenocarcinoma, isolated from mammary gland tissue, epithelial cells. - - - TNB 

BT20 Carcinoma, isolated from mammary gland tissue, epithelial cells. - - - TNB 

BT549 ductal carcinoma isolated from a papillary, invasive ductal tumour, epithelial 
cells. 

- - - TNA 

MDA-MB-436 Adenocarcinoma, isolated from mammary gland tissue, pleomorphic with 
multinucleated component cells. 

- - - TNA 

MDA-MB-468 Adenocarcinoma, isolated from mammary gland tissue, epithelial cells. - - - TNA 

Note: LA: Luminal A; LB Luminal B; H: HER2 positive; TNA: Triple negative A; TNB: Triple negative B (Retrieved from ATCC with an update from 
(Dai et al. 2017)). 
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2.4 RNA detection 

2.4.1 RNA extraction  

RNA was extracted from cells once they reached a confluency of 70-90% in 

a T25 flask, with 25cm2 culture area. The culture medium was aspirated and 

1ml of TRI reagent was added to each flask. The cells were then scraped off 

and collected in a 1.5ml tube. To separate RNA from DNA and proteins, 100µl  

of 1-bromo-3-chloropropane were added and mixed. The tubes were then left 

to stand for 10 minutes at room temperature and then centrifuged at 12,000×g 

for 15 minutes at 4°C . The aqueous phase containing RNA was extracted 

from the resulting mixtures and added to tubes with 0.5ml of 2-propanol and 

left to stand for 10 minutes at room temperature. Following this, the sample 

was centrifuged again at 12,000×g for 10 minutes at 4 °C . This resulted in the 

formation of a solid RNA pellet at the bottom of the tube (Figure 2.1). The 

supernatant from each tube was removed and the pellets were washed with 

1ml of 75% ethanol in DEPC water for each. The samples were vortexed and 

then centrifuged at 7,500×g for 5 minutes at 4 °C . Ethanol was then removed 

from each tube and the pellets were air-dried and dissolved in DEPC water to 

a target concentration of 1µg/µL. To assess the purity and concentration of 

the resulting RNA mixtures, the absorbance of the solutions at 260nm was 

measured using a UV 1101 Biotech nanophotometers (WPA, Cambridge, 

UK).  

 
Figure 2.1 Procedures for RNA extraction. Figure was created by using Bio render 

(https://www.biorender.com).   

https://www.biorender.com/
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2.4.2 Reverse transcription (RT)  

RT was used to produce cDNA for following determination of gene 

expression using polymerase chain reaction (PCR). Equal amounts of RNA 

(1-2µg) for each sample were  diluted in PCR water to a volume of 10µL and  

then mixed with 10µL of GoScript reverse transcription mix ( Promega UK Ltd.) 

for each RT reaction. The RT reactions were loaded onto a thermocycler 

which was programmed with the following conditions: 25°C  5 minutes, 42°C  

60 minutes, 70°C  15 minutes, 4°C  to end. The cDNA samples were then store 

at -20°C until use.  

 

2.4.3 Quantitative PCR and conventional PCR  

    Quantitative PCR (qPCR) was used to measure targeted gene expression 

at the level of transcription using pre-prepared Sybr Green master mix (Sigma 

Aldrich, Dorset, UK). A 10µl reaction contained 5µl of master mix, 0.3µl of 

forward primer, 0.3µl of reverse primer, 0.4µl of PCR water and 4µl of a 1:8 

diluted solution of cDNA. The other QPCR method used at the host laboratory 

was the uniprobe master mix (Thermo Fisher Scientific UK). For each 10µl 

reaction, 5µl of master mix, 0.3µl of forward primer (10µM) , 0.3µl of reverse 

primer with Z sequence (1µM) , 0.3µl of uniprobe (10µM)  and 4µl of a 1:8 

diluted solution of cDNA were added. Triplicates of each sample were 

included for each experiment. Gene expression data were normalised using 

primers for the housekeeping gene GAPDH or beta-actin. The experiment 

was carried out using a qPCR machine (Applied Biosystems StepOnePlusTM) 

running StepOnePlusTM software. Primer sequences and supplier details of 

the primers used in this procedure can be found in Table 2.1. Expression of a 

gene was calculated as the fold change using a previously reported ȹ ȹCT 

method (Rao et al. 2013). 

Conventional PCR was used to confirm the expression of Noggin and other 

genes in different breast cancer cell lines. Two different pairs of primers were 

used to compare their efficacies and choose the optimal pair. Primer 

sequences and supplier details can be found in Table 2.1. Each well 

contained 12µL of reaction mixture consisting of 6µL of GoTaq Green master 

mix (Sigma Aldrich, Dorset, UK), 1µL of reverse primer, 1µL of forward primer 
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and 4µL of 1:16 diluted cDNA. Each sample was run with the aforementioned 

primers. Amplification cycle conditions were as follows: 94°C  for 5 minutes, 35 

cycles of 94°C  for 20 seconds, 55°C  for 20 seconds and 72°C  for 30 seconds, 

and a final extension interval of 72°C  for 5 minutes. A 1.5% agarose gel was 

used to run samples with a PCR Ranger 100bp DNA ladder (50 bp-1000 bp, 

Catalogue Number: 11300, Sigma Aldrich Dorset, UK) for 25 minutes at 110V. 

10 µL of SYBR safe dye (Sigma Aldrich, Dorset, UK) was inco rporated into 

the gel to allow bands to be viewed under ultraviolet light. 

Agarose gel preparation 

Gels were usually made at 0.8% for products greater than 1kb, 1.0% 

agarose gel was suitable for separation of 150-1000 bps (base pairs) PCR 

products and a 2.0% gel for PCR products less than 150 bps. For a large gel, 

a conical flask containing the correct amount of agarose in 100ml 1xTBE was 

placed in the microwave and melted in. When cooled, 10µL of SYBR safe dye  

was added. The gel was then cast and left to set.  

 

2.5 Protein detection 

2.5.1 Protein extraction from cells 

    Cells were cultured in cultured flasks until reaching up to 90% confluency. 

The flasks were then placed on ice and the cell debris and dead cells washed 

off with ice-cold PBS. Once aspirated PBS, adding 5ml PBS into the flask. 

Adherent cells were removed from the flask using a plastic cell scraper, then 

the cell suspension was gently aspirated into a universal container. Cells were 

pelleted with a centrifugation at 1600xg for 7 minutes. The cells were then 

lysed in 200µl of lysis buffer with continuous rotation on a rotating wheel 

(LABINCO B.V, Netherlands), at 40 rpm for 1 hour at 4°C . The mixture was 

again centrifuged in the microcentrifuge (Fisher Scientific) at 13000xg for 15 

minutes. The resulting supernatant was then transferred to a new tube, in 

which equal volumes of 2x sample buffer (Laemmli 2x concentrate, Sigma 

S3401) were added and boiled for 10 minutes before subsequent western blot 

analysis or stored at -20°C  until use. 
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2.5.2 Protein quantification 

(Microplate Assay Protocol, BIO-RAD DC Protein Assay) 

    Protein quantification was determined by the Bio-Rad DC protein assay, 

including a working reagent kit: 20ɛl of reagent S (BIO-RAD Cat. #5000115) 

which was added to 1ml of reagent A (BIO-RAD Cat. #5000113). A serial of 1 

in 2 dilution of bovine serum albumin (BSA, Sigma-Aldrich, UK) was prepared 

using a stock BSA (100mg/ml) and the lysis buffer to prepare a BSA standard 

with concentrations from 50mg/ml to 0.79mg/ml. Protein samples and BSA 

standards with a volume of 5ɛl were then added into each well on a 96-well 

plate in triplicates. Then 25ɛl of reagent A+S mixture and 200ɛl reagent B 

(BIO-RAD Cat. #5000114) were added into each well. Air bubbles and cross-

contamination were avoided. After 15 minutes at room temperature, 

absorbance of both standards and samples were read at 620nm using an 

ELx800 plate reading spectrophotometer (Bio-Tek, Wolf laboratories, UK). A 

standard protein curve was plotted for the known concentration of BSA and 

the unknown protein concentrations were determined form the cell lysate 

samples. All the protein samples were adjusted to a working range of 1-

2mg/ml by diluting in cell lysis buffer, and further diluted in a 1:1 ratio by 

adding 2x sample buffer (Sigma-Aldrich, UK), then boiled at 100°C  for 5-10 

minutes. The samples were ready to use or stored at -20°C . 

 

2.5.3 Gel Preparation 

Glass plates (2 large rectangular and 2 small rectangular plates) were 

cleaned and dried and assembled using a 2-gel cassette on a casting stand. 

Thumb screws were tightened to hold glass plates in place to form a sealed 

chamber, together with the casting stand for gel casting. The gel cassette was 

fitted tightly in the gel casting assembly. The space between the glass plates 

was filled with alcohol to detect any leakage. A resolving gel was prepared 

and added into the space between the two glass plates using a disposable 

plastic pipette, to a level 2cm below the top edge of the notched glass plate 

leaving a space for the stacking gel. Distilled water with 0.1% SDS was 

loaded on the top of the resolving gel to ensure a smooth and levelled 

surface. Once set, the 0.1% SDS solution was removed, the stacking gel was 
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prepared and added, and plastic combs were immediately inserted to create 

wells for loading of samples. Once the stacking gel was set, the loading 

cassettes was transferred into an electrophoresis tank. The tank and inner 

chamber of the gel cassette was filled with 1x running buffer solutions to 

levels for an electric circuit through the gels to be formed. The plastic combs 

were removed and protein samples were loaded into each well. A molecular 

weight ladder (Geneflow Limited, Fradley, Staffordshire, UK) was included 

with the samples and loaded at a volume of 5-10ɛl. 

 

2.5.4 Western blot 

    The gel electrophoresis was run at settings of 120V, 40mA (20mA per gel) 

and 50W for 90-120 minutes depending on the molecular weight of a target 

protein, until the dye at the leading front was approximately 1cm away from 

the bottom of the gel.  

    Semi-dry blotting technique was used to transfer the protein from the gel 

onto a membrane. Nitrocellulose (pore size 0.2µm, Catalogue No 10600004, 

Amersham TM Protran TM Germany) or PVDF membrane (pore size 0.45µm, 

Catalogue No IPVH00010, Merck Millipore Ltd.) was cut to the size of the gel. 

A pretreatment of the PVDF membrane with 100% methanol for 10-20 

minutes was carried out. The pretreated PVDF or nitrocellulose membranes 

were then treated with 1x transfer buffer for a period up to 30 minutes. 

Meanwhile, four sheets of filter paper for each gel were also cut to the same 

size and soaked in 1x transfer buffer.  

    Two sheets of pre-soaked filter paper were placed on the positive anode 

graphite base. The soaked nitrocellulose membrane was placed on top of the 

filter paper, and the gel then placed on top of the membrane. Finally, two 

soaked filter papers were placed on top. A roller was used to gently remove 

any air bubbles. The negative cathode cover was then placed on top and fixed 

in place. Electroblotting was undertaken at 15V, 500mA and 5W for 45-50 

minutes. The membrane was then placed in a universal container with 10ml 

blocking solution (10% milk, 0.1% polyoxyethylene sorbitan monolaurate 

(Tween 20) in TBS) and agitated for 40-60 minutes at room temperature (or 

overnight at 4°C ), prior to probing with antibodies. The 10% blocking solution 
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was then removed followed by an incubation of 1 hour at room temperature or 

overnight at 4°C,  with a primary antibody in 5ml of 3% milk TBS solution with 

0.1% Tween. Dilution of antibodies used in the present study are provided in 

Table 2.2.  

    The membrane was then washed with the 3% milk solution in agitation for 

15 minutes, and the buffer was changed every 5 minutes. After washing, a 

horse radish peroxidase (HRP) conjugated secondary antibody in the 3% milk 

solution at a dilution of 1:1000 (Kielkopf et al. 2021) was added, with 

incubation for 1 hour at room temperature.  

Finally, the membrane was washed twice with TBC containing 0.2% Tween 

20 for 15 minutes, followed by two washes in TBS before detection using EZ-

ECL protein detection reagent (Biological Industries Cat. No 20-500-120). The 

protein bands were then visualised on a G: BOX Chemi XRQ protein 

detection system (Syngene, UK). 

 

2.5.5 Proteomics analysis 

    Proteomics analysis was conducted by the team led by Dr Kate Heesom at 

the University of Bristol Proteomics Facility.  

    The Thermo Scientific Tandem Mass Tag (TMT) Reagents are designed to 

enable identification and quantitation of proteins in different samples using 

tandem mass spectrometry (MS) (Figure 2.2).  

 
Figure 2.2 TMT chemical structures, including regions and MS sites. Figure was 
downloaded from Thermo Fisher (https://www.thermofisher.com).  
 
  

https://www.thermofisher.com/
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Figure 2.3 Procedures for MS using TMT reagents. Figure was downloaded from 
Thermo Fisher (https://www.thermofisher.com).  
 

    Mass spectrometry for proteomics analysis is a method that has been used 

to assess capabilities and characterization of proteins, such as quantity and 

phosphorylation, using protein samples (Figure 2.3).  

According to the aims of this study, mass spectrometry was employed to 

detect changes in the quantity and phosphorylation of proteins. The first aim 

was to compare the total protein levels among the samples. The second was 

to compare phospho-peptide levels across the samples by an enrichment 

analysis of phospho-peptide. Data analysis was performed using Proteome 

Discoverer v2.4 software to run a SEQUEST search against the Uniprot 

Human dataset and against a ócommon contaminantsô dataset. Then the 

following phosphorylation analysis was conducted for proteins with 

phosphorylation at serine, tyrosine and threonine kinase sites as peptide 

modifications. All the data was filtered with 5% FDR (False discovery rate) as 

a threshold to minimise possibilities of a false discovery.  

  

https://www.thermofisher.com/
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2.6 IHC of Noggin in breast cancer   

    Immunohistochemical staining was conducted on breast carcinoma tissues 

(frozen sections of breast tissues) from the Cardiff cohort. In a local clinical 

cohort containing 97 breast tumour tissues and 24 adjacent normal tissues, 

there were tissue sections available from 4 breast tumour tissues and 2 

normal tissues for preliminary immunohistochemical staining. All the tissue 

samples were collected immediately after surgery and stored at -80°C  before 

use. The verification of the staining results was examined by pathologists. A 

breast cancer tissue array (BR1505d, Biomax, Inc. USA) consisting of 75 

breast tumour tissues of invasive ductal carcinoma (Figure 2.4, Table 2.4) 

was also employed for an IHC staining of Noggin in the present study. 

Anti-Noggin antibody (NBPI-47881, 1:100, Novus Biologicals USA) and a 

biotinylated secondary antibody (Anti-mouse, 1:50) were used (Vectastain 

Universal Elite ABC kit, PK-6200) in the procedure. An ER negative breast 

cancer cell lines-BT549 which has high expression of Noggin was included as 

a positive control whilst a negative control was conducted using the 

secondary antibody only to exclude non-specific staining. Additionally, MCF-7 

cells with a relatively lower expression of Noggin were also examined using 

the ICC as another control.  

¶ Day 1. The slide was placed in an oven at 55°C  for 30 minutes. This step 

ascertained that the sections adhered better to the slide.  

¶ Dewax and rehydration. The following steps were undertaken at room 

temperature, with 5 minutes in each solution in the indicated sequential 

order to dewax the formaldehyde fixed and paraffin embedded tissue 

section. 

Â 100% Xylene Dewax 1 

Â 100% Xylene Dewax 2 

Â 50% Xylene/50% Ethanol 

Â 100% Ethanol 

Â 100% Ethanol 

Â 90% Ethanol 

Â 70% Ethanol 

Â 50% Ethanol 
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Â Distilled Water 

Â PBS buffer 

¶ Antigen retrieval step. The slide was soaked in an antigen retrieval buffer 

(0.74g EDTA in 2000 ml distilled water, PH 8.0) followed by incubation in 

a microwave on full power for 20 minutes. The slide was gently shaken to 

prevent any air bubbles forming during the incubation. The slide was then 

cooled down to room temperature before proceeding to the following 

steps.  

¶ Blocking. The slide was incubated with 10% horse serum blocking buffer 

for 2 hours.   

¶ The anti-Noggin primary antibody (1:50) prepared in the blocking buffer 

was then added to the slide followed by overnight incubation at 4°C .  

¶ Day 2.  

¶ After the incubation with primary antibody, the slide was washed three 

times with PBS for 5 minutes each time. 

¶ The secondary antibody (1:50) diluted in the blocking buffer was then 

added with a probing for 30 minutes at room temperature, followed by 

three washes in PBS. 

¶ The slide was then incubated with ABC regents for 30 minutes at room 

temperature followed by three washes in PBS. 

¶ Staining was then developed with Diaminobenzidine (DAB) for 10 minutes 

in the dark.  

¶ The slide was then washed in running tap water.  

¶ A counterstaining of nuclei was performed using haematoxylin for 2 

minutes, followed by a thorough wash in running tap water.  

¶  Dehydration was carried out using ethanal solutions of increasing 

concentrations for 5 minutes in each solution followed by clearance in 

xylene. Ethanol solutions and xylene were used as follows. 

¶ 50% Ethanol 

¶ 70% Ethanol 

¶ 90% Ethanol 

¶ 100% Ethanol 

¶ 100% Ethanol 
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¶ 50% Xylene/50% Ethanol 

¶ 100% Xylene  

¶ 100% Xylene 

The tissue section was finally mounted with a coverslip and mounting gel 

(DPX, 44581, Sigma-Aldrich).  

 

 

 

 

 

Figure 2.4 Datasheet of breast cancer tissue microarray (TMA, BR1505d). TMA 

slides includes TNM, clinical stage and pathology grade and ER/PR/HER2 
status, retrieved from the BioMax.  
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Table 2.4 Breast cancer tissue array (BR1505d) 

Position Age TNM Grade Stage ER PR HER2 

A1 48 T2N0M0 1 IIA 2+, 50% 1+, 3% 2+ 

A2 42 T3N0M0 1 IIB 0 0 3+ 

A3 57 T2N0M0 1 IIA 3+ 3+, 95% 3+ 

A4 57 T2N0M0 2 IIA 3+ 0 1+ 

A5 66 T2N2M0 2 IIIA 0 0 3+ 

A6 48 T2N0M0 - IIA 2+, 60% 2+, 60% 0 

A7 48 T2N0M0 2 IIA 3+, 80% 2+, 70% 1+ 

A8 48 T3N1M0 2 IIIB 3+, 80% 0 1+ 

A9 46 T2N0M0 2 IIA 3+, 80% 3+, 80% 0 

A10 58 T2N0M0 2 IIA 3+, 95% 3+, 90% 2+ 

A11 38 T3N0M0 2 IIB 3+, 95% 2+, 70% 0 

A12 59 T2N0M0 3 IIA 3+, 95% 0 0 

A13 50 T3N0M0 2 IIB 1+, 40% 0 3+ 

A14 66 T3N0M0 2 IIB 0 1+, 20% 3+ 

A15 39 T2N0M0 2 IIA 1+, 10% 1+, 3% 0 

B1 48 T2N0M0 1 IIA 1+, 20% 0 2+ 

B2 42 T3N0M0 - IIB 0 0 3+ 

B3 57 T2N0M0 2 IIA 3+, 95% 3+, 95% 2+ 

B4 57 T2N0M0 - IIA 3+, 95% 1+, 3% 1+ 

B5 66 T2N2M0 - IIIA 0 0 3+ 

B6 48 T2N0M0 - IIA 2+, 30% 1+, 5% 0 

B7 48 T2N0M0 2 IIA 3+, 95% 3+, 90% 2+ 

B8 48 T3N1M0 2 IIIB 3+, 95% 1+, 2% 1+ 

B9 46 T2N0M0 2 IIA 3+, 95% 3+, 90% 0 

B10 58 T2N0M0 2 IIA 3+, 95% 3+, 90% 1+ 

B11 38 T3N0M0 2 IIB 3+, 95% 2+, 80% 0 

B12 59 T2N0M0 3 IIA 0 0 0 

B13 50 T3N0M0 2 IIB 1+, 60% 0 3+ 

B14 66 T3N0M0 2 IIB 0 1+, 5% 3+ 

B15 39 T2N0M0 2 IIA 2+, 60% 1+, 5% 0 

C1 46 T2N0M0 2 IIA 0 0 3+ 

C2 48 T3N0M0 2 IIB 3+, 95% 3+, 80% 0 

C3 59 T2N0M0 2 IIA 0 0 3+ 

C4 40 T3N1M0 2 IIIA 0 0 2+ 

C5 47 T4N0M0 2 IIIB 0 0 0 

C6 60 T4N0M0 2 IIIB n/a 0 3+ 

C7 58 T3N2M1 2 IV 1+, 30% 0 0 

C8 45 T3N1M0 2 IIIA 0 0 0 

C9 62 T1N0M0 - I 3+, 80% 2+, 70% 0 

C10 49 T4N0M0 2 IIIB 3+, 90% 3+, 80% 0 

C11 50 T2N0M0 2 IIA 0 0 0 

C12 45 T3N1M1 2 IV 1+, 20% 0 3+ 

C13 46 T2N1M0 2 IIB 0 0 3+ 

C14 53 T2N0M0 2 IIA 0 0 3+ 

C15 35 T4N1M0 2 IIIB 0 0 3+ 

D1 46 T2N0M0 - IIA 0 0 3+ 

D2 48 T3N0M0 2 IIB 3+, 95% 3+, 95% 0 

D3 59 T2N0M0 2 IIA 0 0 3+ 

D4 40 T3N1M0 2 IIIA 0 0 3+ 

D5 47 T4N0M0 2 IIIB 1+, 20% 1+, 3% 0 
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D6 60 T4N0M0 2 IIIB 0 0 3+ 

D7 58 T3N2M1 2 IV 0 1+, 3% 0 

D8 45 T3N1M0 2 IIIA 0 0 0 

D9 62 T1N0M0 - I 3+, 70% 1+, 40% 0 

D10 49 T4N0M0 2 IIIB 3+, 70% 2+, 70% 0 

D11 50 T2N0M0 2 IIA 0 0 0 

D12 45 T3N1M1 2 IV 1+, 20% 0 3+ 

D13 46 T2N1M0 2 IIB 0 0 3+ 

D14 53 T2N0M0 2 IIA 0 0 3+ 

D15 35 T4N1M0 2 IIIB 0 0 0 

E1 35 T2N0M0 2 IIA 3+, 90% 2+, 80% 0 

E2 67 T3N0M0 2 IIB 3+, 90% 1+, 10% 1+ 

E3 42 T3N0M0 2 IIB 1+, 5% 2+, 5% 3+ 

E4 44 T3N0M0 2 IIA 1+, 10% 0 3+ 

E5 62 T2N0M0 2 IIA 1+, 10% 0 3+ 

E6 44 T2N0M0 2 IIA 3+, 90% 2+, 70% 0 

E7 61 T3N1M0 - IIIA 0 0 3+ 

E8 42 T3N0M0 - IIB 2+, 80% 3+, 90% 0 

E9 54 T3N0M0 2 IIB 0 0 3+ 

E10 43 T2N0M0 2 IIA 2+, 90% 3+, 90% 0 

E11 63 T2N0M0 2 IIA 3+, 100% 1+, 5% 1+ 

E12 53 T2N0M0 2 IIA 1+, 20% 2+, 40% 0 

E13 58 T2N0M0 2 IIA 1+, 20% 0 3+ 

E14 51 T4N1M0 2 IIIB 1+, 10% 2+, 60% 3+ 

E15 67 T2N0M0 2 IIA 3+, 100% 2+, 60% 0 

F1 35 T2N0M0 2 IIA 3+, 90% 3+, 90% 0 

F2 67 T3N0M0 2 IIB 3+, 90% 0 1+ 

F3 42 T3N0M0 2 IIB 1+, 10% 2+, 0% 3+ 

F4 44 T3N0M0 2 IIA 0 0 2+ 

F5 62 T2N0M0 2 IIA 1+, 10% 0 3+ 

F6 44 T2N0M0 2 IIA 3+, 90% 2+, 60% 0 

F7 61 T3N1M0 2 IIIA 1+, 3% 0 3+ 

F8 42 T3N0M0 2 IIB 1+, 5% 0 0 

F9 54 T3N0M0 2 IIB 0 0 3+ 

F10 43 T2N0M0 2 IIA 2+, 70% 3+, 80% 0 

F11 63 T2N0M0 2 IIA 3+, 90% 1+, 10% 1+ 

F12 53 T2N0M0 2 IIA 3+, 100% 3+, 100% 0 

F13 58 T2N0M0 2 IIA 1+, 10% 0 3+ 

F14 51 T4N1M0 2 IIIB 0 2+, 60% 3+ 

F15 67 T2N0M0 2 IIA 3+, 100% 2+, 60% 0 

G1 65 T1N2M0 2 IIIA 0 0 0 

G2 63 T2N0M0 2 II 1+, 5% 1+, 60% 3+ 

G3 52 T2N0M0 2 IIA 0 0 3+ 

G4 40 T2N0M0 2 IIA 0 1+, 3% 0 

G5 67 T2N0M0 2 IIA 0 0 3+ 

G6 45 T2N0M0 3 IIA 0 0 0 

G7 49 T2N0M0 3 IIA 3+, 90% 3+, 95% 0 

G8 60 T4bN1M0 3 IIIB 0 0 3+ 

G9 46 T3N0M0 3 IIA 3+, 90% 3+, 95% 3+ 

G10 64 T2N0M0 3 IIA 0 0 0 

G11 40 T2N1M0 3 IIB 0 0 3+ 

G12 43 T2N0M0 3 IIA 3+, 80% 3+, 80% 0 

G13 75 T2N1M0 3 IIB 0 0 0 



68 

 

