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Summary 

Emerging evidence showed a putative oncogenic role played by bone morphogenetic 

protein 8A (BMP8A) in breast cancer. The present study aims to dissect the role played 

by BMP8A in breast cancer. Initial analyses showed that BMP8A was increased in the 

tissues of primary breast cancer at both mRNA and protein levels. The elevated 

expression was associated with poorer survival of patients with luminal B tumours but 

tends to be a feasible marker for overall survival of patients with HER2 positive 

tumours suggesting a subtype specific involvement. BMP8A promoted invasion of 

luminal B cancer cells by upregulating MMPs and promoting EMT in which both Smad 

dependent and independent signalling are involved. Similarly, BMP8A also enhanced 

the invasiveness of HER2 positive breast cancer cells by promoting MMPs and EMT. 

However, BMP8A exhibited both inhibitory and promotive effects on proliferation of 

HCC1419 and SKBR3 cells, respectively. These altered cell behaviours may be 

coordinated by BMP8A through orchestrated signalling comprising Smad1/5/8, MAPK 

(ERK) and AKT pathways in HER2 positive tumours. Increased cell invasion together 

with upregulated MMPs and EMT by BMP8A were also seen in TNBC (triple negative 

breast cancer) cells, in which elevated expression of EGFR and activation of Smad3 

were observed. There was positive correlation between BMP8A and 

osteoblastic/osteolytic markers revealed in primary tumours of breast cancer. Together 

with the observed activation of RANKL/P38 signalling in the BMP8A overexpression 

MDA-MB-231 cells, it collectively suggests that BMP8A may be actively involved in 

the bone metastasis of breast cancer. In conclusion, BMP8A is upregulated in breast 

cancer which presents subtype specific correlation with patients’ survival. It promotes 

invasion of breast cancer through a promotion of MMPs and EMT in which both Smad 

dependent and independent signalling are involved. Further study will shed light on its 

therapeutic potential in the personalised disease management of different subtype breast 

cancer. 
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 1.1 Breast cancer 

Breast cancer is the leading malignant tumour in females that seriously threatens 

women's health. In recent years, the number of patients suffering from this disease has 

been increasing year by year and in 2020, it has surpassed lung cancer for the first time 

and becoming the most frequently diagnosed cancer globally in the entire population, 

males and females combined (Sung et al., 2021) 

1.1.1 Aetiology and risk factors 

The breast is composed of skin, fibrous tissue, breast glands and adipose tissue. 

Breast cancer is a common malignant tumour that occurs in the epithelial tissue of the 

breast (Aronson et al., 2000). Breast cancer seriously threatens women's health, 99% of 

breast cancers occur in women, while men account for only 1% (Rojas and Stuckey, 

2016). 

Breast cancer in situ is not fatal, however, due to the fact that breast cancer cells 

lose the characteristics of normal cells, the fibrous connections between cells are loose 

and prone to detach. The detached cancer cells can spread throughout the body within 

the blood or lymph circulation, forming metastases and endangering life. Breast cancer 

has become a common tumour threatening women's physical and mental health 

worldwide (Akram et al., 2017). 

The global morbidity of breast cancer has been rising since the late 1970s. 

Although the mortality has decreased by 35% since the early 1970s owing to the 

progress in early diagnosis and advanced therapy, it is estimated that 10% to 12.5% of 

females may be attacked by this disease during their lifetime and the incidence is 

estimated to increase by 2% in the United Kingdom by 2035 (Smittenaar et al., 2016). 

The aetiology and risk factors of breast cancer are not yet fully understood. 

Studies have found that there is a certain regularity in the incidence of breast cancer. 

Women with high risk factors for breast cancer are more likely to develop breast cancer. 