G14 50 T2N0M0 - IIA 1+, 2% 2+,5% 0 

G15 40 T2N0M0 3 IIA 2+, 60% 0 0 

H1 65 T1N2M0 2 IIIA n/a 0 n/a 

H2 63 T2N0M0 2 II 1+, 10% 1+,30% 3+ 

H3 52 T2N0M0 2 IIA 0 0 3+ 

H4 40 T2N0M0 2 IIA 0 1+,5% 0 

H5 67 T2N0M0 2 IIA 0 0 1+ 

H6 45 T2N0M0 3 IIA 0 0 0 

H7 49 T2N0M0 3 IIA 3+, 90% 3+,80% 0 

H8 60 T4bN1M0 3 IIIB 0 0 3+ 

H9 46 T3N0M0 3 IIA 3+, 90% 3+,90% 3+ 

H10 64 T2N0M0 3 IIA 0 0 0 

H11 40 T2N1M0 3 IIB 0 0 3+ 

H12 43 T2N0M0 3 IIA 3+, 90% 3+,80% 0 

H13 75 T2N1M0 3 IIB 0 0 0 

H14 50 T2N0M0 - IIA 3+, 90% 1+,5% 3+ 

H15 40 T2N0M0 3 IIA 1+, 20% 0 0 

I1 50 T2N0M0 3 IIA 3+, 90% 0 0 

I2 37 T3N0M0 3 IIB 1+, 70% 0 0 

I3 66 T2N0M0 3 IIA 3+, 90% 0 3+ 

I4 33 T2N0M0 3 IIA 0 0 3+ 

I5 49 T4N2M0 - IIIB 0 0 3+ 

I6 49 T2N2M0 3 IIIA 0 0 3+ 

I7 40 T3N2M0 3 IIIA 0 0 0 

I8 53 T4bN1M0 3 IIIB 3+, 90% 3+, 90% 0 

I9 54 T2N0M0 3 IIA 0 0 0 

I10 51 T2N0M0 3 IIA 0 0 0 

I11 68 T2N0M0 3 IIA 0 0 0 

I12 33 T2N0M0 3 IIA 3+, 90% 3+,80% 0 

I13 50 T2N0M0 3 IIA 0 0 3+ 

I14 53 T2N0M0 3 IIA 0 0 0 

I15 34 T2N0M0 3 IIA 2+, 60% 3+,80% 0 

J1 50 T2N0M0 3 IIA 3+, 90% 0 0 

J2 37 T3N0M0 3 IIB 1+, 20% 0 0 

J3 66 T2N0M0 3 IIA 3+, 90% 0 3+ 

J4 33 T2N0M0 3 IIA 0 0 3+ 

J5 49 T4N2M0 3 IIIB 0 0 3+ 

J6 49 T2N2M0 3 IIIA 0 0 3+ 

J7 40 T3N2M0 3 IIIA 0 0 0 

J8 53 T4bN1M0 3 IIIB 3+, 90% 3+,80% 0 

J9 54 T2N0M0 3 IIA 0 0 0 

J10 51 T2N0M0 3 IIA 0 0 0 

J11 68 T2N0M0 3 IIA 0 0 1+ 

J12 33 T2N0M0 3 IIA 3+, 90% 3+, 90% 0 

J13 50 T2N0M0 3 IIA 0 0 3+ 

J14 53 T2N0M0 3 IIA 0 0 0 

J15 34 T2N0M0 3 IIA 2+, 80% 3+,50% 0 

Listed information about age, TNM staging, grade, ER, PR and HER2 status of 
breast cancer patients.  
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2.7 Knockdown and overexpression of Noggin using lentiviral vectors 

Short hairpin RNA (shRNA) is a technology that interferes with RNA to 

study the functions of an unknown gene. It can alter expression of a specific 

gene to achieve a stable knockdown model which enables the evaluation of 

its biological function and relevant signal transduction (Fellmann et al. 2013). 

Moreover, it can help advance the understanding of its involvement in a 

disease by conducting in vitro and in vivo experiments, with the established 

knockdown cell model. Experimentally, RNAi can be induced using synthetic 

small interfering RNA (siRNA) duplexes or using shRNA expressed from 

either a plasmid vector or from genomic DNA following lentiviral-mediated 

integration. ShRNAs can be delivered to cells using lipid transfection for 

plasmid vectors or transduction using lentiviral particles. The shRNA 

sequence is encoded in the delivered sequence, with expression of the 

shRNA in the nucleus driven by an RNA promoter. When shRNA is delivered 

using lentiviral vectors, the sequence encoding the shRNA is integrated into 

the genome and the knockdown effect can be passed on to daughter cells, 

allowing for a continued gene silencing (Figure 2.5). In this study, lentiviral 

vectors carrying Noggin shRNAs (Figure 2.6) and scramble shRNA were 

employed to establish Noggin knockdown cell models and controls, 

respectively. The lentiviral vectors were also employed for developing a 

Noggin overexpression cell model in which Noggin coding sequence was 

cloned into a lentiviral expression vector, which enable a gene to be 

expressed in mammalian cells (Figure 2.7). The expression vector has a 

fluorescent marker (cherry) and a selective marker for hygromycin, for which 

the lentiviral vectors for shRNA and scramble shRNA have EGFP and 

sequence for selection using G418. The lentiviral vectors were purchased 

from VectorBuilder (VectorBuilder Inc. Chicago, IL, USA).  
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Figure 2.5 Diagram of shRNA process. The figure was downloaded from the website 

of Sigma-Aldrich (https://www.sigmaaldrich.com).    

https://www.sigmaaldrich.com/
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2.7.1 Plasmid amplification and purification  

    E.Coli cells carrying the lentiviral vectors were inoculated into 10ml of LB 

broth, with 50ɛg/ml ampicillin and subsequently incubated at 37 oC overnight 

with constant agitation.   

    The amplified E. coli cells were then pelleted by centrifugation at 4 oC for 15 

minutes at 3,000xg followed by extraction of plasmids using the Sigma 

GenElute Plasmid MiniPrep kit (Sigma-Aldrich, Poole, Dorset, UK), according 

to the provided protocol.  

ÅThe pellet was resuspended in 200ɛl of resuspension fluid (containing 

RNase A) with a thorough mixing and transferred into the provided 2ml 

collection tubes.  

Å The cells were then lysed by adding 200ɛl lysis solution with gentle mixing 

by inverting the tubes 5-6 times. The resulting mixture was left at room 

temperature for 5 minutes before adding 350ɛl of neutralisation solution.  

Å The tube was inverted several times after adding the neutralisation solution 

followed by a 10-minute centrifugation at 12,000xg. The resulting supernatant 

was then transferred into a fresh collection tube, containing a Mini Spin 

Column which had been pretreated with a column preparation buffer, allowing 

optimal binding of the plasmid DNA. The collection tube, equipped with 

column the was centrifuged at 12,000xg for 1 minute.  

Å The flow through was discarded before the column was washed with 700ɛl 

of wash solution (containing ethanol) and centrifuged at 12,000xg for 1minute. 

The flow through was discarded again before the column was dried by further 

centrifugation for 1 minute.  

Å The column was then transferred into a fresh collection tube for elution. This was 

carried out by adding 100ɛl of elution solution with centrifugation at 

12,000rpm for 1 minute. The resulting flow through containing the purified 

plasmid was collected, and approximately 4ɛl was run on a 0.8% agarose gel 

to confirm the presence and purification of the plasmid. The plasmids were 

quantified as double stranded DNA using the UV 1101 Biotech 

nanophotometers (WPA, Cambridge, UK).  
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Figure 2.6 Noggin knockdown lentiviral vector in Mammalian cells, including inserts 
of EGFP. It allows cells to be visualized by green fluorescence and resistant to 
geneticin (G418) and NOG (shRNA#1, Sequence: ATTCTGGTTGTTGCTAATAAT). 

Figure was downloaded from (www.vectorbuilder.com).  
 

  

http://www.vectorbuilder.com/
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Figure 2.7 Noggin overexpression lentiviral vector in Mammalian cells, including 
inserts of cherry (T2A: Hygromycin. It allows cells to be visualized by red 
fluorescence and resistant to hygromycin) control and NOG (NM_005450.6). Figure 

was downloaded from (www.vectorbuilder.com).  
  

http://www.vectorbuilder.com/
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2.7.2 Packaging of lentivirus particles  

To package a lentiviral vector, 7 x 105 HEK-293T cells in 5ml of media was 

added into a 6cm tissue culture dish, and the cells were incubated at  

37 C, 5% CO2 to reach a confluency of 60-80%. Transfection of plasmid 

vectors was conducted using PEI (Polyethyleneimine, Sigma-Arich). In brief, 

the plasmid vectors were mixed in a polypropylene microfuge tube to 300µl  

OPTI-MEM (Gibco, Thermo Fisher Scientific Inc.) as follows:  

4ɛg  Lentiviral vectors  

4000ng/virus concentration=target gene volume 

3 ɛg PSPAX2 packing plasmid  

1 ɛg PMD2.G envelope plasmid  

 

PEI was added in a ratio of 4:1 against the amount of plasmid vectors, i.e.   

32ul with incubation for up to 30 minutes at room temperature. 

The transfected reagent was then added into HEK-293T cells followed by 

overnight incubation at 37°C .  

After the incubation, medium containing transfection reagent was removed 

and replaced with 5ml fresh medium. The medium was pipetted onto the side 

of the plate to minimise disruption of the transfected cells and the cells were 

incubated for 24 hours.  

The medium was then harvested from the cells and transferred to a 

polypropylene tube. The medium containing lentiviral particles was stored at 

4°C .  

Å To continue the collection, 5ml fresh medium was added to the cells followed 

by another 24-hour incubation at 37°C .  

Å The medium containing lentiviral particles was harvested again and pooled 

together with the previous collection.  

Å The medium was centrifuged at 1,250 rpm for 5 minutes to pellet any HEK-

293T cells that were inadvertently collected during harvesting. The lentiviral 

particles were stored at -80°C  for future use.  
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2.7.3 Preparation of Noggin overexpression and knockdown cell line 

models 

Cell models of Noggin knockdown and overexpression were established in 

a panel of breast cancer cell lines derived from different subtypes of the 

disease using the lentiviral particles prepared which carry Noggin shRNAs 

and Noggin coding sequence, as well as the respective controls. In brief, 

200,000 cells in 500µl were seeded per well in a 24 -well plate. After overnight 

culture, the medium was removed and replaced with 300 µl of fresh medium 

and 200 µl of the lentiviral particle stock previously collected. To optimise the 

infection of lentiviral particles, 5 µl of polybrene (0.8mg/ml) was added. After 

further overnight culture, the medium was replaced with fresh medium 

followed by 2-3 days culture, to allow expression of the fluorescent markers.  

The lentiviral vectors carrying scramble shRNA 

(CCTAAGGTTAAGTCGCCCTCG) and Noggin shRNA 

(ATTCTGGTTGTTGCTAATAAT) contained EGFP (enhance green 

fluorescent protein) and a neomycin/G418 selection marker; whilst the 

lentiviral Noggin expression vectors and control vectors contain cherry and a 

Hygromycin selection marker. Therefore, G418 (geneticin) was used for 

selection (100-250µg/ml) and maintenance (50 -100 µg/ml) of the cells 

transduced with lentiviral Noggin shRNA and scramble shRNA. Hygromycin B 

was used for selection (100-250µg/ml) and maintenance (50-100 µg/ml) of the 

Noggin overexpressed cell models. A selection up to 2 weeks was performed 

for the transduced cells, respectively. Expression and knockdown of Noggin in 

the selected cells was verified using both PCR and western blot. The verified 

cells were subsequently used in the following experiment and stored in liquid 

nitrogen for a later use and repeat of experiments. 

 

2.8 Cellular function assays in vitro 

2.8.1 Growth assay (Dotsika and Sanderson 1987) 

    To determine the cell proliferation, 3,000~5,000 cells (Rayaprolu et al. 

2017) with 200ɛl medium (DMEM or RPMI) were seeded into each well in a 

96-well plate (SARSTEDT Cat No. 833924). Six repeats were included for 

each cell line on each plate. Three plates were prepared for each experiment 
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to determine the number of cells at 24 hours (Day1), 72 hours (Day3) and 120 

hours (Day5). 

    After incubation, the medium was gently discarded from the plate. The cells 

were then fixed with 150ɛl of 4% formaldehyde per well for 30 minutes. After 

the fixation, the formaldehyde solution was removed, and the fixed cells were 

washed with running tap water. To stain the cells, 100ɛl of 0.5% crystal violet 

solution was added into each well, with incubation up to 10 minutes at room 

temperature. The plates were than washed with tap water, and then air dried. 

To dissolve the stained crystal violet, 100ɛl 10% acetic acid (v/v) was added 

into each well. Absorbance was then measured at a wavelength of 570nm 

using a spectrophotometer (BIO-TEK, ELx800). Preliminary test was 

conducted regarding sensitivity assay for crystal violet assay to minimise the 

impact of absorbance from crystal violet (Yang et al. 2020).  

 

2.8.2 Invasion assay (Bracke et al. 1989) 

    In cancer progression, invasion and metastasis occurs when cancer cells 

disseminate from the primary tumour into the bloodstream and lymphatic 

system, transmit through the cell basement membrane and endothelial cells 

(Friedl and Alexander 2011). The aim of performing a transwell invasion 

assay is to verify the ability of cancer cells to directly disseminate through an 

artificial basement membrane. 

    To assess the invasion, 8ɛm transwell inserts (Greiner bio-one® ThinCert 

TM -24 well Cat No. 662638, pore size 8.0ɛM translucent PET RoTrac® 

membrane) together with a 24-well plate (Greiner bio-one®, Cat. - No. 

662160) were used for the invasion assay. The inserts were placed into a 24 

well plate using a forceps.   

    A stock solution of Matrigel at a concentration of 10mg/ml was diluted to a 

concentration of 500µg/ml in pre-cooled sterile water and 100ɛl of the diluted 

Matrigel was added to each insert, followed by incubation in the oven at 55oC 

until the gel was dried. 

    To assess the invasion, 20,000~40,000 cells in 200µl medium  were added 

to each insert, with 600µl medium per well in the 24 -well plate. The cells were 

then incubated at 37oC for 72~96 hours. The cell numbers and duration of the 
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incubation depended on the growth and doubling time of different cell lines 

and also their capacity for invasion.  

    After the incubation, the medium was discarded. The cells which had 

invaded into the Matrigel and migrated through the membrane were fixed with 

4% formaldehyde, for 15 minutes at room temperature. The cells were then 

stained with 0.5 % crystal violet for 10 minutes at room temperature. The 

Matrigel layer, together with the non-invasive cells were removed from the 

inside of the insert using a cotton swab. The cells in 24-well plates were 

allowed to dry in the oven. 

The numbers of invading cells were photographed under an inverted 

microscope and counted using ImageJ software (ImageJ. Ink). 

 

2.8.3 Adhesion assay (Humphries 2000) 

To precoat the culture surface, 100ɛl serum free medium containing 

50ɛg/ml Matrigel was added to each well of a 96-well plate (SARSTEDT Cat 

No. 833924), and the Matrigel was dried at 55oC in an oven. This was 

followed by rehydration of the Matrigel, using 100ɛl sterile water per well at 

room temperature for 60 minutes, when the water was aspirated. To 

determine the adhesion, 20,000-40,000 cells in 200µl medium were seeded in 

each well followed by incubation for 40 minutes. After the incubation, the 

medium was discarded. Non-adherent cells were washed off using PBS. 

Adherent cells were then fixed with 150ɛl of 4% formaldehyde for 30 minutes 

followed by staining with crystal violet as aforementioned. The adherent cells 

were counted the absorbance at a wavelength of 540nm. 

 

2.8.4 Migration assay (wounding assay) (Rodriguez et al. 2005) 

    Migration is a crucial process in cancer progression, embryonic 

development and tissue formation (Pijuan et al. 2019). Cancer cells invade 

through mesenchymal movement. Mesenchymal migration includes integrins 

and proteases degradation (Friedl and Wolf 2003). 

Cells were seeded and allowed to reach 100% cell confluency. The 

monolayer of cells was then scraped with a fine tip to create a wound of 

approximately 200 mm. The movement of cells to close the wound was 
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recorded using EVOS (EVOS FL Auto. Ink) and analysed using the ImageJ 

software package (ImageJ. Ink).  

 

2.9 Cytotoxicity assay (Watanabe et al. 2021)  

Cells were seeded in 96-well plates with 10,000 cells per well. The cells 

were then treated with treatments or inhibitors at time course. MTT assay was 

used to detect cell viability. MTT assay was performed using the following 

protocol: 20 µl of MTT soluti on (5mg/ml) was added into each well. After 

incubation for 2-4 hours, the formazan developed was subsequently dissolved 

in 100 µl  DMSO. The absorbance was measured at a wavelength of 570 nm.  

    

2.10 Statistical analysis 

Student t tests were used for normally distributed data. Mann-Whitney U 

tests were used to compare non-normally distributed data. In order to test 

whether a continuous variable is normally distributed, test for normality was 

performed using SPSS. For comparison, one-way ANOVA was used for 

multiple groups of data with normally distributed data and the Kruskal-Wallis 

test was used for non-normally distributed data. Survival analyses were 

performed using Kaplan-Meier plots. Correlation among different markers was 

evaluated using correlation tests. Pearsonôs correlation test for normally 

distributed data and Spearmanôs correlation for non- normally distributed data. 

P<0.05 was considered as statistically significant.  
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Chapter 3 

 

Aberrant expression of Noggin and clinical implication in 

different subtypes of breast cancer 
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3.1 Introduction 

    Aberrant expression of bone morphogenetic proteins (BMPs) and BMP 

receptors has been found in primary tumours of breast cancer (Zabkiewicz et 

al. 2017). For example, higher expression of BMP7 is evident in ER positive 

breast cancers which is positively correlated with ER and PR (Schwalbe et al. 

2003). Similarly, elevated expression of the BMP6 is also seen in ER positive 

breast cancers whilst a reduced expression is evident in both ER negative 

breast tumours and breast cancer cell lines because of a hypermethylation of 

the BMP6 promoter (Zhang et al. 2007). In addition to the BMP ligands, 

BMPR1B is up-regulated in ER positive carcinoma and the higher expression 

is associated with high histological grade, cell proliferation and poor prognosis 

(Helms et al. 2005) whilst a reduced expression of BMPR1B in ER negative 

tumours is associated with poor prognosis of the disease (Bokobza et al. 

2009). Moreover, ER can also inhibit BMP induced activation of Smad and 

also translocation of R-Smad into the nucleus, by an interaction between ER 

and Smad4 (Yamamoto et al. 2002; Wu et al. 2003). This suggests a 

possibility that diverse and controversial roles of BMP previously revealed in 

breast cancer may be influenced by crosstalk between oestrogen receptor 

and BMP in different subtypes of the disease, according to the ER status.  

As an antagonist of BMP, Noggin can inhibit invasion and migration and 

induce bone production (Guo et al. 2012). In breast cancer, the 

overexpression of Noggin facilitates colonization and osteolytic tumour growth 

in bone metastases (Mulloy and Rider 2015). Higher Noggin expression is 

associated with bone metastasis in MCF-7 and MDA-MB-231 breast cancer 

cell lines. Up-regulated Noggin was also seen in bone metastatic lesions in 

breast cancer patients (Tarragona et al. 2012b). Noggin can repress FOXF2-

induced osteolytic bone metastasis in MCF-7 and MDA-MB-231 breast cancer 

cells (Wang et al. 2019). However, the explicit functions of Noggin involved in 

specific subtypes of breast cancer remains unclear so far. A recent study from 

the host lab has shown that Noggin can facilitate proliferation of gastric cancer 

cells through an upregulation of EGFR (Sun et al. 2020b). This study further 

highlighted the role of Noggin as an indicator for the poor prognosis of 

patients with EGFR expressing gastric cancer (Sun et al. 2020b). In breast 
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cancer, EGFR is frequently observed and is more evident in HER2 positive 

tumours but not ER and PR positive tumours (Rimawi et al. 2010).  

    Taken together, the evidence suggests that the role played by Noggin in 

breast cancer is subtype specific and is dependent on the status of ER, 

EGFR, HER2 and BMP/BMPRs. The present study aimed to dissect the 

molecular and cellular nature of how Noggin is involved in the disease 

progression and metastasis of breast cancer by focusing on its putative 

subtype specific roles. 

 

3.2 Methods and datasets  

3.2.1 Breast cancer datasets 

3.2.1.1 Cardiff cohort 

    The local clinical cohort contains 127 breast tumour tissues with 24 normal 

tissues in total. All the tissue samples were collected immediately after 

surgery and stored at -80  before use. The expression of Noggin was 

determined in this cohort by using real time PCR. The results of histological 

and molecular pathology were collected and examined by pathologists. All 

tissues and clinical data were obtained with patient informed consent. This 

research protocol was assessed and approved by the Bro Taf Health 

Authority Local Research Ethics Committee (Bro Taf Health Authority, 

01/4303 and 01/4046). The median of follow-up time for patients after surgery 

was 120 months (Cunnick et al. 2001).  

3.2.1.2 Breast cancer cohort from the TCGA-BRCA 

    The data was derived from breast cancer samples in The Cancer Genome 

Atlas (TCGA) (https://portal.gdc.cancer.gov) dataset. RNA-sequencing 

dataset comprises 1098 primary breast tumours, 112 adjacent normal tissues 

and 6 metastatic tumours. The expression of BMPs, BMP receptors and 

antagonists in breast cancer tissues (n=1093) were analysed in comparison 

with adjacent normal tissues (n=112). This cohort was employed as a dataset 

for analysis of correlation between BMPs and markers including ER, HER2, 

https://portal.gdc.cancer.gov/
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proliferation markers, EMTs, MMPs, angiogenesis, lymph angiogenesis and 

bone metastasis markers. 

3.2.1.3 E-MTAB-6703 

A meta-dataset comprises of 2302 samples including both primary tumours 

and tumour-free breast tissues from 20 independent GEO datasets generated 

from GPL570 platform (biostudies/array express/studies/E-MTAB-

6703). Correlated genes, identified from the discovery cohort (TCGA-BRCA) 

were further validated in this dataset.  

3.2.1.4 GSE21422  

The transcriptional expression array of human ductal carcinoma in situ 

(DCIS) and invasive ductal breast carcinoma (IDC) was utilised. Noggin 

expression was analysed by 5 normal tissue samples, 9 cases of DCIS and 5 

IDC samples (Kretschmer et al. 2011). 

3.2.1.5 E-MTAB-4003 

    This gene array dataset comprises primary tumours from patients with distant 

metastasis to bone only (n=127), visceral organs (n=167), bone and visceral 

organs (n=173) and without distant metastasis (n=226).    

3.2.2 IHC    

    Immunohistochemical staining was conducted on frozen sections of breast 

tissues including 4 breast carcinoma tissues and 2 adjacent normal tissues 

due to the limited number of samples available in the host laboratory which 

was from the aforementioned Cardiff cohort. Anti-Noggin antibody (NBPI-

47881, 1:100, Novus Biologicals USA) and a biotinylated secondary antibody 

(Anti-mouse, 1:50) were used (Vectastain Universal Elite ABC kit, PK-6200). 

The verification of the staining results was examined by pathologists. 

3.2.3 Statistical analysis 

    T tests were used for normally distributed data. Mann-Whitney U tests were 

used to compare non-normally distributed data. For comparisons of multiple 

groups of data, one-way ANOVA test was employed whilst the Kruskal-Wallis 
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H test was used for non-normally distributed data. Survival analyses were 

performed using Kaplan-Meier survival analysis  (https://kmplot.com) (Gyorffy 

2021). Pearsonôs correlation test for normally distributed data and Spearmanôs 

correlation for non-normally distributed data were used. All data analyses 

were conducted using SPSS (IBM SPSS Statistics version 27, New York, 

USA). Heatmaps and scatter plots were plotted using GraphPad (GraphPad 

Prism 9, IBM Ltd, MA, USA). P<0.05 was considered as statistically 

significant.  

 

3.3 Results  

3.3.1 Aberrant expression of Noggin in breast cancer and 

tumourigenesis 

 

The expression of Noggin was evaluated in different cohorts of breast 

cancer, including the TCGA_BRCA cohort (Figure 3.1A), E-MTAB-6703 gene 

array datasets (Figure 3.1B) and a local cohort of breast cancer (Figure 3.1C), 

that was previously determined using real time PCR and analysed by Dr Ye. 

More details of the Cardiff cohort are provided in the Supplementary Table 

3.1. Reduced expression of Noggin was revealed in both TCGA and E-MTAB-

6703 cohorts. A similar trend was also seen in the local cohort of breast 

cancer, although it was not statistically significant. Immunohistochemical 

staining of Noggin revealed a moderate staining in the cytoplasm of epithelial 

cells in normal breast tissues whilst reduced, or a more condensing staining, 

was seen in cancerous cells in the breast cancer tissues (Figure 3.1D).  

  

https://kmplot.com/
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Figure 3.1 Aberrant expression of Noggin in breast cancer. The expression of 
Noggin was analysed in both RNA sequencing data of a breast cancer cohort, 
in breast tumours compared with paired adjacent normal breast tissues, from 
The Cancer Genome Atlas (TCGA, A) and a set of gene array data of a breast 
cancer (E-MTAB-6703, B) cohort. (C) Noggin expression was determined in a 
local cohort of breast carcinoma tissues, using real time PCR. Shown are 
copy numbers of Noggin normalised against CK19. (D) Immunohistochemical 
staining of Noggin expression in normal tissues and breast tumour tissues. *** 
Represents P<0.001.   
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3.3.2 Deregulated Noggin expression and clinical implications 

 

    Noggin expression was further analysed against TNM staging in the TCGA 

dataset. It was revealed that the expression of Noggin appeared to be 

reduced in locally advanced tumours, where Noggin expression was 

significantly lower in those T3 tumours in comparison with its expression in 

the T2 tumours (Figure 3.2A). The reduced expression of Noggin was seen in 

the T3 and T4 tumours compared with the tumours of early stages (T1 and 

T2) but did not reach a statistically significant level (Figure 3.2B). According to 

the histological classification in breast cancer, there was no difference seen in 

the expression of Noggin in the invasive ductal carcinomas (IDC) compared 

with both normal breast tissues and ductal carcinomas in situ (DCIS) in an 

analysis of the GSE21422 dataset (Figure 3.2C). Similarly, there was no 

significant difference revealed in tumours that developed lymph node 

metastases and distant metastases (Figure 3.2D and E). 

  



86 

 

 

Figure 3.2 Deregulated Noggin expression and disease progression of breast 
cancer. (A) Noggin expression and T staging in the TCGA cohort. (B) The 
expression of Noggin in those early-stage tumours (T1 and T2) was compared 
with tumours of advanced stages (T3 and T4). (C) The expression of Noggin 
was also analysed in human ductal carcinomas in situ (DCIS) and invasive 
ductal breast carcinomas (IDC), in comparison with normal breast tissues in 
the GSE21422 cohort (Kretschmer et al. 2011). Expression of Noggin was 
also analysed in relation to lymph node metastases (D) and distant 
metastases (E).   
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3.3.3 Noggin expression and the clinical outcomes of the patients 

 

Association between Noggin expression and patientsô survival was further 

analysed using the online Kaplan Meier survival analysis platform 

(KMplot.com) (Gyorffy 2021). Higher expression of Noggin was associated 

with shorter overall survival (OS), distant metastasis free survival (DMFS) and 

post progression survival (PPS) (Figure 3.3 A, B and C), whilst decreased 

expression of Noggin was correlated to poor relapse free survival (RFS) 

(Figure 3.3D).  

 

 

Figure 3.3 Noggin expression and clinical outcomes of the disease. Aberrant 
expression of Noggin was significantly related to patientsô survival regarding 
overall survival (OS, A), distant metastasis free survival (DMFS, B), post 
progression survival (PPS, C) and relapse free survival (RFS, D).  



88 

 

3.3.4 Noggin and related BMP and BMP receptors 

  

Noggin, as an antagonist to BMP2, BMP4, BMP6 and BMP7, can bind to 

the BMP ligands with high affinities (Phan-Everson et al. 2021). A correlation 

analysis showed that most of the BMPs and BMP receptors were correlated 

with Noggin in breast cancer (Figure 3.4A). For instance, there were weak 

correlations between Noggin and some BMPs and receptors including BMP2, 

ACVR2A and ACVR1B (Figure 3.4B, C and D).  

According to the survival analysis using the KMplot, higher levels of BMP2, 

BMP6, BMPR1B, TGFBR2, TGFBR3 and BMPR2 were significantly 

associated with longer survival time. In contrast, low expression of BMP4, 

BMP7, BMPR1A, TGFBR1 and Noggin were correlated to longer survival in 

breast cancer patients. Furthermore, BMPR2 was the highest expressed gene 

of those BMP ligands and receptors evaluated (Table 3.1).  
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Table 3.1 BMP expression and overall survival of BC patients (the 

KMplot cohort). 

 

Gene           Affy ID         Median          Cutoff 

                                                        

Median OS (months)  

P 
Low expression 

(months) 

High 

expression 

(months) 

BMP2 205289_at 52                36 68.4 121.2 0.002 

BMP4 211518_s_at 22                49 115 80 0.04 

BMP6 206176_at 157              227 84 143 0.009 

BMP7 209590_at 144              81 125.92 89.04 0.11 

ACVRL1 226950_at 196             252 74.4 121.2 0.22 

ACVR1 203935_at 1043           826 76.8 115 0.05 

BMPR1A 213578_at 660             850 115 69.6 0.02 

ACVR1B 213198_at 1168          1251 81.87 120 0.05 

TGFBR1 224793_s_at 1913          2492 95.04 63.52 0.04 

BMPR1B 229975_at 260           1971 68.4 135.84 0.004 

ACVR1C 1563182_at 55              39 138 169.2 0.06 

TGFBR2 208944_at 1642         1494 67.56 136.8 <0.001 

TGFBR3 226625_at 802           635 56.28 135.84 <0.001 

BMPR2 225144_at 1753         1589 138 169.2 <0.001 

ACVR2B 236126_at 308           274 68.4 90 0.09 

ACVR2A 228416_at 331           253 69.73 89.04 0.20 

NOG 231798_at 24              36 108 63.83 0.02 

Note: Shown is overall survival of breast cancer patients for each gene 
expressed in RNA chips (n=1042) derived from Kaplan-Meier Plot survival 
analysis (http://kmplot.com).  
  

http://kmplot.com/
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Figure 3.4 The correlations between Noggin and related BMP and BMP 
receptors (BMPRs). (A) Noggin was associated with related BMP ligands 
(BMP2, BMP4, BMP6 and BMP7) and BMPRs, which are shown as a 
heatmap in the TCGA cohort. ** Represents P<0.01. (B-D) Specific BMPs 
/BMPRs (BMP2, ACVR2A and ACVR1B) expression in breast tumours are 
shown as scatter plots.  
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3.3.5 Noggin and tumour growth in breast cancer 

 

    Uncontrolled proliferation and invasiveness are some of the key hallmarks 

of cancer cells. In order to explore the molecular mechanisms underlying the 

implication of Noggin, BMP ligands and BMP receptors in disease progression 

of breast cancer, it is essential to evaluate the correlation between Noggin 

and proliferation markers, such as MKI67 and PCNA in overall and different 

subtypes of breast cancer. It was found that Noggin, related BMPs and BMP 

receptors were differentially correlated with MKI67 and PCNA. Interestingly, 

Noggin was inversely correlated with MKI67 in the overall cohort, Luminal A/B 

and TNBC, whilst a weak correlation with MKI67 was seen in HER2 positive 

breast cancer (Figure 3.5A and 3.5B). It may suggest that Noggin has a 

subtype specific expression in breast cancer. For the BMP ligands, BMP4 was 

negatively correlated with proliferation markers in Luminal A, Luminal B and 

TNBC, but not in the HER2 positive subtype. Both BMP4 and BMP7 were 

negatively correlated with MKI67/PCNA in Luminal subtypes whilst BMP2 was 

negatively correlated with MKI67 and PCNA in Luminal A and TNBC breast 

cancers (Figure 3.5A). As one of type I BMP receptors, BMPR1A was the 

most positively correlated gene in all breast cancers. TGFBR1 was negatively 

correlated with proliferation markers in HER2 positive subtype. More details of 

the correlation analysis are provided in the Supplementary Table 3.2.        
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Figure 3.5 Noggin and related BMPs/BMPRs and tumour growth in breast 
cancer. (A) The correlation with Noggin/ BMPs/BMPRs and proliferation 
markers (MKI67 and PCNA) in overall and subclasses of breast cancer are 
shown as heatmaps. (B) Noggin and BMPR1A are highlighted using scatter 
plots with P value and correlation coefficient.   
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3.3.6 Noggin and epithelial mesenchymal transition (EMT) in breast 

cancer 

 

Epithelial-mesenchymal transition (EMT) plays a critical role, as a cellular 

event, during the development and progression of breast cancer. The 

correlation between Noggin and EMT-related molecules was assessed in the 

TCGA cohort. Noggin presented a weak correlation with EMT markers to 

different levels including SNAIL1, SNAIL2, TWIST1, VIM and CDH2 (N-

Cadherin), whilst it was inversely correlated with CDH1 (E-Cadherin) (Figure 

3.6A-G). BMP2, BMP4, BMP6 and BMP7 together with ACVRL1 were also 

positively correlated with EMT markers in breast cancer (Figure 3.6A).  

 

 

 Figure 3.6 Aberrant expression of Noggin/ BMPs/BMPRs correlates with 
EMT in breast cancer. (A) The correlation with Noggin/ BMPs/BMPRs and 
EMT markers (SNAI1, SNAI2, TWIST1, VIM, CDH1 and CDH2) in overall and 
subtypes of breast cancer are shown as heatmaps. (B-G) Correlation between 
Noggin and EMT markers using scatter plots with p value and correlation 
coefficient.  



94 

 

3.3.7 Noggin and angiogenesis 

 

    Previous studies have been confirmed that BMP is crucial in angiogenesis 

during cancer development and metastasis. BMP-induced angiogenesis could 

occur in solid tumours that contributes to new vessel formation of the tumours 

and cancer cell dissemination as well (Ye and Jiang 2016). Correlation 

between BMPs and angiogenesis factors was analysed in both the TCGA and 

E-MTAB-6703 cohorts (Figure 3.7A). Based on the analysis of correlation 

coefficient values, the top five genes of ACVRL1, TGFBR2, BMP2, BMP6 and 

Smad9 (also known as Smad8) were positively correlated with angiogenesis 

markers. The expression of ACVR2B, BMPR1B, GDF9, ACVR1B, DAND5 

and GDF15 were negatively associated with angiogenesis factors in both 

TCGA and E-MTAB-6703 cohorts (Figure 3.7B). The angiogenesis related 

BMPs, BMP receptors and antagonists were further analysed for possible 

involvement in distant metastases. Recently published data (Liu et al. 2023a) 

has shown reduced expression of GDF9 and DAND5 in breast tumours which 

presented with distant metastasis (P<0.05) (Figure 3.7C). 
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Figure 3.7 Association between BMPs and angiogenesis in breast cancer (Liu 
et al. 2023a). (A) Correlations between BMPs, BMP receptors and BMP 
antagonists with angiogenesis markers, in both TCGA (cohort for discovery) 
and E-MTAB-6703 (cohort for validation) cohorts are shown as heatmaps. (B) 
Sum of correlation coefficients of BMPs, BMP receptors and BMP antagonists 
and angiogenesis markers in both TCGA and E-MTAB-6703 cohorts were 
shown as histograms. Red labelling indicates the top genes 
positively/negatively correlated with angiogenic markers. (C) The expression 
of GDF9 and DAND5 in M staging in the TCGA cohort. *Represents P<0.05, 
**represents P<0.01. 
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3.3.8 Noggin and lymph node metastasis 

 

    Tumour cell invasion and migration often occur in two ways, which 

comprise spreading through the blood vessels and lymphatic systems 

(Paduch 2016). Lymphatic invasion and positive lymph nodes in breast cancer 

are amongst most significant pathological factors in predicting the clinical 

outcome of the patients. The correlation among the BMPs with 

lymphangiogenic factors such as LYVE1, VEGF, PDPN, PROX1, and S1PRs 

in both TCGA and E-MTAB-6703 cohorts (Figure 3.8A) were reported in a 

recent publication from the present study (Liu et al. 2023a). This revealed that 

ACVRL1, TGFBR2 and BMP2 were positively correlated with 

lymphangiogenic factors in discovery and validation cohorts (Figure 3.8B). 

One of the lymphatic-specific markers, LYVE1 (lymphatic vessel endothelial 

hyaluronan receptor 1), was first discovered in 1999 (Banerji et al. 1999). It 

plays a critical role in identifying tumour-associated lymph-angiogenesis 

(Karaman and Detmar 2014). In the current study, BMP2 was positively 

correlated with LYVE1 in the TCGA cohort. However, there was no obvious 

alteration of these BMP ligands and receptors in breast cancers that 

developed lymph node metastases (data not shown).   
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Figure 3.8 Association between BMPs and lymph angiogenesis in breast 
cancer (data appeared in) (Liu et al. 2023a). (A) Shown are heatmaps of 
correlations between BMPs expression with lymph-angiogenic markers, in 
both TCGA and E-MTAB-6703 cohorts for discovery and validation. (B) 
Shown are histograms of sum of correlation coefficients of BMPs, BMP 
receptors and BMP antagonists and lymphangiogenic markers in both 
cohorts. Red labelling indicates the leading genes positively/negatively 
correlated with lymphangiogenic markers in both TCGA and E-MTAB-6703 
cohorts. 
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3.3.9 Noggin and bone metastasis of breast cancer 

Bone metastasis is one of the main types of distant metastases in breast 

cancer. In breast cancer, the overexpression of Noggin facilitates colonization 

and osteolytic tumour growth in bone metastases (Tarragona et al. 2012b). 

BMPs were expressed differentially in primary tumours with bone metastasis 

of breast cancer. Low expression of GDF9 was observed in breast tumours 

which developed bone metastasis in both TCGA and E-MTAB-4003 cohorts, 

whilst increased GDF11 expression was seen in those primary tumours which 

developed bone metastasis. BMP2, BMP4, GDF11 and TGFBR2 had 

relatively higher levels in bone metastases of breast cancer while BMP5, 

BMP7, BMPR2, BMPR1A and ACVR2A presented lower expression in the 

bone metastases, in the E-MTAB-4003 dataset (Figure 3.9A). The increased 

expression of GDF11 in primary tumours with no metastasis compared with 

bone metastasis in breast cancer has been clarified in both cohorts (Figure 

3.9B) (Liu et al. 2023a). However, there was no obvious alteration of Noggin 

expression in bone metastasis (data not shown).  

 

 

Figure 3.9 Aberrant expression of BMPs/BMPRs metastatic bone lesions of 
breast cancer (Liu et al. 2023a). (A) Shown are the overlapping genes of 
GDF9 and GDF11 in both breast cancer cohorts with bone metastasis. (B) 
The expression of GDF11 in both BC cohorts with bone metastasis. Primary 
tumours tissue with no metastasis (TCGA n=970, E-MTAB-4003 n= 226) 
compared with (TCGA n=58, E-MTAB-4003 n= 300) primary tumours tissue 
with bone metastasis.
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3.3.10 Differential role of Noggin in subtypes of the disease 
 

To dissect the possible role of BMPs in different subtypes of breast cancer, 

correlation with markers for the subtyping was analysed. For example, 

BMPR1B, GDF15 and ACVR1B were positively correlated with ER. GDF15, 

ACVR1B and BMP4 were positively correlated with HER2. Butterfly-like plot 

showed subtype specific expression profile of the BMPs and BMP receptors 

according to their correlations with ER and HER2. BMPR1B and ACVR2B 

were positively correlated with ER in Luminal A subtype (ER+, HER2-) breast 

cancer. BMP4, GDF15 and ACVR1B were positively correlated with both ER 

and HER2 in Luminal B (ER+, HER2+) tumours. BMP8A and TGFBR1 were 

highly correlated with HER2 in the HER2 positive tumours. In addition to 

these, BMP2, BMP6 and GDF5 were highly expressed in the TNBC (triple 

negative breast cancer) tumours compared with tumours of other subtypes 

(Figure 3.10A).  

Interestingly, Noggin expression pattern appears to vary in different 

subtypes of breast cancer. Lower expression of Noggin was seen in HER2 

positive breast cancer compared with Luminal type and triple negative breast 

cancer (Figure 3.10B).  

In order to validate this expression pattern between Noggin and subtypes, 

further detection of these specific BMP ligands in different breast cancer cell 

lines, available from our lab and representing all the subtypes of breast 

cancer, was performed, by using conventional PCR and QPCR. This was 

carried out in 10 breast cancer cell lines, including MCF-7, ZR751, BT474, 

MDA-MB-361, SKBR3, MDA-MB-231, BT20, BT549, MDA-MB-436 and MDA-

MB-468. Noggin was detectable in MDA-MB-361 which belongs to Luminal B 

subtype specifically. In the SKBR3 cell lineð the HER2 positive subtype was 

expressed at a relatively lower level (Figure 3.10C-D).  

Furthermore, Kaplan-Meier survival analyses showed that breast cancer 

patients with a higher expression of Noggin in their primary tumours 

presented a poorer overall survival (OS) than those with a low expression, 

except for Noggin in Luminal A subtype (n=252) (Figure 3.11A). In term of the 
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analyses of relapse free survival (RFS), an increased expression of Noggin 

was associated with poorer RFS in HER2 positive (n=139) and TNBC 

(n=274), whilst an opposite trend was seen in Luminal subtypes (Figure 

3.11B). Similarly, this was seen in distant metastasis free survival (DMFS) 

(Figure 3.11C). Higher Noggin expression was associated with shorter DMFS 

in both HER2 positive and TNBC cases which was not observed in the ER 

positive breast cancer (Figure 3.11C). Higher expression of Noggin also 

presented a significantly poor post progression survival (PPS) in HER2 

positive breast cancer (n=12), though a similar trend was seen in both 

Luminal A and TNBC but lack of statistical significance (Figure 3.11D).  
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Figure 3.10 Differential role of Noggin in different subtypes of the disease (Liu 
et al. 2023a). (A) Butterfly plot shows that BMPs were most closely associated 
with ER and HER2 status in the E-MTAB-6703 cohort. Lower expression of 
Noggin was seen in HER2 positive breast cancer compared with Luminal and 
triple negative breast cancer (Luminal A vs Luminal B, Luminal A vs HER2+, 
Luminal A vs TNBC, P<0.01). (B) BMP and subtypes of breast cancer. (C) 
Aberrant expression of Noggin in different subtypes of breast cancer cell lines 
using PCR. (D) The expression of Noggin in breast cancer cell lines. Bar 
graph shows Noggin expression in different breast cancer cell lines underlying 
QPCR.  
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Figure 3.11 Aberrant expression of Noggin was related to patientsô survival in 
OS(A), RFS (B), DMFS (C) and PPS (D) which was varied in breast cancer 
subclasses.   
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3.4 Discussion 

    In the current study, the expression of Noggin was evaluated in primary 

tumour tissues compared with normal breast tissues in the TCGA cohort, 

which demonstrated a decreased expression of Noggin in breast cancer. This 

was consistent with the expression of Noggin in another cohort of breast 

cancer (E-MTAB-6703). Previous work at the host lab determined Noggin 

transcripts in the local cohort of breast cancer comprising 97 tumour tissues 

and 24 adjacent normal breast tissues, in which a trend of reduced Noggin 

expression was also seen. IHC staining of Noggin, in a small number of 

frozen tissues of breast cancer and adjacent normal breast tissue, revealed a 

cytoplasmic staining in both normal epithelial cells and cancer cells. Staining 

of Noggin appeared to be weak or absent from most cancerous cells, though 

a more condensed staining of Noggin was seen in some cancer cells. An 

attempt at staining of Noggin in a tissue microarray failed, which was due to a 

poor capability of the antibody for paraffin embedded tissue sections (data not 

included). Thus, pattern of Noggin protein in breast cancer tissues and the link 

between Noggin protein with subtypes would need further validation using 

antibodies suitable for archival materials.   

    Aberration expression of Noggin, with the corresponding clinical data in 

breast cancer, was further determined. According to the TNM staging, the 

expression of Noggin was significantly decreased by comparison of T2 to T3 

stages only. More interestingly, Noggin was negatively correlated with MKI67 

and PCNA. An in vivo study with transgenic mice overexpressing Noggin 

showed that overexpression resulted in a loss of the normal crypt-villus 

architecture along with de novo crypt formation and neoplasia. This is 

probably due to Noggin antagonizing BMP signalling and therefore inhibiting 

differentiation and apoptosis of epithelial cells (Ouahoud et al. 2020). This 

intimate connection between Noggin and the proliferation of breast cancer 

cells was investigated using cell models created in the present study and 

results are presented in later chapter of this thesis. Kaplan-Meier survival 

analysis suggested that expression of Noggin in relation to patientsô survival is 

varied in different subtypes of breast cancer. For instance, rather than in 

Luminal A, elevated expression of Noggin with poorer overall survival in 
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Luminal B, HER2 positive and TNBC breast cancer. It suggests that Noggin 

has a subtype specific association with patientsô survival of breast cancer.      

    A recent literature review has highlighted that BMP2 enhanced 

angiogenesis through endothelial cells, whilst BMP9 and BMP10 inhibited cell 

growth and tumour angiogenesis in breast tumours (Chi et al. 2019b). The 

present study showed that BMP ligands such as BMP2 and BMP6 were more 

likely to enhance angiogenesis whilst GDF9 and GDF15 present an opposite 

correlation. Raida et al., (2005), noticed that BMP2 enhanced cell vasculature 

formation, by activating ID1 and VEGF through P38 signalling (Raida et al. 

2005). BMP6 enhanced angiogenic responses with the regulation of Cox2 

(cyclppxygenase2) in disease (Ren et al. 2007). BMP6 causes tumour 

angiogenesis and proliferation via stimulating IL-IŬ in prostate cancer (Kwon 

et al. 2014). BMP2/4/6 are the key molecules targeting VEGF on endothelial 

cells. BMP6 was found to mediate new vessel formation directly. Thus, 

BMP2/BMP6 may act as specific markers for anti-angiogenic targeted therapy 

(Pulkkinen et al. 2021). For certain BMP receptors, ACVRL1 and TGFBR2 are 

positively associated with angiogenic markers. Knockdown of TGFBR2 

inhibits tumour angiogenesis which also acts as downstream effector of miR-

204 repressed angiogenesis (Flores-Perez et al. 2016). Conversely, ACVR2B, 

BMPR1B, ACVR1B and DAND5 were negatively correlated with angiogenetic 

factors.  

    The present study showed that BMP2, BMP6, GDF10 and BMP3 were 

positively correlated with lymphangiogenic markers, whilst GDF9 was 

negatively correlated with them. The connection between BMP-Smad 

signalling and the vascular and lymphatic endothelial systems of cardiac 

diseases has been recently proposed (Beets et al. 2016). However, the role 

played by BMP in the process of lymphangiogenesis largely remains 

mysterious in breast cancer. From the public database analysis, BMP 

receptors found to be positively correlated with lymphangiogenetic markers 

are as follows: ACVRL1, TGFBR2, ACVR2A and ACVR1A, whilst those 

negatively correlated are ACVR2B, BMPR1B and ACVR1B. ACVRL1 is more 

likely a key BMP receptor mediating BMP regulated angiogenesis and 

lymphangiogenesis in breast cancer. One study exhibited that ALK1 targeted 
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therapy can inhibit angiogenesis and clinical trials showed potential ways to 

improve end stage cancer patientsô survival with ALK1 inhibitors (Cunha and 

Pietras 2011; Hawinkels et al. 2013). However, a previous paper reported 

ALK1 (ACVRL1) signals inhibit LV (Lymphatic vessels) formation (Yoshimatsu 

et al. 2013). Thus, these findings collectively point to the potential nature of 

targeting these BMPs, BMP receptors and antagonists for currently incurable 

breast cancer and would warrant further exploration. 

    The expression of Noggin was associated with patientsô survival and 

progression in breast cancer. The Kaplan-Meier survival analysis confirmed 

that higher expression of Noggin had a significantly poorer DMFS compared 

with the patients with lower Noggin expression tumours over a 10-year follow-

up period. Additionally, elevated Noggin expression impairs BMP function, 

contributing to the osteolytic bone lesions in breast cancer (Tarragona et al. 

2012b). On the other hand, Noggin could potentially be utilised synergistically 

with RANK/RANKL target therapy to treat osteoblastic bone metastases of 

prostate cancer, by reducing BMP-induced osteoblastic activities (Virk et al. 

2009). Noggin inhibits BMP2 induced alkaline phosphatase (ALP) activity in 

osteoblasts by binding to BMP2 receptor (Hashimi 2019). However, it is 

suggested that there was no obvious change between Noggin expression and 

bone metastasis together with distant metastasis in the TCGA cohort. A study 

showed that the expression of Noggin is associated with bone metastasis in 

the ER positive (MCF-7 cells) while there was no obvious correlation between 

Noggin expression and bone metastasis in ER negative breast cancer cell 

lines such as SKBR3 (Tarragona et al. 2012b). This implies that the link 

between Noggin expression and bone metastasis is related to subtype 

specific ER status. Further experiments and larger numbers of breast cancer 

tissue cohorts need to be studied.  

    In addition to Noggin, the present study also evaluated other BMP ligands 

and receptors known to be potentially antagonised by Noggin. In order to 

dissect the role of Noggin in a panoramic manner in breast cancer, it was 

revealed that Noggin was significantly related to most of the interacting BMPs 

and their receptors but not BMPR1B. BMP2, ACVR2A and ACVRL1 were 

highly positively correlated with Noggin. However, ACVR1B, ACVR2B and 
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BMPR1A were negatively correlated with Noggin. In the TCGA cohort, lowest 

expression of Noggin was seen in HER2 positive breast cancer compared to 

other Luminal and TNBC subtypes. Additionally, aberrant Noggin expression 

was detectable in certain breast cancer cell lines. These findings provide a 

foundation for a purpose-driven preparation of cell line models to further 

dissect the subtype specific role of Noggin. 