The so-called high-risk factors refer to various risk factors related to the onset of breast 

cancer, and the risk factors that most breast cancer patients have are called high-risk 

factors of breast cancer. Studies have shown that the age-specific incidence of breast 

cancer in women is relatively low in the age group of 0-24 years old. It gradually rises 

after the age of 25, reaches a peak among the 50-54 year-old group, and gradually 
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decreases after the age of 55 (Clavel-Chapelon and Gerber, 2002). Family history of 

breast cancer is another risk factor for breast cancer. The so-called family history refers 

to breast cancer cases in first-degree relatives (mother, daughter, sister). In recent years, 

it has been discovered that compact breast glands have become a risk factor for breast 

cancer (Brewer et al., 2017). Risk factors for breast cancer include early menarche (<12 

years old), late menopause (>55 years old); unmarried, no childbearing, late 

childbearing, no breastfeeding; not timely diagnosis and treatment of benign breast 

diseases; hospital biopsy (biopsy) confirmed to have breast atypical hyperplasia; breast 

received high-dose radiation, long-term use of exogenous oestrogen, postmenopausal 

obesity, long-term excessive drinking (well-reviewed by (Rojas and Stuckey, 2016)). 

Proven breast cancer susceptibility genes include BRCA-1, BRCA-2, as well as p53 

and PTEN (Paul and Paul, 2014). Breast cancers related to these gene mutations are 

called hereditary breast cancers, accounting for 5% to 10% of all breast cancers. 

1.1.2 Classification of Breast cancer 

According to the size and type of tumour, the degree of invasion in breast cancer 

tissue and whether the tumour has local or distant metastasis, breast cancer is classified 

into five stages from 0 to 4 (Heim et al., 1997). 

Stage 0: Breast cancer cells are confined to the border of the breast where the 

cancer occurs, and there is no infiltration of surrounding tissues. Ductal cell carcinoma 

in situ (DCIS) is a typical stage 0 (Bednarek et al., 1997). 

Stage I: Microscopic infiltration may occur at this stage. Stage I is divided into 

two categories: IA and IB. The tumours of category IA grow to 2 cm without lymph 

node metastasis. If a small amount of cancer cells larger than 0.2 mm are detected in 

the lymph nodes, the tumour belong to stage IB (Segal et al., 2001). 

            Stage II also includes two categories, IIA and IIB. Stage IIA tumours have 

metastasis to axillary lymph nodes or sentinel lymph nodes, but no tumours are found 

in the breast or tumours are less than 5 cm in diameter. Stage IIB tumours are larger 

than 5 cm in diameter and have no axillary lymph node metastasis (Moran et al., 2014). 

           Stage III is divided into three sub-categories, IIIA, IIIB and IIIC. Stage IIIA 

tumours have metastases in 4-9 axillary lymph nodes or sentinel lymph nodes, but no 

tumours are found in the breast. Breast cancer that causes breast skin swelling or ulcers 
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and spreads to 9 axillary lymph nodes or sentinel lymph nodes is classified as stage IIIB 

regardless of the size of the primary lesion. Inflammatory breast cancer manifests as 

red, swollen, and warm breast skin and also belongs to stage IIIB. Breast cancer that 

has spread to as many as 10 or more axillary lymph nodes, with involvement of the 

lymph nodes above and below the clavicle belongs to stage IIIC (Jacquillat et al., 1990). 

Stage IV is an advanced and metastatic stage of cancer. Breast cancer has 

metastasised to distant organs such as lung, bone, liver and brain (Neuman et al., 2010).  

 

Definition of Primary Tumour (T) – Clinical and Pathological 

T 

Category 

T Criteria 

TX Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

Tis 

(DCIS)* 

Ductal carcinoma in situ 

Tis 

(Paget) 

 

Paget disease of the nipple NOT associated with invasive carcinoma and/or carcinoma in 

situ (DCIS) in the underlying breast parenchyma. Carcinomas in the breast parenchyma 

associated with Paget disease are categorized based on the size and characteristics of the 

parenchymal disease, although the presence of Paget disease should still be noted. 

T1 Tumour ≤20 mm in greatest dimension 

T1mi Tumour ≤1 mm in greatest dimension 

T1a Tumour >1 mm but ≤5 mm in greatest dimension (round any measurement >1.0–1.9 mm 

to 2 mm). 