Taken together, aberrant expression of Noggin is likely to play a subtype 

specific role in breast cancer with connections to ER status, HER2, EGFR and 

certainly the most related BMPs and BMP receptors. Studies to address these 

specific connections will be explored in the following respective chapters. 
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Chapter 4  

Oestrogen repressed Noggin expression is associated with 

poor prognosis in ER positive breast cancer 
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4.1 Introduction  

In Chapter 3, it was shown that Noggin was reduced in breast cancer. 

However, higher expression of Noggin is associated with poor prognosis 

including OS, DMFS and PPS, although lower expression of Noggin is 

associated with RFS. Further analyses showed that higher expression of 

Noggin is associated with poorer OS, RFS and DMFS in patients with ER 

negative tumours. Contrastingly, in the ER positive tumours including both 

Luminal A and B subtypes, the reduced expression of Noggin was associated 

with poorer RFS but higher expression of Noggin in Luminal B subtype 

tumours was associated with shorter OS. This suggests a subtype specific 

role of Noggin in ER positive tumours compared with the ER negative 

tumours. On the other hand, a specific link between Noggin and HER2 may 

be involved in the Luminal B tumours, which present both ER and HER2. The 

later will be examined together with HER2 positive tumours in a different 

chapter. This chapter was aimed to dissect the role played by Noggin in ER 

positive breast cancer by focusing on Luminal A subtype tumours.  

    The involvement of oestrogen in the development and progression of 

breast cancer is well established. ER positive tumours account for 70%-80% 

in breast cancer (Vohra et al. 2016; Barzaman et al. 2020; Wu et al. 2020). 

The effect of oestrogen is largely mediated through two oestrogen receptors, 

ERŬ (ESR1) and ERɓ (ESR2) (Herynk and Fuqua 2004). ER status is 

correlated with prognosis of patients with breast cancer being a key indicator 

for endocrine therapies.  

    Oestrogen can regulate BMP and BMP signalling through diverse 

mechanisms. For instance, oestrogen (E2) can induce the expression of 

BMP6 in ER positive breast cancer cells (MCF-7 and T-47D) (Ong et al. 

2004). On the other hand, oestrogen can also interrupt BMP signalling by 

targeting Smad (Yamamoto et al. 2002; Wu et al. 2003). Together with the 

contrasting associations with patientsô survival in ER positive breast cancers 

compared with ER negative tumours, oestrogen more likely elicits regulation 

of Noggin in the ER positive breast cancer cells which contributes to the 

subtype specific involvement in ER positive breast cancer. 
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    In this chapter, the possibility that oestrogen regulates Noggin expression 

in the ER positive breast cancer cells was examined. Influence of Noggin on 

cellular functions of ER positive breast cancer cell lines was determined with 

further evaluation of Nogginôs involvement in the response to endocrine 

therapy and chemotherapy. 

4.2 Materials and Methods 

4.2.1 Cell lines 

    MCF-7, T-47D, ZR-751, MDA-MB-231, BT20, BT549, MDA-MB-436 and 

MDA-MB-468 breast cancer cell lines were used in this study. They were 

acquired from the ATCC (American type culture collection, Boulevard 

Manassas, USA). The cells were routinely cultured in DMEM-F12 medium 

supplemented with 10% foetal calf serum and antibiotics.  

4.2.2 Overexpression of Noggin in ER positive breast cancer cells 

    Lentiviral particles prepared from lentiviral Noggin expression vectors 

(Cyagen Biosciences, Santa Clara, CA, USA) were applied to transduce 

MCF-7 and T-47D cells to establish Noggin overexpression models for 

subsequent experiments in comparison with corresponding controls that were 

transduced with empty lentiviral vectors. Hygromycin was used for selection 

(100-250µg/ml) and maintenance (50 -100 µg/ml)  (Bowler et al. 2010) of the 

transduced cell lines.    

4.2.3 Regulation of Noggin by oestrogen in ER positive breast cancer 

cells 

The expression of Noggin in ER positive breast cancer cell lines, MCF-7 

and T-47D was determined by depriving the cells of oestrogen using phenol 

red free DMEM supplemented with 10% charcoal stripped foetal calf serum or 

adding 10-10M 17-ɓ-oestradiol (E2, Sigma, E8875).  

4.2.4 Influence of oestrogen on Smad signalling and BMP7 induced 

Noggin 

    The influence of oestrogen on Smad signalling was examined in both MCF-

7 and T-47D cells which were starved from oestrogen or with a 
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supplementation of E2 (10-10M). Activation of Smad-1/5/8 was determined 

using a specific antibody (Cat no. AB3848-I, dilution 1:500, Sigma-Aldrich) 

against the phosphorylated Smad-1/5/8 (pSmad-1/5/8) and western blot. As 

BMP7 has a high affinity with Noggin, recombinant human BMP7 was used in 

the tests of both cell lines (Nifuji and Noda 1999; Choudhuri and Mishra 

2020). The influence of oestrogen on BMP7 induced Noggin was examined in 

both MCF-7 and T-47D cells using QPCR and Western blot for the expression 

of Noggin and pSmad-1/5/8, respectively. Following a 2-hour culture in serum 

free medium, the cells were treated with recombinant human BMP7 (rhBMP7, 

20ng/ml) only or with the addition of a BMP receptor inhibitor (LDN-193189) 

for 24hours and 4 hours, respectively. The expression of Noggin and pSmad-

1/5/8 were subsequently determined using QPCR and western blot, 

respectively. 

4.2.5 RNA extraction and reverse transcription (RT) 

    RNA samples were extracted from confluent cells in 6-well plates using the 

TRI Reagent kit (Sigma-Aldrich; Merck KGaA Inc.). RT reactions were 

performed for 1 µg RNA to synthesise cDNA using the GoScriptTM Reverse 

Transcription System (Promega) as previously described in Chapter 2.4.1 and 

2.4.2. 

4.2.6 Quantitative real time polymerase chain reaction (QPCR) 

    QPCR was performed using the AmpliflourTM UniprimerTM system 

(InterGen) and using Power SYBR-Green PCR Master Mix (Applied 

Biosystems). The 2- CT method was be used for the analysis of the QPCR 

data. Detailed methods were described in Chapter 2.4.3. 

4.2.7 Western blot analysis 

    The protein samples were extracted using RIPA buffer to lyse cells and the 

protein concentration of the cell lysates was determined using a DC protein 

assay kit (Bio-Rad Laboratories, Inc.). Protein (30 µg) samples were 

separated on an SDS-PAGE gel and then transferred onto PVDF membranes. 

The blotted membranes were incubated at 4ęC overnight with primary 

antibodies (Noggin 1:1000, pSmad-1/5/8 1:500, GAPDH 1:5000, Actin 
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1:1000) and then with corresponding peroxidise-conjugated secondary 

antibodies (1:1000, Sigma-Aldrich) for 1 h at room temperature. Horseradish 

peroxidase (HRP) conjugated anti-goat IgG (A5278), anti-rabbit IgG (A6154) 

and anti-mouse IgG (A8919) were applied as the secondary antibodies, 

respectively. Protein bands were visualised using an enhanced 

chemiluminescence (EZ-ECL) kit (Biological Industries, Israel Beit Haemek 

Ltd.). Details of the antibodies and procedure of the Western blot are provided 

in the Chapter 2.5.4 and Table 2.2.     

4.2.8 IHC  

    Immunohistochemical staining was conducted on a breast tumour tissue 

microarray (BR1505d, FFPE, formaldehyde-fixed paraffin-embedded, US 

Biomax, Inc.), containing 75 cases of breast invasive ductal carcinoma. 

Anti-Noggin antibody (NBPI-47881, 1:100, Novus Biologicals USA)) and a 

biotinylated secondary antibody (1:50) was used (Vectastain Universal Elite 

ABC kit, PK-6200). Detailed information of the TMA samples can be seen 

Chapter 2.6. 

4.2.9 Cell proliferation assay 

The influence of Noggin on the proliferation of ER positive breast cancer 

cells was examined in MCF-7 and T-47D Noggin overexpression cells, in 

comparison with the control, following a protocol previously described in 

Chapter 2.8.1.  

4.2.10 Migration assay 

    The influence of Noggin on migration (wounding assay) of ER positive 

breast cancer cells was examined in MCF-7 and T-47D Noggin 

overexpression cells in comparison with the control following a protocol 

previously described in Chapter 2.8.4.  

4.2.11 Invasion  

The influence of Noggin on invasion of ER positive breast cancer cells was 

examined in MCF-7 and T-47D Noggin overexpression cells in comparison 

with the control following a protocol previously described in Chapter 2.8.2.  
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4.2.12 Cytotoxicity assay 

Cells were seeded in 96-well plates with 10000 cells per well. The cells 

were then treated with Tamoxifen (Sigma-Aldrich, T5548) of different 

concentrations up to 25 µM for 24 hours. MTT assay was used to detect cell 

viability. In brief, 20 µl of MTT solution (5mg/ml) were added into each well. 

After incubation for 2-4 hours, the formazan developed was subsequently 

dissolved in 100 µl  DMSO. The absorbance was measured at a wavelength of 

570 nm following a procedure described in Chapter 2.9. Similarly, cytotoxicity 

tests were conducted to evaluate the response to two chemotherapy drugs. 

Cells were seeded in 96-well plates with 6000 cells per well. The cells were 

then treated with 5-Fluorouracil (5-FU, Sigma-Aldrich, F6627) and Docetaxel 

(DTX, Sigma-Aldrich, 01885), at different concentrations for 72 hours. Eight 

replicates were examined in each group. Tests were repeated three times for 

each independent experiment.  

4.2.13 Datasets 

    The Cancer Genome Atlas (TCGA) breast cancer RNA sequencing data 

comprises 763 ER positive tumours and 216 ER negative breast cancers 

(Ciriello et al. 2015). E-MTAB-6703 combined gene expression array dataset 

includes 733 ER positive breast cancers and 421 ER negative tumours 

(Retrieved from arrayexpress/studies/E-MTAB-6703). The expression of Noggin 

in breast cancer cell lines was analysed in the online public RNA-sequencing 

dataset E-MTAB-2770, which has 56 breast cancer cell lines determined for 

gene expression profile (Retrieved from 

https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-2770). GSE27473 

database comprises MCF-7 with ER silencing (n=3) and controls (n=3), in 

which the gene expression profile was determined using Affymetrix Human 

Genome U133 Plus 2.0 Array (Al Saleh et al. 2011).   

4.2.14 Statistical analysis 

T tests and Mann-Whitney tests were used to compare data from different 

groups. Correlations between BMPs and ERŬ were evaluated using 

Spearman correlation test. All data analyses were conducted using SPSS 

https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-6703
https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-2770
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(IBM SPSS Statistics version 27, New York, USA). Graphs were plotted using 

GraphPad (GraphPad Prism 9, IBM Ltd, MA, USA).  

4.3 Results 

4.3.1 Aberrant expression of Noggin in ER positive breast cancer 

    To evaluate the expression of Noggin in ER positive breast cancer, 

correlation between Noggin transcripts (NOG) and ERŬ transcripts (ESR1) in 

the TCGA cohort was analysed using Spearman test which showed an 

inverse correlation between NOG and ESR1 (Figure 4.1A). This was further 

assessed in the E-MTAB-6703 dataset, which also revealed an inverse 

correlation between NOG and ESR1 (R=-0.078, p<0.01, n=2302) (data not 

shown). The expression of Noggin was further analysed in the TCGA breast 

cancer cohort against ER status, according to the IHC staining, which 

separated the tumours into ER (+) (n=763) and ER (-) (n=216) two groups 

(Figure 4.1B). An increasing trend of Noggin transcripts was seen in the ER 

(-) tumours but not to a statistically significant level. This trend in the ER (+) 

tumours was subsequently evaluated in a panel of breast cancer cell lines by 

visiting a transcriptome encyclopaedia database of cancer cell lines (E-MTAB-

2770) (https://www.ebi.ac.uk/biostudies/arrayexpress). An increasing level of 

Noggin transcripts was also seen in those ER (-) breast cancer cell lines in 

comparison with ER (+) breast cancer cell lines according to the median of 

NOG (ER+ 0.3, ER- 0.9), p=0.08 but did not reach a statistically significant 

level (Figure 4.1C). Noggin transcripts were also determined in ER (+) breast 

cancer cell lines (MCF-7, T-47D and ZR-751) compared with ER (-) breast 

cancer cell lines (MDA-MB-231, BT20, BT549, MDA-MB-436 and MDA-MB-

468) using QPCR. Higher expression of Noggin was more frequently detected 

in ER (-) breast cancer cell lines (3 in 5) including MDA-MB-231, BT20 and 

BT549 compared with ER (+) breast cancer cell lines (1 in 3) in which ZR-751 

cells presented a higher expression (Figure 4.1D). Furthermore, Kaplan-Meier 

survival analysis showed that higher expression of Noggin was associated 

with poorer overall survival in ER (+) breast cancer patients (Figure 4.1E).  

 

https://www.ebi.ac.uk/biostudies/arrayexpress
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Figure 4.1 Deregulated Noggin expression and ER status in breast cancer. (A) 
Correlation between Noggin transcripts and ERŬ transcripts in the TCGA breast 
cancer cohort (n=1093) was evaluated using Spearman test. (B) The expression of 
Noggin at mRNA level (NOG) in those ER positive breast cancers was compared 
with its expression in the ER negative tumours in the TCGA cohort, according to the 
IHC staining of ER. (C) Noggin (NOG) transcript levels in a panel of breast cancer 
cell lines (E-MTAB-2770) were analysed according to the expression of ERŬ (ESR1) 
using Mann-Whitney test. (D) The expression of Noggin in the breast cancer cell 
lines was also determined using QPCR. (E) Association between Noggin expression 
and overall survival (OS) in ER positive breast cancers was conducted using the 
KMplot survival analysis platform (https://kmplot.com/analysis) with an automatically 
selected cut off value being 19. 
 

4.3.2 ER-mediated regulation of Noggin in ER positive breast cancer 

cells 

To explore the influence of oestrogen on the expression of Noggin in the 

ER positive breast cancer cell lines, oestrogen deprivation was conducted by 

culturing the ER positive breast cancer cells in a phenol red free medium 

supplemented with charcoal stripped serum. An increase of Noggin was seen 

in both MCF-7 (Figure 4.2A) and T-47D (Figure 4.2B) cell lines after the 

deprivation from oestrogen up to 24 hours, respectively. A difference in the 

upregulation of Noggin was observed in those two cell lines; being notable in 

https://kmplot.com/analysis
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MCF-7 cells after a 24-hour hunger from oestrogen, whilst the increase of 

Noggin transcripts was seen at 4 hours in T-47D, which diminished at 24 

hours. In line with this finding, increased expression of Noggin was also seen 

in the MCF-7 cells with ER silence (GSE27473) (Figure 4.2C). 

 

 

 

Figure 4.2 ER mediated regulation of Noggin in ER positive breast cancer cells. The 
expression of Noggin was determined in MCF-7 (A) and T-47D (B) cells by starving 
the cells from oestrogen for 4 hours and 24 hours in phenol red-free medium with 
10% charcoal stripped foetal calf serum (CS-FCS) and 10% foetal calf serum (FCS) 
as controls using QPCR. ** Represents P<0.01 and *** P<0.001. (C) Noggin 
expression in MCF-7 cells with ER silence was analysed in a gene array dataset 
(GSE27473) (Al Saleh et al. 2011). ** P<0.01; *** P<0.001. 

 

4.3.3 Influence of oestrogen on Smad signalling 

    Activation of ER can prohibit BMP-induced Smad signalling (Yamamoto et 

al. 2002; Wu et al. 2003). The ER-mediated repression of Noggin may be 

acting in an indirect fashion, i.e., a repression of BMP-induced Noggin by 

interrupting BMP-induced Smad signalling. An increased level of 

phosphorylated Smad1/5/8 was seen in the MCF-7 and T-47D cells being 

starved from oestrogen which was prevented by treatment with 17-ɓ-

oestradiol (E2) at a concentration of 0.1nM (Figure 4.3A). The E2 treatment 

also prevented the upregulation of Noggin in both MCF-7 and T-47D cells 

following the deprivation from oestrogen (Figure 4.3B and C). Furthermore, 
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influence of E2 on BMP-induced phosphorylation of Smad1/5/8 was 

determined in MCF-7 and T-47D cells which were treated with rhBMP7 and in 

combination with 17-ɓ-oestradiol and LDN-193189 (BMP receptor inhibitor), 

respectively (Figure 4.4A). BMP7 induced Noggin expression and activation of 

Smad1/5/8 were also diminished by 17-ɓ-oestradiol and LDN-193189 in both 

cell lines (Figure 4.4B and 4C).  
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Figure 4.3 Influence of oestrogen (17-ɓ-oestradiol, E2) on the expression of Noggin 
and BMP/Smad signalling in MCF-7 and T-47D cells. (A) Phosphorylated Smad1/5/8 
was determined in both MCF-7 and T-47D cells upon a starvation from oestrogen for 
4 hours and an additional treatment with 0.1nM 17-ɓ-oestradiol (E2). Noggin 
expression in the cells that were incubated in medium with CS-FCS with/without 
0.1nM 17-ɓ-oestradiol in MCF-7 cells (B) and T-47D cells (C) were determined using 
QPCR. The MCF-7 cells were treated for 24 hours whilst T-47D cells had 4-hour 
treatment. * P<0.05; *** P<0.001. 
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Figure 4.4 Oestrogen prevented BMP7 induced Noggin. (A) Phosphorylated 
Smad1/5/8 was determined using western blot in both MCF-7 and T-47D cells that 
were serum hungered for 2 hours, followed by treatment with rh-BMP7 (20ng/ml), 
BMP7 with E2 (10-10M), BMP7 with a BMP receptor inhibitor (LDN-193189, 20nM). 
Noggin expression was determined in MCF-7 (B) and T-47D (C) cells using QPCR 
upon exposure to rh-BMP7, E2 and BMP receptor inhibitor (LDN-193189, 20nM) for 
24 hours for MCF-7 cells and 4 hours for T-47D cells, respectively. Shown in the bar 
graphs are mean with standard deviations. * P<0.05; ** P<0.01; *** P<0.001.  
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4.3.4 Establishment of Noggin overexpression cell models  

    The expression of Noggin is lower in ER positive BC cell lines. Therefore, 

Noggin overexpression cell models were established in two ER positive BC 

cell lines using lentiviral Noggin expression vectors. Following the 

transduction and selection, the expression of Noggin in the transduced cells 

was determined using both QPCR and Western blot. Overexpression of 

Noggin was seen in MCF-7 cells at both mRNA and protein levels, as shown 

in Figure 4.5A and B, respectively. Similarly, Noggin expression in the 

transduced T-47D cells was also verified for its transcripts (Figure 4.5C) and 

protein products (Figure 4.5D). The established Noggin overexpression cell 

lines, MCF-7NOGexp and T-47DNOGexp were used for the following experiments 

in comparison with the corresponding control cells, MCF-7VC and T-47DVC 

which were generated using the empty lentiviral vectors as a control.  
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Figure 4.5 Noggin overexpression models were established in both MCF-7 and T-
47D breast cancer cell lines. Overexpression of Noggin in MCF-7 cells was verified 
using real time PCR (A) and Western blot (B), respectively. Noggin overexpression in 
T-47D was determined using both real time PCR (C) and Western blot (D), 
respectively. ** Represents P<0.01 whilst *** represents P<0.001. Error bars are 
standard deviation.  
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4.3.5 Influence of Noggin overexpression on proliferation, invasion and 

migration of ER positive breast cancer cells 

    The effect of Noggin overexpression on the proliferation of ER positive 

breast cancer cells was determined in both MCF-7NOGexp and T-47DNOGexp 

cells in comparison with the corresponding controls, respectively. The Noggin 

overexpression resulted in an increased proliferation with a marked difference 

seen at Day 5 in both cell lines (Figure 4.6A and B). Apart from this, there was 

a significant increase of invasiveness of MCF-7NOGexp cells in comparison with 

the control cells but not in T-47D cells (Figure 4.6C and D). However, no 

significant change was shown in migration in both MCF-7 and T-47D cell lines 

(Figure 4.6E and F).  
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Figure 4.6 Influence of Noggin on proliferation, invasion and migration of ER positive 
breast cancer cells. The proliferation assay was employed to determine the influence 
of Noggin on proliferation of MCF-7 (A) and T-47D (B) cells over durations up to 5 
days. Impact on the invasion by Noggin was determined using an in vitro transwell 
invasion assay in both MCF-7 (C) and T-47D (D) cells, respectively. Influence of 
Noggin overexpression on migration of MCF-7 (E) and T-47D (F) cells was examined 
using wound healing assay, respectively. Error bars are standard deviation. ** 
Represents P<0.01, *** P<0.001.   
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4.3.6 Influence of Noggin on response of ER positive BC cells to TAM 

    According to survival analysis, higher expression of Noggin is associated 

with worse overall survival of patients with ER positive breast cancer, together 

with repression of Noggin by oestrogen, indicating a possible implication of 

Noggin in endocrine therapies of the disease. A survival analysis was 

performed for those patients who had endocrine therapy using KMplot (Figure 

4.7A). Higher expression of Noggin was associated with poor OS in patients 

who received endocrine therapy (Figure 4.7A). The influence of Noggin in 

response to Tamoxifen (TAM) was then assessed in both MCF-7 and T-47D 

cells. Tamoxifen (TAM) is one of the selective oestrogen receptor modulators 

(SERMs). The Noggin promoted proliferation of both MCF-7 and T-47D cells 

was prevented by TAM but only at a concentration above 6.25 µM  (Figure 4.7 

B and C). The effective concentrations being able to prevent Noggin promoted 

proliferation were much higher than the dosage of TAM used clinically (Wu 

and Brown 2003).  
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Figure 4.7 Noggin and endocrine therapy in ER positive breast cancer. (A) 
The association of Noggin with overall survival of patients (n=50) who had 
endocrine therapy was analysed using the KMplot. The impact of Tamoxifen 
(TAM) on Noggin promoted cell proliferation in ER positive breast cancer cells 
was determined in both MCF-7NOGexp (B) and T-47DNOGexp (C) cells compared 
with their corresponding control for 24 hours. * P<0.05, ** P<0.01 in 
comparison with MCF-7 and T-47D control, respectively. ## P<0.01, ### 
P<0.001 compared with the untreated MCF-7NOGexp and T-47DNOGexp cells, 
respectively. 
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4.3.7 Noggin and chemoresistance in ER positive BC cells 

 

    To investigate whether the Noggin promoted proliferation in ER positive 

breast cancer cells has an impact on their response to chemotherapy, both 

MCF-7 and T-47D cells including the Noggin overexpression cells and 

corresponding controls were treated with two commonly used chemotherapy 

drugs, 5-fluorouracil (5-FU) and Docetaxel (DTX) in 72 hours.  

    The MCF-7 control cells exhibited a good response to both 5-FU and DTX, 

whilst the T-47D control cells presented a poor response to both drugs (Figure 

4.8). The MCF-7NOGexp cells also showed a good response to both 5-FU and 

DTX, but the amounts of surviving cells remained greater than the control 

cells after the treatment (Figure 4.8A and 4.8C). Although the T-47D cells 

appeared to be tolerant to the exposure to both 5-FU and DTX, but the T-

47DNOGexp cells tended to be more responsive to the drugs. Noggin promoted 

proliferation was eliminated by both drugs in a concentration dependent 

pattern (Figure 4.8B and 4.8D).  
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Figure 4.8 Noggin and chemoresistance in ER positive breast cancer cells. 
Response to two chemotherapeutic agents (5-FU: 5-Fluorouracil and DTX: 
Docetaxel) was determined in both MCF-7 (A, C) and T-47D (B, D) cells with 
Noggin overexpression in comparison with the controls in 72 hours. * P<0.05, 
** P<0.01, *** P<0.001 in comparison with MCF-7 and T-47D control, 
respectively. # P<0.05, ## P<0.01, ### P<0.001 compared with the untreated 
Noggin overexpression and among untreated controls in both cell lines, 
respectively.  
  



127 

 

4.4 Discussion 

    ER is a member of the nuclear receptor superfamily (Porter et al. 2019). 

Oestrogen is indispensable in normal mammary gland development via 

regulation of both proliferation and morphogenesis of ductal epithelial cells 

(Sternlicht 2006). Oestrogen is a key driver in ER positive breast cancer 

(Ferraro et al. 2022). There are different subtypes of ERs, ERŬ (also known 

as ESR1) ,ERɓ (also known as ESR2) and ERɔ that have been identified in 

humans (Fuentes and Silveyra 2019). ERŬ has been extensively investigated 

in breast cancer (Carroll 2016). However, the biological function and role of 

ERɓ and ERɔ in mammary gland and breast cancer remain poor. It has also 

been shown that the third subtype ER (ERɔ) together with ERŬ and ERɓ were 

presented in breast cancer (Kumari et al. 2018).ERs were reduced in those 

poorly differentiated tumours in which an elevated expression of enhancer of 

zeste homolog 2 (EZH2) was evident. The increased EZH2 mediated a 

repression of ERs in breast cancer (Kumari et al. 2018). In the present study 

(Chapter 3), a potential link has been suggested between Noggin and ER for 

its subtype specific role in breast cancer. Therefore, expression of Noggin 

was analysed for its association with ERŬ (ESR1) in the TCGA breast cancer 

cohort which revealed an inverse correlation between Noggin and ESR1. 

Higher expression of Noggin was more frequently seen in ER negative breast 

cancer cell lines. Additionally, higher expression of Noggin was associated 

with poor survival in patients with ER positive breast cancer. This led to an 

exploration of ER mediated regulation of Noggin in the ER positive breast 

cancer cells.  

Two breast cancer cell lines, MCF-7 and T-47D were deprived from sexual 

hormone. This starvation from oestrogen resulted in an upregulation of 

Noggin. In line with this finding, an analysis of a publicly available dataset 

(GSE27473) showed that Noggin was upregulated in MCF-7 with ER 

silencing. Noggin as a native antagonist of BMP can be induced by BMP 

ligands through Smad dependent signalling as a feedback regulation to 

coordinate biological functions of BMPs (Merrild et al. 2016). It has been 

demonstrated that BMP4 can inhibit proliferation of ER positive breast cancer 
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cells through ALK3 and Smad signalling (Shee et al. 2019). BMP7 can also 

induce activation of Smad signalling in MCF-7 cells (Takahashi et al. 2008). 

The Smad signalling can be interrupted by ERŬ (Ren et al. 2009).         

Phosphorylation of Smad1/5/8 was then examined in both MCF-7 and T-47D 

cells upon the deprivation of oestrogen in which an elevated level was seen in 

phosphorylated Smad1/5/8. The oestrogen deprivation induced activation of 

Smad1/5/8 was eliminated by treatment with oestrogen (17-ɓ-oestradiol). The 

oestrogen deprivation induced Noggin expression was also diminished by the 

treatment with 17-ɓ-oestradiol. The ER positive breast cancer cell lines were 

then treated with rh-BMP7, which induced activation of Smad1/5/8. The BMP7 

induced phosphorylation of Smad1/5/8 and expression of Noggin were 

blocked by 17-ɓ-oestradiol and a BMP receptor inhibitor (LDN-193189), 

respectively. LDN-193189 is an inhibitor that can block BMP receptors, 

including ALK1, ALK2, ALK3 and ALK6 (Franco et al. 2022). Taken together, 

this suggests that oestrogen elicits an indirect repression on Noggin 

expression in ER positive breast cancer cells through inhibition of Smad 

signalling.   

Noggin has exhibited a profound role in bone metastasis of breast cancer 

which is dominated by osteolytic lesions due to its inhibition of BMP signalling 

(Ouahoud et al. 2020). Similarly, BMP4 binds to ALK3 through Smad1 and 

Smad5 and reduced proliferation in MCF-7, ZR-751 and T-47D cells (Shee et 

al. 2019). BMP7 can stimulate Smad1/5/8 activation in MCF-7 cells  

(Takahashi et al. 2008). However, little is known about what effect Noggin 

itself has on breast cancer cells. In the present study, Noggin was 

overexpressed in the two ER positive breast cancer cell lines. Noggin 

overexpression resulted in a significantly increased proliferation in both cell 

lines, whilst the influence on invasion and migration appeared to be 

insignificant and cell line dependent. It suggests that Noggin can promote 

proliferation of ER positive breast cancer cells thus contributing to the Noggin 

associated poor prognosis of the disease.  

Since oestrogen represses Noggin expression in ER positive breast cancer 

cells, while Noggin itself can promote proliferation of ER positive breast 
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cancer cells, together with its higher expression associated with poor survival. 

Does Noggin play a role in the endocrine therapy? Interestingly, a survival 

analysis using KMplot showed that higher expression of Noggin in ER positive 

breast cancer had a poorer survival in those patients who received endocrine 

therapy. Endocrine therapy (ET) has been widely accepted for ER positive 

breast cancer. TAM is a selective oestrogen receptor molecule targeted 

oestrogen alpha-receptor (ERŬ), which can inhibit mitochondrial functions. To 

date, anti-oestrogen drugs like selective oestrogen receptor modulators 

tamoxifen and aromatase inhibitors (AIs), are the standard treatment for ER 

positive breast cancer patients (Early Breast Cancer Trialists' Collaborative 

2022). ET can reduce recurrence and mortality and improve survival rate for 

ER positive breast cancer patients (Rossi et al. 2022). Approximately 30% 

patients may experience drug resistance after long-term endocrine treatment 

(Kim et al. 2021). Response to TAM was then evaluated in the present study. 

The Noggin promoted proliferation was diminished in MCF-7NOGexp and T-

47DNOGexp at concentrations above 6.25µM, respectively. Such a dosage 

appears to be much higher than the currently used clinical dosage. It suggests 

that Noggin promoted proliferation confers a resilience to the standard TAM 

treatment in ER positive breast cancer cells. This provokes the need for 

further investigation for a better treatment for those ER positive breast cancer 

patients with a higher expression of Noggin, for instance other selective ER 

modulators (SERMs) and a novel inhibitory approach targeting Noggin.  

Neoadjuvant chemotherapy and adjuvant chemotherapy are commonly 

used in the treatment of ER positive breast cancer. To date, endocrine 

therapy only or in a combination with chemotherapy is commonly applied to 

treat ER positive breast cancer (Loibl et al. 2021). A recent study showed that 

5-Fluorouracil induced apoptosis in Tamoxifen-resistant MCF-7 cells 

(Watanabe et al. 2021). Influence of Noggin on response to two commonly 

used chemotherapy drugs was also evaluated in the present study. Noggin 

overexpression resulted in a better tolerance in both MCF-7 and T-47D cell 

lines since more cells survived from the chemotherapy. Therefore, Noggin 

promoted proliferation provides not only a resistance to TAM, but also 

enhances survival of ER positive breast cancer cells through the 
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chemotherapy thus consequently leading to the worse survival. 

    Taken together, oestrogen represses Noggin expression in ER positive 

breast cancer cells by inhibiting Smad signalling. However, higher expression 

of Noggin in ER positive breast cancer is associated with poor prognosis by 

promoting proliferation and enhancing resistance to both TAM and 

chemotherapy. However, the involvement of the Smads is yet to be further 

validated with semi-quantification and specific blockage or knockdown.   
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Chapter 5  

Noggin promoted cell invasiveness and migration by 
upregulating EGFR in TNBC 

 

  



132 

 

5.1 Introduction 

Triple negative breast cancer (TNBC) is one of the subtypes of breast 

cancer characterised by loss of oestrogen receptor (ER), progesterone 

receptor (PR) and human epidermal growth factor receptor 2 (HER2) (Wolff et 

al. 2014). TNBC can be classified into six subgroups, including basal-like 1 

(BL1), basal-like 2 (BL2), mesenchymal (M), mesenchymal stem-like (MSL), 

immunomodulatory (IM) and Luminal androgen receptor (LAR) (Lehmann et 

al. 2011). Five-year survival rate remains poor being approximately 40% in 

patients with TNBC (Lin et al. 2008). Compared to other subtypes of breast 

cancer, prognosis of TNBC patients remains poor due to the more aggressive 

phenotype and lack of ER, PR and HER2. Therefore, patients with TNBC are 

more likely insensitive to endocrine therapy and HER2 targeted therapies. 

Surgery, chemotherapy, radiotherapy and immunotherapy (dostarlimabgxly 

and pembrolizumab) can be applied to treat TNBC, but more effective therapy 

is being highly demanded (Chaudhary et al. 2018; Yin et al. 2020).  

BMP was reported to act as either a tumour promotor or a tumour 

suppressor in a ligand-dependent manner in cancer progression and 

development (Bach et al. 2018). A new study showed that BMP4 can not only 

promote proliferation of MDA-MB-231 (TNBC) breast cancer cells but can also 

enhance stemness and survival, which can be targeted using BMP receptor 

inhibitors (Sharma et al. 2022a). For BMP receptors, knockdown of BMPR1A 

reduced the level of RANKL, which consequently impaired tumour growth and 

osteolytic activity through the P38 signalling pathway in MDA-MB-231 cells 

(Liu et al. 2018b). One of the BMP antagonists, Follistatin (FST), which is a 

secreted extracellular protein can regulate and inhibit TGF-ɓ and BMP 

signalling. FST reduced cell apoptosis of mesenchymal cells induced by 

BMP7 in TNBC cells. Furthermore, lower expression of FST promotes 

proliferation, invasion and migration in TNBC cells which is associated with 

poor survival of patients with TNBC (Liu et al. 2021). Gremlin-1 (GREM1), 

another antagonist of BMP, its overexpression was associated with poor 

survival in patients with advanced ER negative tumours (Neckmann et al. 

2019). 
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EGFR belongs to the HER family. As discussed in Chapter 3, it suggested 

that EGFR is highly expressed in breast cancer, especially in HER2 positive 

and some triple negative breast cancers (TNBC). It plays an essential role in 

regulating biological activities such as proliferation, stemness, migration and 

invasiveness (Maennling et al. 2019; Song et al. 2020; Zhao et al. 2020; Li et 

al. 2021a). The previous study of Noggin in gastric cancer also revealed an 

up-regulation of EGFR by Noggin in the gastric cancer cells (Sun et al. 

2020b). Overexpression of EGFR is frequently observed in TNBC (Lev 2020). 

This provoked an examination of EGFR and its downstream signalling in the 

TNBC cell lines models with altered expression of Noggin. 

    Noggin has been found to play a crucial role in several cancer types, for 

instance, in breast cancer (Gudipati et al. 2018). High expression of Noggin 

was associated with overall survival in resected gastric cancer (Chun et al. 

2021). Meanwhile, a previous study from our team also found that higher 

expression of Noggin was related to poor overall survival. It can promote cell 

proliferation by enhancing EGFR signalling via ɓ-catenin (Sun et al. 2020b). 

Moreover, Noggin acts as a tumour suppressor to induce osteoblastic cell 

growth in prostate cancer cells (AlShaibi et al. 2018). The ratio between 

Noggin and a BMP responsive gene ID1 may serve as a predictive marker for 

survival of patients with colorectal carcinomas. Lower ratio of ID1/Noggin was 

associated with poor survival (Cai et al. 2022).   

    The present study showed that high expression of Noggin was associated 

with poor OS, RFS and DMFS in TNBC in contrast to its role in ER positive 

breast cancer. The aim of this chapter was to examine the influence of Noggin 

on the cellular functions of TNBC cells. Involvement of EGFR in the specific 

role played by Noggin in TNBC was also investigated.  

5.2 Methods and materials 

5.2.1 Cell lines 

    Two TNBC cell lines, MDA-MB-231 and MDA-MB-468 were employed in 

the experimental study of this chapter. Cells were purchased from the ATCC 

(American type culture collection, Boulevard Manassas, USA) and were 

routinely cultured in DMEM-F12 medium supplemented with 10% foetal calf 
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serum and antibiotics. Detailed description shown in Chapter 2.3. 

5.2.2 Cell model establishment 

    The lentiviral Noggin shRNA and scramble shRNA were used to establish 

MDA-MB-231 Noggin knockdown cells (MDA-MB-231NOGsh1) and scramble 

control cells (MDA-MB-231SC), respectively. Lentiviral Noggin expression 

vectors were applied to generate MDA-MB-468 Noggin overexpression cells 

(MDA-MB-468NOGexp), with the lentiviral expression vectors used to prepare 

vector control cells (MDA-MB-468VC). Package of lentiviral particles and the 

following transduction and selection were conducted following a standard 

protocol, as described in Chapter 2.7. The MDA-MB-231 sublines were 

selected and maintained using G418, whilst hygromycin was used for the 

selection and maintenance of MDA-MB-468NOGexp and MDA-MB-468VC cells. 

5.2.3 Treatment of TNBC breast cancer cells  

    To investigate the cellular functions of Noggin regulation in MDA-MB-468 

cells, cells were treated with EGFR inhibitor (gefitinib ZD1839, Selleckchem, 

USA) and ERK inhibitor (FR180204, Calbiochem, USA). MTT assay was 

described in Chapter 2.9.    

5.2.4 RNA extraction and reverse transcription-PCR (RT-PCR) 

RNA samples were extracted from confluent cells in 6-well plates using the 

TRI Reagent kit (Sigma-Aldrich; Merck KGaA Inc.). cDNA samples were then 

synthesised by RT reaction. The RT reaction was performed to achieve a 

concentration of 1µg/µl  in total, using the GoScript TM Reverse Transcription 

System (Promega Corp.), as detailed in Chapter 2.4.  

5.2.5 Quantitative PCR (qPCR) 

 
    cDNA samples from TNBC cell lines were used for QPCR. QPCR was 

performed using the AmpliflourTM UniprimerTM system (InterGen) and using 

Power SYBR-Green PCR Master Mix (Applied Biosystems), as described in 

Chapter 2.4.3. The specific primers used were as follows: Noggin, MYC, 

CCND1, SNAIL, MMP2, MMP11 and EGFR with housekeeping gene 

(GAPDH/ɓ-Actin) (see Chapter 2, Table 2.1), which were determined in MDA-
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MB-231NOGsh1 and MDA-MB-468NOGexp cells. The 2- CT method was used for 

analysis of the QPCR data. 

5.2.6 Western blotting 

    The protein samples were extracted using RIPA buffer to lyse cells and the 

protein concentration of the cell lysates was determined using a DC protein 

assay kit (Bio-Rad Laboratories, Inc.). Protein (30µg) samples were separated 

on an SDS-PAGE gel and then transferred onto PVDF membranes. The 

blotted membranes were incubated at 4ęC overnight with primary antibodies 

(Noggin, EGFR, ERK, P-ERK, AKT, P-AKT, GAPDH, Actin) with receptive 

antibodies following the standard protocol as provided in Chapter 2.5.4 and 

Table 2.2. 

5.2.7 Cell proliferation assay 

The influence of Noggin on proliferation of TNBC breast cancer cells was 

examined in MDA-MB-231NOGsh1 and MDA-MB-468NOGexp cells in comparison 

with the control following a protocol previously described in Chapter 2 (2.8.1).  

5.2.8 Migration assay 

    The influence of Noggin on migration (wounding assay) of TNBC breast 

cancer cells was examined in MDA-MB-231NOGsh1 and MDA-MB-468NOGexp 

cells in comparison with the control following a protocol previously described 

in Chapter 2 (2.8.4).  

5.2.9 Invasion  

The influence of Noggin on invasion of TNBC breast cancer cells was 

examined in MDA-MB-231NOGsh1 and MDA-MB-468NOGexp cells in comparison 

with the control following a protocol previously described in Chapter 2 (2.8.2).  

5.2.10 Statistical analysis 

T tests and Mann-Whitney U tests were used to compare (non) normally 

distributed data. For comparisons multiple groups of data using one-way 

ANOVA and the Kruskal-Wallis test were used. Correlation between Noggin 

and EGFR was evaluated using correlation test. All data analyses were 

conducted using SPSS (IBM SPSS Statistics version 27, New York, USA). 
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Graphs were plotted using GraphPad (GraphPad Prism 9, IBM Ltd, MA, 

USA).  

5.3 Results   

5.3.1 Noggin knockdown and overexpression cell models in TNBC cell 
lines 

 

Two TNBC cell lines were employed in the present study to establish 

Noggin knockdown in MDA-MB-231 and Noggin overexpression in MDA-MB-

468 cells, respectively. After transduction and selection, both Noggin 

knockdown and overexpression cell lines were examined for the expression of 

Noggin using QPCR and Western blot in comparison with the corresponding 

controls (Figure 5.1).   
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Figure 5.1 Verification of Noggin expression in the TNBC cell line models. Noggin 
knockdown was validated in MDA-MB-231 at mRNA (A) and protein level (B) using 
QPCR and Western blot, respectively. Validation for Noggin overexpression in MDA-
MB-468 cells line using QPCR (C) and Western blot (D). ** P<0.01; *** P<0.001.    
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5.3.2 Noggin and proliferation of TNBC cells 

 

    Previous studies have shown that Noggin has a significant impact on 

proliferation and tumour growth in gastric cancer, prostate cancer and 

colorectal cancer (AlShaibi et al. 2018; Sun et al. 2020b; Cai et al. 2022). 

Therefore, the influence of Noggin on cell proliferation was determined. Both 

knockdown and overexpression of Noggin in MDA-MB-231 and MDA-MB-468 

cell models exhibited an inhibition of cell proliferation over a duration up to 5 

days (Figure 5.2A and B). As responsive genes to BMP signalling, the 

expression of two positive regulators of cell cycle: MYC and CCND1 (cyclin 

D1), and two negative regulators: P21 and P27 were determined in the cell 

models using QPCR. Decreased expression of MYC and CCND1 (cyclin D1) 

were seen in the MDA-MB-231 Noggin knockdown cells (Figure 5.2C-D) 

whilst markedly increased expression of P21 and P27 were seen in the MDA-

MB-468 cells following the overexpression of Noggin, in which an elevated 

expression of CCND1 was also observed (Figure 5.2E-F).   
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Figure 5.2 Influence of Noggin on proliferatin of TNBC cells. Effect of Noggin on 

proliferation was evaluated in both MDA-MB-231NOGsh1 (A)  MDA-MB-468NOGexp (B) 
cells using in vitro cell growth assay, respectively. Six repeats were included for both 
cell lines and the corresponding controls on a 96-well plate. Three independent 
experiments were conducted. Growth percentage (%) = absorbance (Day3 or 
Day5)/absorbance (Day1) X100. Expression  of cell cycle modulators, MYC (C), 
CCND1 (D), P21 (E) and P27 (F) in both MDA-MB-231 and MDA-MB-468 cells were 
determined using QPCR. * Represents P<0.05, ** P<0.01, *** P<0.001. Error bars 
are standard deviation.     
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5.3.3 Noggin promotes invasion in TNBC cells 

 

To explore further the cellular functions and molecular mechanisms 

involving Noggin in breast cancer, the influence of Noggin on invasiveness 

was also evaluated. As shown in Figure 5.3A, a significantly smaller number 

of MDA-MB-231NOGsh1 cells invaded compared to the control group. In 

contrast, a greater number of MDA-MB-468NOGexp cells invaded, in comparison 

with the control (Figure 5.3A-B).  

    The influence of Noggin on the migration of TNBC cell lines was also 

examined using the migration assay. There was no obvious change in the 

migration of MDA-MB-231NOGsh1 cells, while an increased migration was seen 

in the MDA-MB-468NOGexp cells (Figure 5.3C-D). EMT markers and MMPs 

were then assessed in both cell lines. A key EMT marker, SNAIL which is also 

a BMP responsive gene, plays an important role in regulating cancer invasion 

and malignancy (Wang et al. 2013b). A decreased level of SNAIL transcripts 

was observed in MDA-MB-231NOGsh1 cells while an increased expression of 

SNAIL was seen in MDA-MB-468NOGexp cells (Figure 5.3E). MMP2 and 

MMP11 were upregulated in the MDA-MB-468NOGexp cells whilst an increased 

expression of MMP2 and a reduced MMP11 expression were revealed in the 

MDA-MB-231NOGsh1 cells (Figure 5.3F-G).  
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Figure 5.3 Regulation of invasion and migration by Noggin in the TNBC cells. 
Transwell invasion assay was performed in MDA-MB-231 (A) and MDA-MB-468 (B) 
TNBC cell line models. Invaded cells were counted by using ImageJ. Influence of 
Noggin on migration in MDA-MB-231 (C) and MDA-MB-468 (D) cells was examined 
using wound healing assay. Migration was determined using the EVOS system. 
Photos were captured automatically every hour over a duration up to 6 hours. Shown 
are closure of the wounds. Error bars are standard deviation. * P<0.05; ** P<0.01; *** 
P<0.001. The expression of SNAIL (E), MMP2 (F) and MMP11 (G) was determined 
in both MDA-MB-231 and MDA-MB-468 cell models using QPCR.    
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5.3.4 Noggin upregulates EGFR in TNBC 

 

In the current study, correlation between Noggin and EGFR was analysed 

in the TCGA cohort. The expression of Noggin was weakly associated with 

EGFR in the 179 TNBC primary tumours (Figure 5.4A). The expression of 

EGFR was then determined in both MDA-MB-231NOGsh1 and MDA-MB-

468NOGexp cells at both mRNA and protein levels using QPCR and Western 

blot, respectively. A decreased expression of EGFR was shown in the MDA-

MB-231NOGsh1 cell model whilst a marked increase of EGFR was seen in 

MDA-MB-468NOGexp cells (Figure 5.4B-C). Furthermore, to further explore the 

down stream signalling of EGFR which might be regulated by Noggin, the 

ERK and AKT pathway was determined. An increase of phosphorylated ERK 

(P-ERK) was seen in the Noggin overexpressed MDA-MB-468 cells, whilst an 

up-regulation of AKT total protein was also found in MDA-MB-468NOGexp cells 

but not the phosphorylated AKT (P-AKT) (Figure 5.4D).      
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Figure 5.4 Noggin and EGFR in TNBC. (A) The correlation between Noggin and 
EGFR in TNBC (n=179) in the TCGA cohort was analysed using Spearman test. (B) 
EGFR expression in both MDA-MB-231NOGSh1 and MDA-MB-468NOGexp cells was 

determined using QPCR. (C) EGFR expression in both MDA-MB-231NOGsh1 and 
MDA-MB-468NOGexp cells was examined using western blotting. (D) Expression and 
activation of ERK and AKT were assessed in MDA-MB-468NOGexp cells using Western 
blot in comparison with the control.   
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5.3.5 EGFR in Noggin regulated cellular functions of TNBC 

 

    Overexpressed EGFR and activation of EGFR downstream signalling 

pathways have been study in several cancer types, especially in TNBC 

(Masuda et al. 2012). Since the 5-year survival rate remains poor in TNBC 

patients, EGFR targeted therapy, tyrosine kinase inhibitors and monoclonal 

antibodies are under intensive exploration for their therapeutic potential in the 

treatment of TNBC. A previous study evaluated the expression of total and 

phosphorylated proteins of EGFR in breast cancer cells. The highest level of 

EGFR was shown in MDA-MB-468 cells. Targeting EGFR with monoclonal 

antibodies (cetuximab or panitumumab) reduced proliferation of MDA-MB-468 

cells. Furthermore, decreased phosphorylation of EGFR and ERK were 

revealed in MDA-MB-468 cells treated with EGFR-TKIs (tyrosine inhibitors) 

and monoclonal antibodies (cetuximab and panitumumab) (El Guerrab et al. 

2016). To evaluate the involvement of EGFR and its downstream ERK 

pathway in the Noggin promoted migration of MDA-MB-468 cells, both MDA-

MB-468NOGexp and the control cells were treated with Gefitinib and an ERK 

inhibitor (FR180204), respectively. Both Gefitinib and ERK inhibitor eliminated 

Noggin promoted migration of MDA-MB-468 cells (Figure 5.5A-B, n=3).             
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Figure 5.5 Involvement of EGFR and ERK in Noggin regulated migration in the 
TNBC cells was assessed using gefitinib and ERK inhibitor. EGFR inhibitor (gefitinib, 
10 µM) and ERK inhibitor (FR180204, 10  µM) w ere employed in the evaluation of the 
Noggin regulated migration of MDA-MB-468 cells. Migration of the cells over a 
duration of 9 hours is shown as curves (A), and closure of the wounds at 9 hours is 
shown as a box plot (B). * P<0.05.    
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5.4 Discussion 

 

In the present study, Noggin expression and related cellular events were 

investigated in TNBC cell lines. Noggin exhibited a relatively higher level in 

MDA-MB-231 cells, while a lower expression was evident in MDA-MB-468 

cells which were employed for knockdown and overexpression of Noggin, 

respectively. In chapter 3, a higher expression of Noggin was revealed in the 

TNBC tumours (n=162) in comparison with other subtypes of breast cancer in 

the TCGA cohort, with the higher expression of Noggin associated with a 

poorer survival. 

A previous study of Noggin from the host laboratory in gastric cancer, 

demonstrated a markedly promotive effect on proliferation of gastric cancer 

cells (Sun et al. 2020b). In contrast to the gastric cancer cells, influence of 

Noggin on proliferation of TNBC cells appeared to be diverse, since a 

reduction in cell population was seen in both MDA-MB-231 and MDA-MB-468 

cell lines following the knockdown and overexpression of Noggin, 

respectively. In line with the reduced proliferation, down-regulation of MYC 

and cyclin D1 was seen in MDA-MB-231 Noggin knockdown cells whilst an 

upregulation of P21 and P27 was evident in the MDA-MB-468 cells following 

the overexpression of Noggin, in which cyclin D1 was also increased to a less 

extent, compared with P21 and P27. As an outcome, a decrease of 

proliferation was seen in both Noggin knockdown and overexpression TNBC 

cell line models. This suggests that a diverse and complex expression profile 

of BMPs and their signalling exists in the triple negative breast tumours and 

cancer cells, which confers differential BMP signalling to be coordinated by 

Noggin. For instance, amongst the Noggin antagonised BMP ligands, BMP2 

and BMP6 exhibited a higher expression in TNBC, according to the analyses 

of BMPs for their correlations with ER and HER2 (Chapter 3, Figure 3.10). 

Moreover, cell line models of both TNBC cell lines were established using 

lentiviral vectors which had a high efficiency of transduction for developing a 

stable cell line model with altered expression of Noggin. However, there were 

also disadvantages, including cytotoxicity and biosafety of transduction. It may 

impact the cell viability due to the transduction and following selection and 
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maintenance with a selective antibiotic. All in all, the exact role and 

involvement of these candidate BMP ligands and receptors, in Noggin 

regulated proliferation are yet to be further dissected and investigated.  