T1b Tumour >5 mm but ≤10 mm in greatest dimension 

T1c Tumour >10 mm but ≤20 mm in greatest dimension 

T2 Tumour >20 mm but ≤50 mm in greatest dimension 

T3 Tumour >50 mm in greatest dimension 

T4 Tumour of any size with direct extension to the chest wall and/or to the skin (ulceration or 

macroscopic nodules); invasion of the dermis alone does not qualify as T4 

T4a Extension to the chest wall; invasion or adherence to pectoralis muscle in the absence of 

invasion of chest wall structures does not qualify as T4 

T4b Ulceration and/or ipsilateral macroscopic satellite nodules and/or edema (including 

peaud’orange) of the skin that does not meet the criteria for inflammatory carcinoma 

T4c Both T4a and T4b are present 

T4d Inflammatory carcinoma (see section “Rules for Classification”) 

*Note: Lobular carcinoma in situ (LCIS) is a benign entity and is removed from TNM staging in the 

AJCC Cancer Staging Manual, 8th Edition. 
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Definition of regional Lymph nodes pathological (pN) 

 

 

 

Note: (sn) and (f) suffixes should be added to the N category to denote confirmation of metastasis by 

sentinel node biopsy or FNA/core needle biopsy respectively, with no further resection of nodes. 

  

 pN  

Category 

pN Criteria 

pNX Regional lymph nodes cannot be assessed  

(e.g., not removed for pathological study or previously removed) 

pN0 No regional lymph node metastasis identified or ITCs only 

pN0(i+) ITCs only (malignant cell clusters no larger than 

0.2 mm) in regional lymph node(s) 

pN0(mol+) Positive molecular findings by reverse transcriptase polymerase chain reaction (RT-

PCR); no ITCs detected 

pN1 Micrometastases; or metastases in 1–3 axillary lymph nodes; and/or clinically negative 

internal mammary nodes with micrometastases or macrometastases by sentinel lymph 

node biopsy 

pN1mi Micrometastases (approximately 200 cells, larger than 0.2 mm, but none larger than 

2.0 mm) 

pN1a Metastases in 1–3 axillary lymph nodes, at least one metastasis larger than 2.0 mm 

pN1b Metastases in ipsilateral internal mammary sentinel nodes, excluding ITCs 

pN1c pN1a and pN1b combined 

pN2 Metastases in 4–9 axillary lymph nodes; or positive ipsilateral internal mammary 

lymph nodes by imaging in the absence of axillary lymph node metastases 

pN2a Metastases in 4–9 axillary lymph nodes (at least one tumour deposit larger than 2.0 

mm) 

pN2b Metastases in clinically detected internal mammary lymph nodes with or without 

microscopic confirmation; with pathologically negative axillary nodes 

pN3 Metastases in 10 or more axillary lymph nodes; 

 or in infraclavicular (Level III axillary) lymph nodes; 

 or positive ipsilateral internal mammary lymph nodes by imaging in the presence of 

one or more positive Level I, II axillary lymph nodes; 

 or in more than three axillary lymph nodes and micrometastases or macrometastases 

by sentinel lymph node biopsy in clinically negative ipsilateral internal mammary 

lymph nodes; 

 or in ipsilateral supraclavicular lymph nodes 

pN3a Metastases in 10 or more axillary lymph nodes (at least one tumour deposit larger than 

2.0 mm); 

 or metastases to the infraclavicular (Level III axillary lymph) nodes 

pN3b pN1a or pN2a in the presence of cN2b (positive internal mammary nodes by imaging); 

 or pN2a in the presence of pN1b 

pN3c Metastases in ipsilateral supraclavicular lymph nodes 
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Definition of Distant Metastasis (M) 

M Category M Criteria 

M0 No clinical or radiographic evidence of distant metastases* 

cM0(i+) No clinical or radiographic evidence of distant metastases in the presence of 

tumour cells or deposits no larger than 0.2 mm detected microscopically or by 

molecular techniques in circulating blood, bone marrow, or other nonregional 

nodal tissue in a patient without symptoms or signs of metastases 

cM1 Distant metastases detected by clinical and radiographic means 

pM1 Any histologically proven metastases in distant organs; or if in non-regional 

nodes, metastases greater than 0.2 mm 

*Note that imaging studies are not required to assign the cM0 category 

 

 The TNM staging of breast cancer is cited from the 8th version of AJCC (American 

Joint committee on Cancer)(Chavez-MacGregor et al., 2017)  

 