In comparison with the controversial effects of Noggin on cell proliferation in 

the two TNBC cell lines examined in the present study, a promotive effect on 

invasion and migration of TNBC cells was more consistently supported by the 

observations in both TNBC cell line models although the knockdown of 

Noggin presented little effect on migration of MDA-MB-231 cells. BMPs have 

been shown to promote EMT by inducing BMP responsive genes, such as 

SNAIL, SLUG and TWIST (Xu et al. 2009; Ma et al. 2021). In the present 

study of TNBC cells, the knockdown of Noggin resulted in a down-regulation 

of SNAIL in the MDA-MB-231 cells, whilst an up-regulation of SNAIL was 

seen in the MDA-MB-468 cells, following the overexpression of Noggin. A 

study demonstrated that SNAIL was associated with phosphorylated Smad1 

and AKT signalling. LDN193189 (BMP receptor inhibitor) or Noggin can inhibit 

activation of Smad1 and AKT and the induced SNAIL in non-small-cell lung 

cancer (Liu et al. 2014a). Furthermore, increased expression of SNAIL was 

also associated with decreased E-cadherin and enhanced invasion in breast 

tumour tissues (Tavakolian et al. 2019). Noggin antagonised BMPs to prevent 

the later repressed E-cadherin and upregulated aggrecan and collagen ớ in 

the intervertebral disc (IVD) cells (Wang et al. 2012). Similar changes were 

also seen for MMP11, while an elevated expression of MMP2 was seen in 

both Noggin knockdown and overexpression models. MMPs play important 

roles in several biological activities, including migration, regulation of 

extracellular matrix (ECM) and invasion (Clement et al. 1999; Cui et al. 2017). 

It has been shown that a number of MMPs are up-regulated in breast cancer 

including MMP1, MMP3, MMP9, MMP10, MMP11, MMP12, MMP13 and 

MMP14 (Gobin et al. 2019). In targeting MMPs, for example, knockdown of 

MMP9 can reduce invasiveness of MDA-MB-231 cells (Ghosh-Choudhury et 

al. 2000). Another study indicated that the expression of MMP7 can be up-

regulated by the WNT5A-NF-əB-MMP7 pathway to promote the invasion of 

TNBC (Pouliot and Labrie 2002). High expression of MMP2 was associated 

with poor OS, aggressive grade and TNM stages in a meta-analysis, which 
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contains 6517 breast cancer patients (Jiang and Li 2021). In the present 

study, we attempted to assess these MMPs in the TNBC cell line models, with 

altered expression of Noggin. Due to either low expression or absence from 

the two TNBC cell lines, or inadequate efficacy of primers available at the host 

lab, most of those MMPs are yet to be evaluated for their involvement in 

Noggin regulated invasiveness in TNBC. Taken together, it suggests that the 

invasion and migration promoted by Noggin are more likely mediated through 

a pathway lack of a direct dependence on BMP signalling.  

Interestingly, an upregulation of EGFR and activation of its downstream 

signalling via the ERK pathway were revealed in the MDA-MB-468 Noggin 

overexpression cells. Furthermore, blocking EGFR signalling using an EGFR 

inhibitor gefitinib, and an ERK inhibitor eliminated the influence of Noggin on 

migration. It suggests that Noggin can promote invasiveness and migration of 

TNBC cells through an upregulation of the EGFR/ERK pathway. In our 

previous study, Noggin was shown to up-regulate EGFR by enhancing a 

vicious cycle in which ɓ-catenin and AKT are involved (Sun et al. 2020b). 

Whether a similar or different mechanism underlies the Noggin regulated 

EGFR and invasion/migration in TNBC is yet to be elucidated. In Chapter 4, 

repression of Noggin by oestrogen/ER was revealed in ER positive breast 

cancer. A higher expression of Noggin was also evident in TNBC as shown in 

the Chapter 3. Moreover, LR004-VC-MMAE, a new anti-cancer compound 

targeting EGFR, can inhibit proliferation of TNBC cells which have a high 

expression of EGFR. LR004-VC-MMAE can also inhibit invasion and 

migration of both MDA-MB-231 and MDA-MB-468 cells in vitro and in vivo 

(Zhou et al. 2021). In addition to the development of novel therapy of targeting 

EGFR, to have a better, more personalised treatment and precise targeting, 

the present study presents an opportunity to explore the potential of Noggin 

as a marker for therapeutic approaches of targeting EGFR/ERK in TNBC.  

In summary, Noggin exhibited a promotive effect on the invasion and 

migration of TNBC cells in which changes of SNAIL and MMPs were evident. 

Furthermore, Noggin promoted the migration of MDA-MB-468 cells through 

up-regulation and activation of the EGFR/ERK pathway. The importance and 
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potential of Noggin in the personalised disease management, with target 

therapies for TNBC, are yet to be fully evaluated using both bench side and 

bed side approaches. 
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Chapter 6  

The mediation of Noggin expression by HER2 in Luminal B 

and HER2 positive breast cancer 
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6.1 Introduction 

    HER2 is a receptor tyrosine kinase (RTK) which belongs to the HER family. 

It has been reported to engage in cancer progression and signal transduction 

(Marmor et al. 2004).  

    Overexpression of human epidermal growth factor receptor 2 (HER2) 

occurs in approximately 20% in breast cancer (Vaz-Luis et al. 2013; Iqbal and 

Iqbal 2014). Amplification or overexpression of HER2 plays an important role 

in tumourigenesis and cancer development in early and advanced breast 

cancer (Engel and Kaklamani 2007). Furthermore, HER2 can induce the 

activation of oncogenic signalling transduction to promote proliferation, 

differentiation and invasion of breast cancer cells. Mutations of HER2 are also 

associated with poor overall survival and disease-free survival in breast 

cancer (Krishnamurti et al. 2009).  

    In specific subtypes of breast cancer, the HER2 positive subtype without 

expressing ER and PR, makes up 15% of all cases of breast cancer being 

more aggressive and more highly malignant than the Luminal groups 

(Krishnamurti et al. 2009). Therefore, HER2 expressing breast cancers have 

been categorised into two different subgroups: Luminal-HER2 (Luminal B, 

ER+, PR+, HER2+) and HER2-enriched (ER-, PR-, HER2+) (Orrantia-

Borunda et al. 2022).       

    HER2 presents a target for the treatment of breast cancer. HER2-targeted 

therapies mainly include tyrosine kinase inhibitors (TKIs), monoclonal 

antibodies and antibody-drug conjugates (ADCs). Tyrosine kinase inhibitors 

are small molecules that can bind with the HER2 receptor to prevent ATP 

regions from phosphorylation, thus blocking the activation of the downstream 

PI3K/AKT pathway (Yamaoka et al. 2018). The monoclonal antibodies 

(Trastuzumab, Pertuzumab) can interact with specific regions of HER2 

receptor to block the downstream signalling via the PI3K/AKT pathway as well 

(Wu et al. 2022). Antibody-drug conjugates (ADCs) are the combinations of 

antibodies with a conjugated chemotherapy drug, which can deliver the 

chemotherapy drug specifically targeting HER2 expressing cells, in addition to 

the blocking of HER2 signalling. It has been reported that the ADCs are more 
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effective than the standard treatments that target HER2 (Nakada et al. 2019; 

Ferraro et al. 2021). The PI3K/AKT pathway is involved in cell proliferation, 

cell cycle progression and survival of breast cancer (Yu et al. 2017a; Xuhong 

et al. 2019). For example, trastuzumab prevents PI3K/AKT induced cell 

growth and proliferation, which is the downstream of HER2 signalling (Fruman 

et al. 2017).  

    The overexpression of GREM1, one of BMP antagonists, resulted in 

promotion of proliferation in HER2 positive breast cancer cells (SKBR3) in 

vitro and in vivo (Park et al. 2020). Our recent study also revealed that the 

expression of HER2 is relatively higher in Luminal B and HER2 positive 

subtypes of breast cancer in the TCGA cohort. Furthermore, higher 

expression of GDF15 and BMP4 were correlated with poor prognosis in HER2 

positive breast cancer (Liu et al. 2023b). Therefore, the association of 

BMPs/BMP receptors/BMP antagonists with HER2 in HER2 expressing breast 

tumours and cancer cells need to be further explored.  

To date, the involvement of BMP in Luminal B and HER2 positive subtypes 

of breast cancer remains largely unknown. In this chapter, the aim was to 

further evaluate the role of Noggin in HER2 expressing breast cancer cells by 

employing corresponding cell line models, with dissection of the potential link 

between Noggin and HER2 in breast cancer.  

6.2 Methods and materials 

6.2.1 Cell lines  

    Breast cancer cell lines BT474, SKBR3 and HCC1419 were obtained from 

ATCC (America Type Cell Collection, UK).  

6.2.2 Cell model establishment 

Cell models of Noggin overexpression were established in BT474, SKBR3 

and HCC1419 cells using Noggin overexpression lentiviral particles. 

    HER2 knockdown cell models were established in BT474, SKBR3 and 

HCC1419 cells using HER2 shRNA lentiviral vectors. The transduction, 

selection and maintenance were performed following a standard procedure as 
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previously described (Chapter 2.7.3).    

6.2.3 RNA isolation, reverse transcription and PCR 

    Total RNA was extracted followed by reverse transcription and QPCR as 

previously described (Chapter 2.4.1, 2.4.2, 2.4.3).   

    Specific primers were used in this chapter as follows: Noggin, MYC, 

CCND1, P21, P27, EGFR, HER2, HER3, HER4 with housekeeping gene 

(GAPDH/ɓ-Actin) (see in Chapter 2, Table 2.1). 

6.2.4 Western blot   

    Protein samples were extracted from the cells and subsequently separated 

using SDS-PAGE gel for detection of the following proteins: Noggin, HER2, 

HER3, HER4, ERK, p-ERK, AKT and p-AKT, with receptive antibodies 

following the standard protocol as provided in Chapter 2.5.4 and Table 2.2. 

6.2.5 Cell proliferation assay 

The influence of Noggin on proliferation of HER2 positive breast cancer 

cells was examined in BT474, SKBR3 and HCC1419 Noggin overexpression 

cells in comparison with the control, following the protocol previously 

described in Chapter 2 (2.8.1).  

6.2.6 Invasion  

The influence of Noggin on invasion of HER2 positive breast cancer cells 

was examined in BT474, SKBR3 and HCC1419 Noggin overexpression cells, 

in comparison with the control following the protocol previously described in 

Chapter 2 (2.8.2).  

6.2.7 Migration assay 

    The influence of Noggin on migration (wounding assay) of HER2 positive 

breast cancer cells was examined in BT474, SKBR3 and HCC1419 Noggin 

overexpression cells, in comparison with the control following the protocol 

previously described in Chapter 2 (2.8.4).  

6.2.8 Statistical analysis 
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    T tests and Mann-Whitney tests were used to compare normally and non-

normally distributed data, respectively. Correlations between Noggin and 

EGFR, HER2, HER3 and HER4 were evaluated using correlation tests. All 

data analyses were conducted using SPSS (IBM SPSS Statistics version 27, 

New York, USA). Graphs were plotted using GraphPad Prism (Ver.9, IBM Ltd, 

MA, USA). P<0.05 was considered as statistically significant.        

6.3 Results 

6.3.1 Noggin overexpression cell models in Luminal B and HER2 

positive cell lines 

 

As shown in Chapter 3, the expression of Noggin was relatively lower in 

BT474, SKBR3 and HCC1419 breast cancer cell lines. Therefore, the 

overexpression of Noggin was utilised to assess influence of Noggin on 

cellular functions of those cell lines. After the transduction and selection, 

those transduced cells were examined for the expression of Noggin. 

Remarkedly increased expression of Noggin was seen in BT474NOGexp (Figure 

6.1A), SKBR3NOGexp (Figure 6.1B) and HCC1419NOGexp (Figure 6.1C) at mRNA 

level compared with the corresponding controls. The overexpression of 

Noggin was further validated for protein expression in BT474NOGexp (Figure 

6.1D), SKBR3NOGexp (Figure 6.1E) and HCC1419NOGexp (Figure 6.1F).  
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Figure 6.1 Overexpression of Noggin in Luminal B and HER2 positive breast cancer 
cell lines. Overexpression of Noggin was verified in BT474 (A and D), SKBR3 (B and 
E) and HCC1419 (C and F) using QPCR and western blot, respectively.    
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6.3.2 Influence of Noggin on proliferation of BT474, SKBR3 and 

HCC1419 cells 

 

To evaluate the effect of Noggin overexpression on cellular functions of 

Luminal B and HER2 positive breast cancer cells, an in vitro proliferation 

assay was performed. Since cells of the Luminal B and HER2 positive breast 

cancer cell lines grow slowly compared with Luminal A and TNBC cell lines, a 

longer duration was required to assess the proliferation of these cell lines 

which was extended to 7 days or 10 days. The overexpression of Noggin 

resulted in a marked increase of proliferation in BT474NOGexp (Figure 6.2A) 

and SKBR3NOGexp (Figure 6.2B) cells whilst an increased proliferation was 

also seen in HCC1419NOGexp but at a lower level (Figure 6.2C). Similarly, as 

responsive genes to BMP/Smad-dependent signalling, MAPK and AKT 

pathways, the expression of MYC, cyclin D1 (CCND1), p21 and p27 were 

determined in the BT474NOGexp, SKBR3NOGexp and HCC1419NOGexp cells 

(Figure 6. 2D-2G). The expression of MYC was significantly increased in 

SKBR3NOGexp and HCC1419NOGexp cells (Figure 6.2D). CCND1 was 

upregulated in BT474NOGexp and SKBR3NOGexp cells (Figure 6.2E). In constrast 

to this, a decreased expression of P21 was exhibited in BT474NOGexp , 

SKBR3NOGexp and HCC1419NOGexp cells (Figure 6.2F). Down-regulated P27 

was revealed in BT474NOGexp, SKBR3NOGexp and HCC1419NOGexp cells (Figure 

6.2G). 
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Figure 6.2 Effect of Noggin overexpression on proliferation of Luminal B and 
HER2 positive breast cancer cell lines. Influence of Noggin on proliferation of 
BT474 (A), SKBR3 (B) and HCC1419 (C) cell lines in vitro. Six repeats were 
performed for these cell lines on 96-well plates. Three independent 
experiments were repeated. Growth percentage (%) = absorbance (Day3 or 
Day5)/absorbance (Day1) X100. Transcript levels of MYC (D), CCND1 (E), 
P21 (F) and P27 (G) in BT474, SKBR3 and HCC1419 Noggin expression 
models were determined using QPCR. * Represents P<0.05, ** P<0.01, *** 
P<0.001. Error bars are standard deviation.     
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6.3.3 Noggin regulates migration and invasiveness of HER2 positive BC 

cells 

 

    To further investigate the influence of Noggin on invasion and migration of 

Luminal B and HER2 positive breast cancer cells, transwell invasion assays 

and wound healing were performed. The overexpression of Noggin in BT474 

cells resulted in a decrease of invasion (Figure 6.3A) whilst eliciting little effect 

on invasiveness of SKBR3 cells (Figure 6.3B). In contrast, there was a 

marked increase of invasion seen in the HCC1419NOGexp cells compared with 

the control (Figure 6.3C). Moreover, no obvious change was observed in 

migration following the overexpression of Noggin in these three cell lines 

(Figure 6.3D-F). 
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Figure 6.3 Influence of Noggin on invasion and migration in HER2 expressing breast 
cancer cells. The invasion was assessed in in BT474NOGexp (A),  SKBR3NOGexp (B) and 
HCC1419NOGexp (C) cells using transwell invasion assays in comparison with the 
corresponding control cells. Invasive cells were counted by using Image J. Influence 
of Noggin on migration in (D) BT474NOGexp, (E) SKBR3NOGexp  and (F) HCC1419NOGexp 
cells was examined using wound healing assay. Migration was determined using the 
EVOS system. Migration of the cells was captured automatically every hour with a 
duration of 6 hours. The migration area was assessed by measuring closing gap 
size. Error bars are standard deviation. * P<0.05; ** P<0.01. 
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6.3.4 Noggin regulated HER2 expression and downstream signalling 

 

The expression of HER2 was evulated in the BT474NOGexp , SKBR3NOGexp 

and HCC1419NOGexp cells using QPCR. HER2 transcripts were significantly 

up-regulated in BT474NOGexp and SKBR3NOGexp cells but not in the HCC1419 

cells (Figure 6.4A). However, futher analysis for the HER2 protein levels in 

those cell lines showed an increased protein expressin of HER2 in all three 

cell lines, following the overexpression of Noggin, compared with 

corresponding controls (Figure 6.4B). Downstream ERK and AKT were also 

determined by western blot analysis. ERK protein was upregulated in the 

SKBR3NOGexp cells in comparison with the control but little change was evident 

in the other two cell lines, following the overexpression of Noggin. However, 

an enhanced phosphorylation of ERK (P-ERK) was only evident in 

SKBR3NOGexp cells but not evident in BT474 and HCC1419 cells. The 

expression of AKT was dectable in all cell lines but was reduced in the 

SKBR3NOGexp cells in comparison with its control, no obvious change was 

seen in the other two cell lines with Noggin overexpression.The P-AKT was 

undetectable in these cells (Figure 6.4B).  
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Figure 6.4 Influence of Noggin on HER2 expression in both Luminal B and HER2 
positive breast cancer cells. (A) Expression of HER2 in BT474NOGexp, SKBR3NOGexp 
and HCC1419NOGexp cell models at mRNA level was determined using QPCR. (B) 
Determination of HER2 and downstream ERK/AKT signalling pathway in 
BT474NOGexp, SKBR3NOGexp and HCC1419NOGexp cell models at protein level. Error 
bars are standard deviation. *  P<0.05, ** P<0.01. 
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6.3.5 HER2 mediated regulation of Noggin in HER2 expressing breast 

cancer cell lines 

 

    To further investigate the relationship between Noggin and HER2, a 

Spearman correlation test was performed on the E-MTAB-6703 dataset. 

Noggin transcripts appeared to be inversely correlated with HER2 transcript 

levels in the E-MTAB-6703 breast cancer cohort (R=-0.053, p=0.016, n=2088) 

(Figure 6.5A). Therefore, the putative role of HER2 in the regulation of Noggin 

in Luminal B and HER2 positive breast cancer cells was evaluated using a 

HER2 inhibitor (CP724714). Noggin expression was decreased after 

treatment with CP724714 for 4 hours in both BT474 and SKBR3 cells (Figure 

6.5B-C) but not in the HCC1419 cells. However, a remarked increase of 

Noggin was seen in all three cell lines after a longer exposure to CP724714 

for 24 hours (Figure 6.5B-D).   

    To further assess the influence of HER2 on the expression of Noggin, a 

knockdown of HER2 was established in BT474, SKBR3 and HCC1419 cell 

lines by using HER2 shRNA vectors. It can be seen that the expression of 

HER2 was reduced at least 50% compared with the corresponding controls, 

which were transduced with scramble shRNAs at mRNA levels (Figure 6.5E-

G) and protein levels (Figure 6.5H). Noggin expression was significantly 

upreguated in BT474, SKBR3 and HCC1419 cells following the knockdown of 

HER2 (Figure 6.5I-K).  
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Figure 6.5 Influence of HER2 on Noggin expression in Luminal B and HER2 positive 
breast cancer cells. (A) Association of Noggin and HER2 in breast tumours (n=2088) 

in the E-MTAB-6703 cohort. Determination of Noggin expression in BT474 (B), 
SKBR3 (C) and HCC1419 (D) cells treated with HER2 specific small inhibitor, 
CP724714 (1µM) for 4 hours and 24 hours, was performed using QPCR, 
respectively. Establishment of HER2 knockdown cell models in BT474 (E), SKBR3 
(F) and HCC1419 (G) cells were verified using QPCR. (H) The HER2 knockdown 
models in BT474, SKBR3 and HCC1419 cells were further validated using Western 
blots. Noggin expression was detected in BT474 (I), SKBR3 (J) and HCC1419 (K) 
breast cancer cells with HER2 knockdown at transcriptional level using QPCR. Error 
bars are standard deviation. * Represents P<0.05, ** P<0.01, *** P<0.001.   
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6.3.6 Association between Noggin and HER family members in HER2 

expressing breast cancer cells 

 

The correlations between Noggin with HER family genes 

(EGFR/HER3/HER4) other than HER2 was analysed in both Luminal B and 

HER2 positive breast cancer in the TCGA cohort (n=196). There was a 

significantly positive correlation between Noggin and EGFR whilst a negative 

correlation between Noggin and HER3 was seen in both Luminal B and HER2 

positive breast cancer (Figure 6.6A and B). No obvious asscociation between 

Noggin and HER4 was evident in the HER2 expressing breast tumours 

(Figure 6.6C). The expression of EGFR, HER3 and HER4 was further 

determined in the BT474NOGexp , SKBR3NOGexp and HCC1419NOGexp cell 

models. A remarkable increased expression of EGFR was seen in 

HCC1419NOGexp cells but not in the BT474 and SKBR3 Noggin overexpression 

cell lines (Figure 6.6D). Increased expression of HER3 and HER4 was also 

evident in the HCC1419NOGexp cells (Figure 6.6 E and F). In contrast to the 

HCC1419 cells, decreased levels of HER3 and HER4 were revealed in 

SKBR3NOGexp cells (Figure 6.6 E and F). However, there was no obvious 

change in EGFR, HER3 and HER4 in BT474NOGexp cells (Figure 6.6 E and F).  

Furthermore, expression of EGFR, HER3 and HER4 was also analysed in 

both Luminal B and HER2 positive breast cancers in the TCGA cohort, 

according to the Noggin expression, with a cut off value being 2.595. A 

reduced expression of both HER3 and HER4 was seen in the tumours with a 

higher expression of Noggin. However, no alteration of EGFR was seen in the 

HER2 expressing breast cancers with differential expression of Noggin 

(Figure 6.6 G, H and I). 
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Figure 6.6 Influence of Noggin on the expression of EGFR (HER1), HER3 and HER4 
in BT474, SKBR3 and HCC1419 cells. Correlations between Noggin and EGFR (A), 
HER3 (B) and HER4 (C) in Luminal B and HER2 positive breast cancer (TCGA_RNA 
sequencing data) are presented as scatter plots. Expression of EGFR (D), HER3 (E) 
and HER4 (F) in BT474NOGexp, SKBR3NOGexp and HCC1419NOGexp cell models were 
determined using QPCR. Expression of EGFR (G), HER3 (H) and HER4 (I) in 
Luminal B and HER2 positive breast cancer with differential expression of Noggin 
(cutoff = 2.595) are shown as bar graphs (TCGA_RNA sequencing data). * P<0.05, 
** P<0.01, *** P<0.001.  
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6.4 Discussion 

    In the present study, it was found that Noggin expression is relatively lower 

in Luminal B and HER2 positive breast cancer.  

    HER family members are activated by forming homodimers or 

heterodimers. Both HER1 (EGFR) and HER4 are fully functional receptors 

which regulate cellular functions, such as proliferation and cell death (Drago 

et al. 2022). HER2 signalling relies on heterodimerization with other HER 

family members, due to a lack of ligand binding by itself. However, HER2 

appears to be a more active member when heterodimers are formed (Kilroy et 

al. 2022; Maadi and Wang 2022). For instance, HER2 overexpression can 

enhance HER3 signalling thus coherently facilitating their oncogenic effect 

(Siegel et al. 1999; Kilroy et al. 2022). 

    In the present study, influence of Noggin on the cellular functions of both 

Luminal B (BT474) and HER2 positive breast cancer cells (SKBR3 and 

HCC1419) was assessed. The Noggin overexpression promoted cell 

proliferation in BT474, SKBR3 and HCC1419 cell lines. Additionally, an 

upregulation of MYC was seen in two HER2 positive breast cancer cell lines 

(SKBR3 and HCC1419) following Noggin overexpression, but not in the 

BT474 cells. Noggin overexpression resulted in an upregulation of Cyclin D1 

(CCND1) in both BT474 and SKBR3 cells, which was not seen in the 

HCC1419 cells. In contrast to MYC and CCND1, two negative regulators of 

the cell cycle, P21 and P27 were decreased in all three cell lines tested. In 

comparison with the effect on proliferation, Noggin overexpression elicited 

diverse effects on invasion and little effect on migration of the three cell lines. 

Noggin exhibited contrasting effects on invasion; a decrease in BT474NOGexp 

and an increase in HCC1419NOGexp whilst it had little effect on SKBR3 cells. 

    To explore the mechanism underlying the Noggin regulated cellular 

functions, HER2 expression and its downstream signalling were determined in 

the Noggin overexpression cell line models. Up-regulation of HER2 was seen 

in BT474NOGexp, SKBR3NOGexp and HCC1419NOGexp cells. Increased ERK 

protein was seen in SKBR3, whilst an enhanced activation of ERK was 

evident in BT474 as a result of Noggin overexpression. In contrast to the 
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increased ERK protein, a reduced protein level of AKT was seen in the 

SKBR3NOGexp cells. HER2 and its downstream pathways play a vital role in the 

tumour growth and invasion of both Luminal B and HER2 positive breast 

cancers (Chow et al. 2022). These findings suggest that Noggin can 

upregulate HER2 expression and its downstream signalling in the HER2 

expressing breast cancer cells. However, whether the Noggin-regulated 

HER2 is indispensable in the Noggin promoted proliferation together with the 

underlying mechanisms is yet to be explored. 

    In addition to the Noggin regulated HER2, influence of targeting HER2 on 

the expression of Noggin was also evaluated in the BT474, SKBR3 and 

HCC1419 cell lines using a specific inhibitor (CP724714) and HER2 shRNA. 

Both inhibition and knockdown of HER2 resulted in an upregulation of Noggin 

in all three HER2 expressing breast cancer cell lines. In line with this finding, 

an inverse correlation between Noggin and HER2 was also seen in the breast 

cancer tumours although this link appeared to be weak. This suggests that 

HER2 mediates a repression on the transcription of Noggin, although the 

exact mechanism is yet to be investigated.  

    Due to the incompetence of HER2 in ligand binding, its function relies on 

other HER family members. Therefore, influence of Noggin overexpression on 

other HER family members was also evaluated in the present study. Up-

regulation of EGFR, HER3 and HER4 was seen in the HCC1419NOGexp cells. 

In contrast to the up-regulated HER family members in the HCC1419 cell line, 

following Noggin overexpression, a reduction was evident for both HER3 and 

HER4 in the other HER2 positive breast cancer cell line, SKBR3. Further 

investigation is required to elucidate the molecular mechanism underlying 

these contrasting effects. On the other hand, EGFR, HER3 and HER4 are 

also key players in target therapy and drug resistance of HER2 target therapy 

(Riecke and Witzel 2020). The regulation of HER family members by Noggin 

in both Luminal B and HER2 positive breast cancer cells provides a different 

angle to dissect the complex implication of HERs in breast cancer. 

    One of the MAPK pathways, ERK signal targets biological function of cell 

proliferation (Pritchard and Hayward 2013). The interaction with CCND1 and 
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the PI3K/ERK/AKT signalling pathway has been reported more frequently in 

HER2 positive breast cancer (Riecke and Witzel 2020). Taken together, 

overexpression of Noggin promotes cell proliferation with the upregulation of 

MYC and CCND1 through HER2 signalling and its downstream ERK pathway 

in HER2 expressing breast cancer cells. Differential correlations have been 

revealed between Noggin with HER2 and other HER family members 

(EGFR/HER3/HER4). It suggested that Noggin regulated biological events 

independently interact with other HERs.  

    In summary, the reduced expression observed in HER2 expressing breast 

cancer including both Luminal B and HER2 positive subtypes is at least 

partially due to a repression mediated by HER2. However, overexpression of 

Noggin resulted in an increased proliferation of both Luminal B and HER2 

positive breast cancer cell lines in which an up-regulation of HER2 was 

evident. In addition to HER2, Noggin regulated EGFR, HER3 and HER4 were 

also observed in a HER2 positive breast cancer cell line model (HCC1419) 

which adding more complexity to the role of Noggin in HER2 expressing 

breast cancer. Noggin may serve as a prognostic factor in HER2 positive 

breast cancer through a reciprocal regulation between Noggin and HER2 in 

which other HER family members are also likely involved. Approaches to 

finetune imbalance crosstalk between Noggin and HER2 appear to be 

attractive for future study.  
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Chapter 7  

Molecular mechanisms underlying Noggin regulated cellular 

functions in HER2 expressing breast cancer cells 

  



170 

 

7.1 Introduction 

    In the present study, aberrant expressions of Noggin were shown in 

different subtypes of breast cancer. Interestingly, relatively lower expression 

of Noggin was revealed in HER2 overexpressing breast cancer cells.   

   High expression of Noggin was associated with poor overall survival (OS), 

relapse free survival (RFS), distant metastasis free survival (DMFS) and post 

progression survival (PPS), in HER2 positive breast cancer. Similarly, the 

increased expression of Noggin was also correlated to worse OS in patients 

with Luminal B breast cancer. However, a lower Noggin expression was 

associated with poor RFS in Luminal B tumours, which showed the opposite 

trend compared with HER2 positive subtype of breast cancer. There was no 

association observed for Noggin expression in Luminal B tumours with DMFS 

and PPS.  

    In Chapter 6, an increase of cell proliferation was reported in BT474NOGexp 

(Luminal B), SKBR3NOGexp and HCC1419NOGexp cells (HER2 positive). In those 

cell lines, an increased expression of MYC and CCND1 was accompanied by 

overexpression of Noggin. MYC and CCND1 are two promotive factors of cell 

proliferation through regulation of the cell cycle (Lee et al. 2007). Amplification 

of MYC and CCND1 are observed in 30% and 15% of breast cancer, 

respectively (Rodrigues-Peres et al. 2013). The elevated expression of MYC 

and CCND1 are in line with Noggin promoted cell proliferation in those cell 

line models. On the other hand, negative regulators of cell cycle, P21 and 

P27, were downregulated in those cell lines with Noggin overexpression. In 

addition to the influence on cell proliferation, Noggin facilitated invasiveness of 

HCC1419 cells but exhibited an inhibition of invasion in BT474 cells. Little 

influence was seen for Noggin on invasion of SKBR3 cells. These findings 

suggest that Noggin can promote proliferation of both Luminal B and HER2 

positive breast cancer cells, but its regulation of invasion can be subtype 

specific. 

The influence of Noggin on both proliferation and invasion appears to be 

consistent with its association with clinical outcomes, in patients with these 

two subtype diseases. However, the molecular mechanism underlying these 
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Noggin regulated cellular functions and corresponding implications in disease 

progression, is yet to dissected. In the present chapter, proteomic approaches 

were employed to tackle the question, with the assistance of transcriptomic 

analyses aiming to identify pathways, key proteins and responsive genes, 

involved in the Nogginôs action, with a particular focus on its role in these two 

subtypes of the disease. The strategy of bioinformatic analyses and design of 

the study can be seen in Figure 7.1. 
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Figure 7.1 Design of the analyses for molecular mechanisms of Noggin involvement 
in HER2 expressing breast cancer. 
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7.2 Materials and methods 

7.2.1 Cell lines 

    Established BT474 and HCC1419 sublines, with Noggin overexpression 

and the corresponding controls, were used in this Chapter as described in 

previous Chapters. 

7.2.2 Proteomics analysis 

    Mass spectrometry of proteomics analysis is a technical approach to 

examine proteins which provide insights into the regulation of proteins, 

including both the expression level and activation. Proteomics analysis has 

been applied in cancer research to assess protein kinase activity and to 

identify key and new molecular related cancer targets and compounds 

(Needham et al. 2019; Watson et al. 2020). In this Chapter, to further assess 

the role of Noggin in HER2 overexpressing breast cancer cells, protein 

samples prepared from both BT474 and HCC1419 Noggin expressing cell 

lines were analysed using mass spectrometry. Details of the mass 

spectrometric analysis of proteomics are previously described in Chapter 

2.5.4. 

7.2.3 Protein sample preparation 

    Both BT474NOGexp and HCC1419NOGexp cells and the control cells were 

seeded into T75 flasks with approximately 2ʍ107 cells. Protein samples were 

prepared at a concentration of 3µg/µl and 100 µl of each protein sample was 

subsequently analysed. Triplicates of each cell lines were prepared and 

analysed. Protein extraction is described in Chapter 2.5.1.  

7.2.4 Proteomic analysis using mass spectrometry 

    All protein samples were sent to Bristol University for the proteomic 

analysis. The mass spectrometric analysis of TMT labelled protein samples 

was performed in two separate ways: one was to compare the total protein 

levels across the samples and the second was to include a phospho-peptide 

enrichment step, to compare phospho-peptide levels across the same 

samples. The Phospho-peptide analysis included analyses of phosphorylated 
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serine, threonine and tyrosine. For the Total proteome analysis, normalisation 

of the óTotal Peptide Amountô in each sample was included in the data 

analysis. 

7.2.5 Proteomic data analysis 

    Data analysis was then performed using Proteome Discoverer v2.4 

software, to run a Sequest search against the Uniprot Human database and 

against a óCommon Contaminantsô database. The total proteome and the 

phospho proteome analysis were split into 3 parts: a. Protein/peptide 

information ï information about the identified protein/phosphopeptide; b. Stats 

ï Change in folds was calculated against corresponding controls for total 

proteins, phosphorylated proteins and adjusted phosphorylated proteins, in 

the Noggin overexpression BT474 and HCC1419 cells. Adjusted 

phosphorylated proteins were the phosphorylated proteins normalised against 

the corresponding total protein levels. A false discovery rate (FDR) 5% was 

employed as a cut off value to shortlist candidate proteins.  

7.2.6 RNA-sequencing and proteomic datasets from the TCGA database 

    The RNA-sequencing dataset (TCGA) is a genetic profile to identify gene 

expression and genomic mutations (Yip and Papa 2021). Transcriptomic 

changes in breast cancer, that are associated with expression levels of 

Noggin, were also analysed in Luminal B (n=155) and HER2 (n=41) positive 

breast tumours in the TCGA cohort, respectively.  

7.2.7 Identification of cellular functions, transcription factors and signal 

pathways using Enrich r 

    Identified proteins were further analysed for their intracellular distribution 

(cellular components), molecular functions (biological processes), cellular 

functions, relevant transcription factors and signal pathways using Enrich r 

(https://maayanlab.cloud/Enrichr/). 

7.2.8 Statistical analysis 

    Differential expression analyses were conducted using two sample t-test. 

Volcano plots were subsequently plotted using GraphPad (GraphPad Prism 9, 
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IBM Ltd, MA, USA). Bar graphs of cellular components, biological process 

and cellular functions, transcription activities and signal pathways were 

carried out using Enrich r (https://maayanlab.cloud/Enrichr/enrich), KEGG 

(https://www.genome.jp/kegg/mapper) and Reactome (https://reactome.org). 

7.3 Results 

7.3.1 Noggin regulated proteins in BT474 cells 

 

To explore Noggin regulated proteins in BT474 breast cancer cells, total 

proteins and phosphorylated proteins were determined in the BT474NOGexp 

cells, in comparison with BT474 control cells, using Tandem Mass Tag 

Reagents (TMT) and mass spectrometry, which aimed to identify and quantify 

the proteins. There were 3,723 proteins being significantly up-regulated in the 

BT474NOGexp cells, in comparison with the control cells (P<0.05). Among them, 

there were 245 proteins presenting a change in folds above 1.5. The top 30 

up-regulated proteins, based on the rank of abundance, are listed in Table 

7.1, while the top 50 up-regulated proteins, according to the rank of change in 

folds and abundance, are provided in the supplementary Table 7.1. Apart 

from these up-regulated proteins, there were 4,498 significantly down-

regulated proteins in total in the BT474NOGexp cells, compared with the control 

group. Only 17 down-regulated proteins, with change in folds less than 0.5 

(ratio cutoff = 0.5) were seen, with a consideration of their abundancy (Table 

7.2). Furthermore, regarding cellular localization of the top 30 up-regulated 

proteins, most of the proteins, such as MACROH2A1(MacroH2A.1 Histone), 

MACROH2A2 (MacroH2A.2 Histone), TOP2A (DNA Topoisomerase II Alpha), 

BANF1 (BAF Nuclear Assembly Factor 1) and HMGB1 (High Mobility Group 

Box 1) were related to chromosomes, including the X chromosome, Sex 

chromosome, nuclear chromosome and condensed chromosome. Moreover, 

AHSG (Alpha 2-HS Glycoprotein), PGAM1 (Phosphoglycerate Mutase 1), 

HMGB1 and ALDOA (Aldolase, Fructose-Bisphosphate A) are located in 

cytoplasmic vesicle lumen. Regarding the relevant biological processes, the 

most significant activity was the positive regulation of keratinocyte 

differentiation induced by MACROH2A1 and MACROH2A2. Furthermore, 

https://maayanlab.cloud/Enrichr/enrich
https://www.genome.jp/kegg/mapper
https://reactome.org/
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MACROH2A1 has multiple functions in protein binding and DNA binding 

(rDNA, nucleosomal) (Supplementary Figure 7.1). On the other hand, the 

down-regulated proteins, for example, MRPL43 (Mitochondrial Ribosomal 

Protein L43) and HMGCS2 (3-Hydroxy-3-Methylglutaryl-CoA Synthase 2) 

mainly influenced the mitochondrial ribosome and matrix. MUCL1 (Mucin Like 

1), SDF4 (Stromal Cell Derived Factor 4), SYS1 (SYS1 Golgi Trafficking 

Protein) and YIPF5 (Yip1 Domain Family Member 5) are located in Golgi 

lumen, whilst S100P (S100 Calcium Binding Protein P) and SERPINI1 (Serpin 

Family I Member 1) are in cytoplasmic vesicle lumen. YIPF5 regulates ER 

transportation and insulin processing negatively (De Franco et al. 2020). 

SERPINI1 is a serine-type endopeptidase inhibitor (Yang et al. 2022)( 

Supplementary Figure 7.2). Noggin regulated total proteins are mainly 

localized at Nucleus, Mitochondrion and Golgi which are mainly involved in 

DNA binding and metabolic processes (Supplementary Figure 7.5). 
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Table 7.1 Top 30 up-regulated proteins in BT474NOGexp cells 

Protein Control Noggin AC FC p value 

PGK1 16658.63 30354.27 13695.63 1.822134 0.000172 

GAPDH 23281.87 35230.6 11948.73 1.513221 2.17E-06 

ALB 11719.47 22346.3 10626.83 1.906768 1.61E-05 

ENO1 15302.37 25391.8 10089.43 1.659338 4.87E-06 

LDHA 7287.467 16301.97 9014.5 2.236987 2.83E-05 

TOP2B 10624.1 18426.17 7802.067 1.734374 2.24E-05 

ALDOA 13563.47 20843.43 7279.967 1.536733 0.000124 

HNRNPC 13403.57 20108.2 6704.633 1.500213 2.77E-06 

HMGB1 11570.37 17388.2 5817.833 1.502822 0.002096 

HSPB1 6312.2 11915.87 5603.667 1.887752 8.93E-06 

H4C1 975.6 6374.233 5398.633 6.533655 0.000306 

MYH14 7025.633 11688.53 4662.9 1.663698 4.48E-07 

MACROH2A1 579.5 4540.933 3961.433 7.835951 0.000743 

ANXA3 3284.1 6897.067 3612.967 2.100139 3.22E-05 

PFKP 4873.233 8214.467 3341.233 1.68563 1.71E-06 

H3-2 874.0333 4156.8 3282.767 4.755883 0.000611 

H2AC20 945.0333 3938.033 2993 4.167084 2.63E-07 

H2AX 1030.967 3821.733 2790.767 3.706942 8.24E-05 

CBX5 2728.167 5307.433 2579.267 1.945421 1.78E-06 

PGAM1 4785.167 7317.733 2532.567 1.529254 6E-06 

HSP90Af 1596.133 4031.333 2435.2 2.525687 0.009524 

TOP2A 3920.933 6331.133 2410.2 1.614701 0.000604 

AHSG 3076.067 5486.033 2409.967 1.783457 4.98E-06 

NDRG1 1318.867 3627.733 2308.867 2.750644 9.69E-06 

PPME1 3872.633 6075.533 2202.9 1.568838 1.45E-06 

H3-3A/B 698.2333 2710.6 2012.367 3.882083 5.58E-05 

MACROH2A2 346.5 2316.1 1969.6 6.684271 0.000299 

H2BU1 361.2333 2277.3 1916.067 6.304235 2.83E-05 

S100A6 2906.233 4803 1896.767 1.652655 4.08E-05 

BANF1 2525.833 4153.033 1627.2 1.644223 2.33E-05 
Table shows the top 30 up-regulated proteins in BT474NOGexp cells derived from 
proteomics analysis. AC: absolute change; FC: fold change.   

  



178 

 

Table 7.2 Top 17 down-regulated proteins in BT474NOGexp cells 

Protein Control Noggin AC FC p value 

HMGCS2 8062.733 2657.4 -5405.33 0.32959 3.71E-06 

SDF4 2865.2 1364.433 -1500.77 0.476209 0.000446 

LYPD3 1679.133 633.0667 -1046.07 0.37702 2.81E-05 

SERPINI1 1411.467 502.1333 -909.333 0.355753 1.2E-06 

S100P 888.1 391.3 -496.8 0.440604 2.3E-05 

CRYM 951.1333 460.6667 -490.467 0.484334 1.64E-05 

CSN1S1 651.7667 312.2333 -339.533 0.479057 0.003273 

ZNF93 335 133.6333 -201.367 0.398905 0.003815 

SOAT1 340.4667 168.2 -172.267 0.494028 0.007637 

DPP8 302.6667 131.4 -171.267 0.434141 0.005759 

SYS1 247.2 119.4333 -127.767 0.483145 0.001867 

SNX29 175.0333 74.43333 -100.6 0.425252 0.001345 

MRPL43 187.2667 88.23333 -99.0333 0.471164 0.022456 

YIPF5 174.1 80.36667 -93.7333 0.461612 0.001685 

MUCL1 129.1 55.23333 -73.8667 0.427834 0.013554 

TMEM238 77.03333 27.63333 -49.4 0.358719 0.004136 

NOGOC 77.4 32.06667 -45.3333 0.414298 0.002267 

Table shows the top 17 down-regulated proteins in BT474NOGexp cells derived from 
proteomics analysis. AC: absolute change; FC: fold change.    
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7.3.2 Noggin regulated proteins with corresponding alterations of 

transcripts in Luminal B breast cancer 

    A bioinformatics approach was used to identify significantly altered genes in 

Luminal B breast cancer tumours, which exhibited higher expression of 

Noggin in the TCGA-RNA sequencing dataset. To investigate the Noggin 

regulated proteins with matched transcriptional changes in breast cancer, 

both up and down-regulated genes were analysed in the Luminal B breast 

cancers with higher expression of Noggin. Median of Noggin expression value 

was applied as a cut off value for the analysis. There were 897 significantly 

increased genes in those tumours with high Noggin expression with a change 

in fold greater than 1.5. The top 16 up-regulated genes were ranked 

according to their abundance (Supplementary Table 7.2). In the up-regulated 

candidate genes, TUBB6 (Tubulin Beta 6 Class V), ANXA1 (Annexin A1), 

TUBB3 (Tubulin Beta 3 Class III), ACTN1 (Actinin Alpha 1) and PLS3 (Plastin 

3) are in the polymeric cytoskeleton fibres. ANXA1, ACTN1 and PLS3 are 

located in actin filaments, whilst TUBB6 and TUBB3 are in the mitotic spindle. 

In addition to ACTN1 and PLS3, DPYSL3 (Dihydropyrimidinase Like 3) is also 

involved in organisation of actin filaments. Noggin itself and S100A4 (S100 

Calcium Binding Protein A4), both participate in EMT and mesenchymal cell 

differentiation. ANXA1, ANXA3 (Annexin A3) and S100A6 (S100 Calcium 

Binding Protein A6) function in calcium ion binding (Supplementary Figure 

7.3). On the other hand, the top 20 down-regulated genes were also 

shortlisted, as seen in the Supplementary Table 7.3. The Enrich r analysis 

revealed the distribution/location of the candidate genes in cells. For instance, 

CDH1 (Cadherin 1) is located in the Flotillin complex. CDH1 and AP2B1 

(Adaptor Related Protein Complex 2 Subunit Beta 1) are located on the 

cytoplasmic side of the plasma membrane. ARL6IP1 (ADP Ribosylation 

Factor Like GTPase 6 Interacting Protein 1), RPN2 (Ribophorin II), DHCR24 

(24-Dehydrocholesterol Reductase) and TMBIM6 (Transmembrane BAX 

Inhibitor Motif Containing 6) are presented in the endoplasmic reticulum 

membrane. In terms of the molecular and cellular functions of those candidate 

genes, ARL6IP1, ERBB3 (Erb-B2 Receptor Tyrosine Kinase 3), DHCR24 (24-

Dehydrocholesterol Reductase) and TMBIM6 (Transmembrane BAX Inhibitor 



180 

 

Motif Containing 6) are involved in a negative regulation of cell death. FOXA1 

(Forkhead Box A1), ARL6IP1, ERBB3, DHCR24 and TMBIM6 can regulate 

cell apoptosis. RPN2 takes part in Oligosaccharyl transferase activity, whilst 

GANAB (Glucosidase II Alpha Subunit) participates in Glucosidase activity. 

CDH1 (Cadherin 1) is mainly involved in Ankyrin binding (Supplementary 

Figure 7.4). Furthermore, up/down-regulated proteins, with a corresponding 

alteration at transcript levels seen in the Luminal B tumours, were shortlisted 

as candidate responsive genes in the Noggin overexpression BT474 cells, 

which are shown in the overlapping part in Figure 7.2. There were 15 up-

regulated proteins with corresponding changes of transcripts identified as 

responsive genes, whilst 23 down-regulated proteins were shortlisted 

responsive genes (Figure 7.2). Enrich r analyses showed that the up-

regulated responsive molecules are located in intermediate filament, 

microtube, membrane and nucleus whilst the down-regulated molecules are 

mainly located at endoplasmic reticulum (Supplementary Figure 7.5). In term 

of the molecular and cellular functions, the up-regulated responsive molecules 

were involved in ion binding and transportation, organisation of cytoskeleton, 

EMT and phagocytosis, while the down regulated responsive molecules are 

inhibitors of endopeptidase and apoptosis. 
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Figure 7.2 Up and down regulated proteins in Luminal B breast tumours and cancer 
cells. (A) volcano plots were shown the total protein from mass spectrometry of 
proteomics analysis in BT474NOGexp protein samples (up-regulated n=87, LogFC>1; 
down-regulated n=23, LogFC<-1). (B) up/down regulated genes in Luminal b tumours 
with higher expression of Noggin were analysed in the TCGA_RNA sequencing 
dataset. There were 21 up-regulated gene with a change (LogFC) greater than 0.5 
whilst 8 down-regulated genes were identified with a change (LogFC) less than -0.5. 
Red line above in volcano plots represents P<0.05. (C) overlapping molecules at 
both protein and transcriptional levels. Red labelling: up-regulation of overlapping 

genes; black labelling: down-regulation of overlapping genes in the central boxes.  
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7.3.3 Protein phosphorylation in BT474NOGexp cells 

In addition to the change of protein level, phosphorylation of proteins was 

also analysed (Figure 7.3). In the BT474NOGexp breast cancer cell line, there 

were 1,592 significantly increased, non-adjusted phosphorylated proteins. 

There were 73 non-adjusted phosphorylated proteins that had a change in 

fold great than 1.2. The top 30 according to their abundancy are listed in 

Supplementary Table 7.4. There were 1,174 decreased non-adjusted proteins 

identified in BT474NOGexp cells (P<0.05). Within those candidate proteins, there 

were 63 proteins showing a change in fold below 0.8. The top 30 down-

regulated proteins regarding their rank of abundance are presented in 

Supplementary Table 7.5. Additionally, 778 adjusted-phosphorylated proteins 

with up-regulation (P<0.05) were also detected in BT474NOGexp samples, after 

normalisation against the corresponding total protein levels. Among those 

adjusted phosphorylated proteins, there were 187 phosphorylated proteins 

presenting a change in folds above 1.2. The top 30 up-regulated proteins 

based on the rank of abundance are listed in the Supplementary Table 7.6. 

Furthermore, in 1,460 down-regulated proteins, with adjusted 

phosphorylation, there were 82 decreased phosphorylated proteins presenting 

a ratio (NOG vs control) less than 1. The top 30 among the 82 down-regulated 

adjusted-phosphorylated proteins are listed in Supplementary Table 7.7.  

According to the Enrich r analyses, among the up-regulated proteins with 

non-adjusted phosphorylation, TOP2A (DNA Topoisomerase II Alpha) and 

TOP2B (DNA Topoisomerase II Beta) are involved in the DNA intermediate 

activity and conformation change. H2AX (H2A.X Variant Histone), RSF1 

(Remodelling and spacing factor 1) and MACROH2A1 play important roles in 

nucleosome assembly and organization. Furthermore, TOP2A and HSPB1 

(Heat Shock Protein Family B (Small) Member 1) take part in protein kinase 

bindings (Supplementary Figure 7.6). Regarding the proteins with down-

regulated phosphorylation (non-adjusted), ERBB2 (Erb-B2 Receptor Tyrosine 

Kinase 2) is a key receptor in the ERBB2-EGFR signalling. PKP2 

(Plakophilin2, also known as ARVD9) has multiple functions in cadherin 

binding and cell adhesion. TERF2 (Telomeric repeat binding factor 2) is 

crucial in DNA binding and telomerase activity (Supplementary Figure 7.7). 
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For the proteins with adjusted phosphorylation, increased ZFP36L1 (ZFP36 

ring finger protein like 1) is involved in the P38 pathway, tRNA transcription 

and cell apoptotic process. ING5 (Inhibitor of growth family member 5) and 

PHF8 (PHD finger protein 8) are involved in methylation protein binding 

(Supplementary Figure 7.8 and 7.9).   

 

 

 

Figure 7.3 Protein phosphorylation in BT474NOGexp breast cancer cells. Volcano plots 
show the unadjusted phosphorylated proteins from the proteomics analysis in 
BT474NOGexp protein samples (up-regulated n=87, LogFC>1; down-regulated n=82, 
LogFC P<-1) (A) and adjusted phosphorylated proteins (up-regulated n=79, 
LogFC>1; down-regulated n=51, LogFC P<-1) (B). Red lines in the volcano plots 
indicate P=<0.05. 
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7.3.4 Altered signalling in BT474NOGexp cells 

7.3.4.1 Noggin coordinated pathways 

The top 10 significantly up-regulated pathways with phosphorylation were 

identified using Enrich r, KEGG and Reactome, including the intracellular 

trafficking proteins involved in CMT neuropathy, P38-MAPK signalling 

pathway, ATM signalling, pathway of nucleic acid metabolism, innate immune 

sensing and Hippo-Yap signalling (Supplementary Figure 7.10). Down-

regulated phosphorylated pathways were investigated in Enrich r (which are 

listed in Supplementary Figure 7.11), such as mammary gland development 

pathway, Hematopoietic stem cell gene regulation by GABP alpha/beta 

complex, Regulation of apoptosis. Deregulated pathways were dissected by 

analysing the phosphorylated proteins, including both up-regulated and down-

regulated, with consideration of both unadjusted and adjusted 

phosphorylation, using Enrich r (KEGG pathways) (Figure 7.4). In Chapter 6, 

it was shown that Noggin promotes cell proliferation in Luminal B breast 

cancer cells. Therefore, P38-MAPK signalling pathway is likely involved in 

Noggin promoted cell proliferation in the BT474NOGexp cell line. For protein 

phosphorylation, the TGF-ɓ signalling pathway may play an important role as 

well. In its role as an antagonist of BMP, the interaction among Noggin, 

related BMPs, BMP receptors, Smad-dependent and Smad-independent 

/P38-MAPK pathways (which is also a downstream pathway of HER2), were 

more likely involved in Noggin regulated cellular functions (Figure 7.4). 