Subtypes of breast cancer 

It has been found that clinical characters, response to treatment, and prognosis 

present significant difference in patients with the same histological classification and 

pathological stage. Research on molecular classification of breast cancer plays an 

essential role in guiding clinical treatment and predicting prognosis. The subtypes of 

breast cancer were firstly mentioned by Perou and his co-workers in Stanford 

University in the United State in 2000 (Perou et al., 2000), including: luminal subtype, 

basal-like subtype, human epidermal growth factor receptor 2 (HER-2) over-expression 

type and normal breast-like subtype. In 2003, Sorlie et al. divided the luminal type into 

A type and B type/C type (Sorlie et al., 2003). Since then, many researchers have 

performed other molecular classifications of breast cancer, but the classification 

method most widely used is the one proposed by Perou and Sorlie. 

The clinical significance of subtypes of breast cancer 

Luminal  A subtype:   Luminal A is the most common molecular subtype with 

incidence rates of 40% to 50% of breast cancers,  which is characterized by being 
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positive for oestrogen receptor (ER) or progesterone receptor (PR), negative for human 

epidermal growth factor receptor 2 (HER-2), and having low expression of Ki67 in 

immunohistochemical detection (Voduc et al., 2010). In addition to expressing 

hormone receptors and glandular epithelial cytokeratin CK8/18, luminal A subclass 

also expresses Fork head-box A1 (FOXA1) with a high expression to 84% (Badve et 

al., 2007). The expression of FOXA1 gene is positively correlated with the prognosis. 

The prognosis of luminal A subtype is the best in breast cancer. It occurs mostly in 

early stage and has a lower risk of recurrence. In terms of treatment, luminal A subtype 

is sensitive to endocrine therapy, with an effective rate of up to 40%, and the ER level 

is positively correlated with the sensitivity of endocrine therapy. 

HER-2 (+) subtype: This subtype is characterised by overexpression of HER-2, 

and negative for both ER and PR. HER-2 (+) subtype contains around 15% of breast 

cancer patients which often indicates a poor prognosis. Most are advanced cases, prone 

to axillary lymph node metastasis (Tsang and Tse, 2020). HER-2 (+) breast cancer is 

characterised by ERBB2 amplicon and an upregulation of TRAP100 (Thyroid 

Hormone Receptor-Associated Protein Complex 100), GRB7 (Growth Factor Receptor 

Bound Protein 7) and other genes that are located on same locus of chromosome 17, 

whilst RRM2 (Ribonucleotide Reductase Regulatory Subunit M2) and SHPRH (SNF2 

Histone Linker PHD RING Helicase) are down-regulated (Birnbaum et al., 2004, 

Provenzano et al., 2018). Due to ER and PR negativity, endocrine therapy is largely 

ineffective. In terms of postoperative adjuvant chemotherapy, they are more sensitive 

to anthracycline-containing chemotherapy and have a dose-effect relationship (Harbeck 

et al., 2017).  

Luminal B subtype: In this subtype either ER or PR are positive, and HER-2 is 

also positive, being more common in elderly patients. Tumours of this subtype are also 

sensitive to endocrine therapy. However, owing to the elevated overexpression of HER-

2 and alternative resources of hormone in elderly, it is less effective for tamoxifen than 

luminal A, and has a better response to aromatase inhibitors (Ellis et al., 2001). As 

HER-2 is positive, some patients can be treated with molecular targeted therapy. 

Basal-like subtype: Study of this subtype has attracted more attention in recent 

years. Immunohistochemical tests for ER, PR, and HER-2 are all negative, but basal-

like subtype is not equivalent to triple-negative breast cancer. Studies have shown that 
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5% to 45% of basal-like breast cancer patients are positive for ER (Rakha et al., 2007b), 

14% of them are HER-2 positive (Rouzier et al., 2005), and triple-negative breast 

cancers accounts for 80% to 90% of basal-like breast cancer (Rakha et al., 2007a). The 

diagnostic criteria proposed by Nielsen et al. are ER, HER-2 negative, at least one 

positive among CK5/6, CK14 and CK17, with or without EGFR expression (Nielsen et 

al., 2004). CK5/6 is widely considered to be the most specific indicator for the diagnosis 

of basal-like breast cancer. The age of onset for basal-like subtype is between 47 and 

55 years old, which is lower than that of other subtypes. Basal-like subtype is 

characterised by myoepithelial cells originating from the outer layer of breast ductal 

epithelium, expressing basal cell cytokeratin (such as CK5/6, CK14, etc.) and vimentin. 