 

  



185 

 

 

 

Figure 7.4 Noggin regulated pathways in Luminal B breast cancer. Up-regulation of 
unadjusted phosphorylated proteins activated through P38-MAPK and Hippo/Yap 
pathways. Down regulation of unadjusted phosphorylated proteins induced by the 
NF-əB and ERBB2 signalling pathways. Adjusted protein phosphorylation was 
regulated by the TGF-ɓ signalling pathway. Figure was created using Medical Art 
(https://smart.servier.com).   

 

 

 

  

https://smart.servier.com/
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7.3.4.2 Noggin coordinated pathways and responsive genes 

    Transcriptional factors (TF) were identified for Noggin responsive genes in 

BT474 cells. Candidate pathways were further explored using Enrich r 

pathways. Top up-regulated transcriptional factors were analysed, such as 

RARG (Retinoic acid receptor gamma), ATF3 (Activating transcription factor 

3) and FOSL1 (FOS like 1, AP-1 transcription factor subunit). Interestingly, 

based on previous results of cellular function tests, Noggin facilitated 

proliferation was possibly mediated by TGF-ɓ signalling pathway with TFs 

(EP300- E1A binding protein p300, TP53-Tumour protein p53 and ATF3) and 

Wnt signalling with TFs (FOSL1, EP300 and TP53) (Figure 7.5).  

 

 

  

Figure 7.5 Candidate pathways mediate Noggin-regulated responsive genes in 
BT474 cells.   
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7.3.5 Noggin regulated proteins in HCC1419 cells 

    HCC1419, the other breast cancer cell line with HER2 expression, was also 

investigated using mass spectrometry. There were 2,385 significantly up-

regulated proteins in the HCC1419NOGexp cells compared with the control cells. 

Particularly, 186 proteins presented a change in folds over 1.5. The top 30 up-

regulated proteins, ranked by their abundancy, are listed in Supplementary 

Table 7.8. There were 2,134 down-regulated proteins in the HCC1419NOGexp 

cells in comparison with the control cells. Among the down-regulated proteins, 

17 proteins were selected as a change in fold against the control being less 

than 0.5 (Supplementary Table 7.9). Cellular ontology was also analysed for 

the up-regulated candidate proteins using Enrich r. DNAH8 (Dynein Axonemal 

Heavy Chain 8) is expressed in outer dynein arm in the cells, while 

LGALS3BP (Galectin 3 binding protein) is presented in the platelet dense 

granule or the platelet dense granule lumen. UXT (Ubiquitously Expressed 

Prefoldin Like Chaperone), SCIN (Scinderin), MYO1C (Myosin IC), DDX60 

(DExD/H-box helicase 60) and ALOX15B (Arachidonate 15-Lipoxygenase 

Type B) are associated with the cytoskeleton. DNAH7 (Dynein Axonemal 

Heavy Chain 7) and DNAH8 (Dynein Axonemal Heavy Chain 8) are involved 

in cilium-dependent cell motility. SCIN, MYO1C, HMGA1 (High Mobility Group 

AT-Hook 1), ALOX15B (Arachidonate 15-Lipoxygenase Type B) and DHRS2 

(Dehydrogenase/Reductase 2) are involved in the regulation of cell 

proliferation. Regarding the molecular functions, HMGA1 has multiple 

functions in peroxisome proliferator activated receptor binding, Adenine-

Thymine-Rich DNA binding and nuclear retinoid X receptor binding 

(Supplementary Figure 7.13). On the other hand, the down-regulated proteins 

which include FANCD2 (FA Complementation Group D2), TOPBP1 (DNA 

Topoisomerase II Binding Protein 1) and PUM3 (Pumilio RNA Binding Family 

Member 3) are present in chromosomes. RNF7 (Ring finger protein 7) is in 

ubiquitin ligase complex. CHID1 (Chitinase Domain Containing 1) and VPS54 

(Subunit of GARP complex) are in Golgi bodies. CDH10 (Cadherin 10) is a 

member of the catenin complex. PUM3 regulates protein ADP ribosylation. 

TOPBP1 participates in homologous recombination and mitotic DNA 

replication. Furthermore, TSEN34 (TRNA Splicing Endonuclease Subunit 34) 
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is active in RNA endonuclease activity. RNF7 regulates NEDD8 transferase 

activity. DNAJC14 (DnaJ Heat Shock Protein Family (Hsp40) Member C14) 

mainly impacts on Dopamine receptor binding. PSCA (Prostate Stem Cell 

Antigen) is involved in acetylcholine receptor binding. TSEN34 regulates 

tRNA-specific ribonuclease activity (Supplementary Figure 7.14). In summary, 

these up and down regulated proteins play important roles in diverse 

biological processes and molecular functions, according to the ontology 

analysis, in which the regulation of proliferation and apoptosis appeared to be 

more interesting (Supplementary Figure 7.15).   
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7.3.6 Noggin regulated proteins with corresponding alterations of 

transcripts in HER2 positive breast cancer 

    To better understand Noggin regulated proteins at both transcriptional and 

protein levels, an analysis of differentially expressed genes was conducted in 

HER2 positive breast cancer, using the TCGA-RNA sequencing dataset. 

There were 2,383 increased genes in the tumours with higher expression of 

Noggin. The top 10 significantly up-regulated genes with a change in folds 

above 1, are listed in Supplementary Table 7.10. Conversely, there were 

2,134 decreased genes in the tumours with high expression of Noggin. The 

top 10 significantly down-regulated genes, with a change in folds less than 1 

are listed in Supplementary Table 7.11. In the up-regulated genes, PGM2 

(Phosphoglucomutase 2) and VCL (Vinculin) are found in the cytoplasmic 

vesicle lumen and Ficolin-1-rich granule. SVIL (Supervillin) and VCL are seen 

in focal adhesion and cell-substrate adhesion. YAP1 (Yes1 Associated 

Transcriptional Regulator), together with LIMK2 (LIM Domain Kinase 2), 

regulates protein transportation to the nucleus and cilium assembly, while 

YAP1 and NOG can regulate differentiation of osteoblasts. Regarding cellular 

functions, MYH10 (Myosin Heavy Chain 10) takes part in actin binding, RNA 

stem-loop binding and ADP binding (Supplementary Figure 7.16). 

Furthermore, transcriptional factors were also analysed for the candidate 

responsive genes using Enrich r. ESR1, EP300, DACH1 (Dachshund family 

transcription factor 1), ZFP281 (Zinc finger protein 281) and AR are more 

frequently seen in the regulation of the upregulated responsive genes. 

Regarding the down-regulated candidate responsive genes, CHCHD3 

(Coiled-Coil-Helix-Coiled-Coil-Helix Domain Containing 3) is localized in 

MICOS (also known as IMMT, inner membrane mitochondrial protein), MIB 

(E3 ubiquitin protein ligase 1) complex and Mitochondrial membrane. BAZ1B 

(Bromodomain adjacent to zinc finger domain 1B) is present in 

heterochromatin. ATP6AP1 (ATPase H+ Transporting Accessory Protein 1) 

and ARRB1 (Arrestin Beta 1) are found in cytoplasmic vesicle membranes, 

with ARRB1 involved in G protein-coupled receptor internalization and 

signalling. CHCHD3 activates in cristae formation, with PDCL3 (Phosducin 

Like 3) and ARRB1 regulating protein phosphorylation. PDCL3 engages in 
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VEGFR (vascular endothelial growth factor receptor) binding. NFS1 (NFS1 

Cysteine Desulfurase) can influence sulfurtransferase activity. Both PREB 

and ARRB1 effect GTPase regulator activity. RAD9A (RAD9 Checkpoint 

Clamp Component A) is involved in exonuclease activity, SH3 domain binding 

and histone deacetylase binding (Supplementary Figure 7.17). Additionally, 

Noggin regulated genes, such as SMARCA1 (SWI/SNF Related, Matrix 

Associated, Actin Dependent Regulator of Chromatin, Subfamily A, Member 

1) and VCL, with corresponding transcript activity, are summarised in Figure 

7.6, Noggin is involved in regulation of key molecular functions, biological 

processes and localization of organelles, which were different from molecule 

to molecule at transcriptional level in HER2 positive breast tumours 

(Supplementary Figure 7.18).   
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Figure 7.6 Candidate responsive genes of Noggin in HCC1419 cells. (A) The 
volcano plot shows both up and down regulated proteins in HCC1419NOGexp protein 
samples (up-regulated n=78, LogFC>1; down-regulated n=27, LogFC<-1) according 
to proteomic analysis. (B) Differentially expressed genes in HER2 positive breast 
cancers with higher expression of Noggin were analysed using the TCGA-RNA 
sequencing data. There were 7 up-regulated genes with a change in folds (LogFC) 
great than 1 and 3 down-regulated genes with a change in folds (LogFC) greater 
than -1. Red lines in the volcano plots represent p=0.05. (C) Proteins with 
corresponding changes in transcripts were short listed as candidate responsive 
genes to Noggin in the HCC1419 cells. Up-regulated candidate genes are in red 
whilst the downregulated candidate genes are in black.  
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7.3.7 Protein phosphorylation in HCC1419NOGexp cells 
 

Phosphorylated proteins were analysed in the HCC1419NOGexp cells, in 

comparison with the control cells. There were 1,304 proteins with significantly 

up-regulated unadjusted phosphorylation, 62 of which had a change in folds 

above 1.2. The top 30 proteins with unadjusted increase of phosphorylation 

are listed in Supplementary Table 7.12. Conversely, 846 proteins presented a 

decrease in the unadjusted phosphorylation in the HCC1419NOGexp cells. The 

top 30 proteins with unadjusted decreases of phosphorylation are listed in 

Supplementary Table 7.13. Similarly, proteins with adjusted phosphorylation 

against the corresponding total proteins were also analysed. There were 740 

proteins that exhibited an increase of adjusted phosphorylation, of which 144 

proteins presented a change in folds over 1.5. The top 30 proteins with 

increased phosphorylation (adjusted) are shown in Supplementary Table 

7.14. On the other hand, there were 1,056 proteins that had a significant 

reduction in the adjusted phosphorylation in the HCC1419NOGexp cells. The top 

30 proteins with a down-regulation of adjusted phosphorylation are listed in 

Supplementary Table 7.15. An overview of the proteins with unadjusted and 

adjusted phosphorylation in HCC1419NOGexp cells is also illustrated using 

volcano plots, respectively (Figure 7.7).  

 

 

Figure 7.7 Phosphorylated proteins in HCC1419NOGexp breast cancer cells. 
Unadjusted phosphorylated proteins (A) and adjusted phosphorylated proteins (B) 
were analysed and presented as volcano plots, respectively. Proteins with a change 
in folds (LogFC) greater than 1 or -1 were highlighted in the boxes, respectively. Red 
lines in volcano plots represent p=0.05.  
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7.3.8 Altered signalling in HCC1419NOGexp cells 

7.3.8.1 Noggin coordinated pathways 

    Increased top ranked pathways, with phosphorylation, were the PTF1A 

related regulatory pathway, the BMP2-Wnt4-FOXO1 pathway and the Notch 

pathway (Supplementary Figure 7.19). Decreased pathways were identified, 

such as the mTOR signalling pathway (Supplementary Figure 7.20). 

Pathways were dissected by analysing the phosphorylated proteins, including 

both upregulated and downregulated, with consideration to unadjusted and 

adjusted phosphorylation using Enrich r. In Chapter 6, it was suggested that 

Noggin promotes cell proliferation and invasiveness in the HCC1419 breast 

cancer cell line. Thus, Noggin regulated cell growth and invasion were likely 

mediated through the BMP2-Wnt4-FOXO1, Wnt/ɓ-catenin and 

RAC1/PAK1/P38/MMP2 pathways (Figure 7.8). 

 

Figure 7.8 Noggin regulated pathways in HER2 positive breast cancer. 
Phosphorylation of Noggin regulated cellular proliferation and invasion may be 
mediated through BMP-Wnt/ɓ-catenin signalling and the RAC1/PAK1/P38 signalling 
pathway. The figure was created by using Medical Art (https://smart.servier.com).           

https://smart.servier.com/
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7.3.8.2 Noggin coordinated pathways and the responsive genes 

Transcriptional factors were identified for the Noggin responsive genes in 

the HCC1419 cells. The transcriptional factors identified were ESR1, EP300, 

DACH1 (Dachshund family transcription factor 1), ZFP281, AR, NANOG, 

KDM2B (Lysine demethylase 2B), SOX2 (SRY-box transcription factor 2) and 

CNOT3 (CCR4-NOT transcription complex subunit 3). Candidate pathways 

were further explored using Enrich r pathways. The most relevant pathways 

included the BMP2-Wnt4-FOXO1 pathway, Wnt/ɓ-catenin signalling, the 

RAC1/PAK1/P38/MMP2 pathway, FGFR3 signalling, PI3K-Akt signalling and 

mTOR signalling (Figure 7.9).  

 

 
 
Figure 7.9 Noggin coordinated pathways in HER2 positive breast cancer.  
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7.4 Discussion 
 
    A scientific exploration of molecular and cellular mechanisms can lead to 

new perspectives and better understanding of human disorders (Lee and 

Young 2013). Proteins, as the most important products translated and 

expressed in live organisms, execute most biological functions. In addition to 

the diverse biological functions of different proteins, phosphorylation of a 

protein plays a vital role in regulation of structure, transportation, function and 

biological recycling of the protein, as well as signalling transduction. Protein 

phosphorylation is a post-translational modification of proteins at serine, 

threonine and tyrosine residues by protein kinases, through a covalently 

bound phosphate group. There are more than 290,000 phosphorylation of 

serine, tyrosine and threonine residues in the human proteome (Hornbeck et 

al. 2015). In this Chapter, Mass Spectrometry (MS) was used to determine the 

quantity of proteins and phosphorylated proteins. Therefore, proteomics 

analysis was conducted to further explore the molecular mechanisms 

underlying the involvement of Noggin, in HER2 expressing breast cancers, 

including both Luminal B and HER2 positive subtypes. Hopefully, this can 

provide a clue for future investigation to shed light on the subtype specific role 

of Noggin in breast cancer, with a focus on underlying molecular machinery.  

In Chapter 6, it was demonstrated that Noggin promoted proliferation of 

BT474, SKBR3 and HCC1419 cells, in which increased expression of 

promotive factors (MYC and CCND1) and downregulated inhibitory factors 

(P21 and P27) of cell proliferation were observed. In the present Chapter, 

BT474 and HCC1419 breast cancer cell lines, representing Luminal B and 

HER2 positive breast cancer, were employed for proteomic analysis of Noggin 

overexpression, resultant alterations in protein expression and activation.  

Phosphorylated proteins, including both adjusted and unadjusted, were 

analysed using Enrich r for their distribution, molecular and biological 

functions. More importantly, the leading phosphorylated proteins were further 

analysed for related signal pathways. In BT474NOGexp cells, leading pathways 

identified included P38-MAPK pathway, Hippo-Yap pathway, NF-kB pathway 

and ERBB2-PTK6 pathway, whilst Notch signalling pathway, BMP2-Wnt4-
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FOXO1 pathway, RAC1/PAK1/P38/MMP2 pathway, PI3K-Akt pathway and 

mTOR pathway were revealed as leading activated pathways in HCC1419 

cells with Noggin overexpression (Figure 7.10). Interestingly, the TGF-ɓ 

pathway, Wnt/ɓ-catenin pathway and P38 pathway are commonly activated in 

both BT474NOGexp and HCC1419NOGexp cell lines. This suggests that Noggin 

regulated cell growth is likely through an orchestrated signalling, in which 

these three pathways are involved. P38-MAPK has been identified as a 

crucial prognostic marker in breast cancer (Wang et al. 2016). The level of 

P38 is associated with worse survival in lymph node positive breast cancer 

(Esteva et al. 2004). Phosphorylation of P38-MAPK occurs at approximately 

20% in breast cancer (Esteva et al. 2004). It was found that phosphorylated 

P38-MAPK was significantly correlated to HER2 in HER2 positive breast 

cancer. This was also in line with the previous results, which increased 

expression of HER2 was revealed in BT474NOGexp and HCC1419NOGexp cells. 

Furthermore, both inhibition and knockdown of HER2 resulted in an 

upregulation of Noggin. Further studies need to validate how Noggin is 

involved in this mechanism. On the other hand, in the HCC1419NOGexp cell 

line, Noggin promoted proliferation and invasiveness may be influenced by 

the BMP2-Wnt4-FOXO1, Wnt/ɓ-catenin and RAC1/PAK1/P38/MMP2 

pathways. Wnt signalling is highly participated in cancer progression, 

especially in tumour growth and metastasis of breast cancer (Xu et al. 2020). 

So far, Wnt targeted therapy by using small Wnt inhibitors (such as LGK974) 

has been evaluated in clinical trials to treat breast cancer (Nusse and Clevers 

2017). Although the aforementioned pathways were identified, further 

investigation is yet to be carried out to fully establish their involvement in 

Noggin regulated cellular and molecular events, with corresponding 

implications in HER2 expressing breast cancer.  

    To date, the best evidence shows that the mechanisms are probably 

spotlighted on the P38-MAPK pathway and TGF-ɓ/Smad dependent and 

independent signalling pathways, in Luminal B breast cancer, whilst BMP2-

Wnt4-FOXO1, Wnt/ɓ-catenin and RAC1/PAK1/P38/MMP2 pathways are more 

likely involved in Noggin regulated cellular functions, in HER2 positive breast 

cancer. Future work will focus on validation of these proteins, using Western 
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blot, followed by a further evaluation of the identified key molecules/pathways, 

for the exact role in Noggin coordinated cellular functions and corresponding 

clinical implications. 

 

 

Figure 7.10 Similarity and individuality of Noggin regulated pathways in Luminal B 

and HER2 positive breast cancer cell lines. Overlapped areas in the boxes include 

the key molecules and pathways in both Luminal B and HER2 positive subtypes of 

breast cancer.  
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Chapter 8 

General discussion 
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    BMPs play diverse roles in breast cancer, which can be subtype specific. 

Aberrant expressions of BMPs and BMP receptors were shown in different 

subtypes of breast cancer. However, the involvement and oncological effects 

of BMP ligands and receptors are yet to be fully investigated (Liu et al. 

2023b). As an antagonist of BMP, Noggin may act as a prognostic or 

therapeutic biomarker in the disease progression of subtype specific breast 

cancer. This study aimed to investigate the functions and mechanisms of 

Noggin in different subtypes of breast cancer.  

8.1 Aberrant expression of Noggin and clinical outcomes in breast 

cancer 

From the bioinformatics analysis, the expression of Noggin was relatively 

lower in breast tumour tissues compared with adjacent normal tissues. A 

moderate staining of Noggin was revealed in the cytoplasm of epithelial cells 

in normal breast tissues, while a weaker staining was seen in breast tumour 

cells in the IHC staining. However, a higher expression of Noggin in breast 

cancers was associated with poor OS, DMFS and PPS. This suggests that 

Noggin is closely associated with clinical outcomes in breast cancer.  

    Relatively low Noggin expression was observed in HER2 positive breast 

cancers. High expression of Noggin is associated with worse OS in Luminal 

B, HER2 positive and TNBC subtypes breast cancer. It suggests that different 

roles may be played by Noggin in different subtype breast cancers. BMPR1B 

and ACVR2B were positively correlated with ER in Luminal A subtype. BMP4, 

GDF15 and ACVR1B were positively correlated with both ER and HER2 in 

Luminal B subtype. BMP2, BMP6 and GDF5 were highly expressed in the 

TNBC tumours. This indicates that together with the differential expression 

profile of BMP ligands/receptors in different subtypes of the disease, Noggin 

elicits its subtype specific impact on the breast cancer cells by interacting with 

ER, HER2 and EGFR.  

8.2 Noggin can be supressed by ER through the BMP-Smad signalling 

pathway in ER positive breast cancer 

    Oestrogen receptor is a crucial biomarker in breast cancer (Ferraro et al. 

2022). In the present study, an inverse correlation between Noggin and ErŬ 
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was revealed in breast cancer. The expression of Noggin was increased upon 

deprivation from oestrogen, which was further validated by adding 17-ɓ-

oestradiol. Furthermore, an increased level of phosphorylated Smad1/5/8 was 

seen in the MCF-7 and T-47D, being hungered from oestrogen which was 

prevented by adding 17-ɓ-oestradiol and the BMP receptor inhibitor (LDN-

193189), respectively. The oestrogen hunger induced Noggin expression was 

also decreased by adding 17-ɓ-oestradiol and LDN-193189. As an antagonist 

of BMP, Noggin can be stimulated by BMPs through the BMP-Smad signalling 

pathway (Merrild et al. 2016). A previous study reported that BMP7 actives 

Smad-dependent signalling in MCF-7 cells (Takahashi et al. 2008). 

Furthermore, BMP7 induced Noggin expression and activation of Smad1/5/8 

were diminished by 17-ɓ-oestradiol and LDN-193189. These results were 

consistent with previous findings, which suggests that oestrogen represses 

Noggin indirectly through prevention of Smad signalling in ER positive breast 

cancer cells. In the ER positive breast cancer cells, Noggin overexpression 

resulted in an increase of proliferation. More interestingly, a higher expression 

of Noggin was associated with poor OS in breast cancer patients who had 

endocrine therapy. The Noggin promoted cell proliferation of ER positive 

breast cancer cells was not eliminated by Tamoxifen at least within the clinical 

dosage. The Noggin overexpression in ER positive breast cancer cells were 

less responsive to the chemotherapy drugs, such as DTX and 5-FU. These 

results suggest that Noggin can promote proliferation of ER positive breast 

cancer cells and also confer a resistance to both endocrine therapy and 

chemotherapy. Noggin-related drug resistance and more effective therapeutic 

approaches warrant a promising field for further investigation.   

8.3 Noggin promotes invasion and migration through EGFR signalling in 

TNBC cells  

TNBC is the most aggressive subtype of breast tumour (Vagia et al. 2020). 

Noggin promoted invasion and migration of both MDA-MB-231 and MDA-MB-

468 cells with up-regulation of EMT (SNAIL) and MMP markers (MMP2, 

MMP11). BMPs can facilitate invasiveness by up-regulating EMT markers, 

such as SNAIL, SLUG and TWIST (Xu et al. 2009; Ma et al. 2021). 
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Furthermore, increased MMPs can also promote invasion and migration in 

breast cancer (Clement et al. 1999; Cui et al. 2017). In contrast to its 

promotive effect on invasion and migration, Noggin exhibited an inhibitory 

effect on proliferation of both MDA-MB-231 and MDA-MB-468 cells. 

Moreover, enhanced EGFR/ERK signalling was revealed in MDA-MB-468 

cells following the overexpression of Noggin. The Noggin promoted migration 

of MDA-MB-468 cells was prevented by EGFR inhibitor (gefitinib) and ERK 

inhibitor, respectively. A recent study from the host lab has shown that Noggin 

can also promote proliferation of gastric cancer cells through an upregulation 

of EGFR (Sun et al. 2020b). Taken together, this suggests that Noggin may 

serve as a marker or novel target for EGFR regulated therapies in both TNBC 

and gastric cancer.  

8.4 Noggin promotes cell proliferation and invasion through HER2 

signalling in HER2 positive breast cancer cells 

    The expression of Noggin was lower in Luminal B and HER2 positive 

breast cancer. In the HER2 positive breast cancer cells, Noggin was up-

regulated by knockdown of HER2 or using a small inhibitor of HER2 

(CP724714). It suggests that HER2 mediates a repression of Noggin in the 

HER2 positive breast cancer cells. Noggin promoted cell proliferation of 

BT474, SKBR3 and HCC1419 cell lines with an up-regulation MYC and 

CCND1. Furthermore, an increased HER2 was seen in BT474NOGexp, 

SKBR3NOGexp and HCC1419NOGexp cells suggesting a feedback regulatory 

mechanism may exist between Noggin and HER2 which is yet to be fully 

elucidated. Up-regulation of ERK protein was seen in SKBR3 whilst an 

enhanced activation of ERK was evident in BT474 with Noggin 

overexpression. This indicates that Noggin can upregulate HER2 expression 

and its downstream signalling pathways in HER2 expressing breast cancer 

cells although HER2 mediates a repression of Noggin. Noggin may serve as a 

prognostic marker in HER2 positive breast cancer. Active HER2 can form a 

heterodimer with HER3 which can enhance their oncogenic effect (Siegel et 

al. 1999; Kilroy et al. 2022). Noggin together with HER2 and other HER family 