85% of patients present p53 gene mutations, and 60% of patients express EGFR 

(Savage et al., 2008). Basal-like subtype is prone to distant metastases and the prognosis 

is the worst in breast cancers (Harbeck and Gnant, 2017). Endocrine and anti-HER-2 

molecular targeted therapy is ineffective against this subtype of breast cancer. 

Chemotherapy is currently the only systemic treatment approach. 

In addition, there is another subtype in luminal breast cancer, named luminal C type, 

which is positive for ER, PR and HER-2, which is also called triple-positive breast 

cancer. At present, there are few related reports, because the hormone receptor and 

HER-2 are both positive, and endocrine and anti-HER-2 molecular targeted therapy can 

be accepted, but the prognosis is still very poor and is prone to axillary lymph node 

metastasis (Van Calster et al., 2009). 

1.1.3 Metastasis of breast cancer 

Breast cancer metastasis is a multi-step complex process which originates from 

the local infiltration to the surrounding tissues by the primary breast cancer cells. The 

tumour cells detach from the primary tumour, infiltrate the surrounding tissues and 

penetrate into the blood or lymph vessels (Hunter et al., 2008, Talmadge and Fidler, 

2010). Then they spread to distant organs through the blood or lymphatic circulation. 

Before settling down in the distant sites, disseminated breast cancer cells undergo cell 

cycle arrest and adhere to the capillary bed in the target organ. Once the number of the 

cell reach a certain amount, adapted cells grow rapidly and subsequently recruit new 

vasculature (Hunter KW et al.2008). Meanwhile, tumour cells must escape immune 

surveillance and apoptosis signals (Hunter KW et al.2008). After conquering these 
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barriers, the tumour cells will achieve successful colonisation (Talmadge and Fidler, 

2010). 

1.1.3.1 Invasion 

Invasion of breast cancer cells into surrounding tissues arises from alterations 

of intercellular adhesion and the adhesion between cells and the extracellular matrix 

(ECM). The role of the cadherin family is prominent in this process (Li and Feng, 2011). 

E-Cadherin is vital in mediating cell-to-cell adhesion, and the downregulation of E-

Cadherin leads to attenuated intracellular adhesion of breast cancer cells, leading to the 

detachment of cancer cells from the primary lesion (Wendt et al., 2011). Therefore, 

downregulated E-cadherin is closely correlated with advanced invasion and poor 

prognosis of breast cancer (Gould Rothberg and Bracken, 2006). N-Cadherin was 

closely associated with epithelial-mesenchymal transition (EMT) in breast cancer cells 

and proved to be another vital factor for tumour invasion (Kotb et al., 2011). High 

expression of N-cadherin increases the adhesion of tumour cells to stromal cells which 

facilitates tumour cells to colonise the matrix (Cavallaro and Christofori, 2004). EMT 

induces the production of proteases involved in ECM degradation to enhance the 

tumour invasion (Bonnomet et al., 2010). ECM degradation enhances tissue penetration, 

which is also an essential step in tumour invasion. The degradation of ECM is mainly 

accomplished by metalloprotease (MMP) and urokinase plasminogen activator (uPA) 

(Dano et al., 2005). In breast cancer patients, uPA levels are closely related to the risk 

of distant metastasis (Barajas-Castaneda et al., 2016). Inhibition of uPA by small 

interfering RNA (siRNA) can inhibit tumour invasion, and the expression of matrix 

metalloproteinases is suppressed simultaneously (Huang et al., 2010). MMP-mediated 

degradation of ECM proteins is a prerequisite for breast cancer cell infiltration (Kelly 

et al., 1998). Integrins are transmembrane receptors of ECM, which regulate tumour 

motility by modulating the activity of ECM degrading enzymes (Li and Feng, 2011).  

Increased expression of heparan sulphate proteoglycans (such as Glypican-1 and 

syndecan-1) has been observed in the advanced stages of breast cancer (Matsuda et al., 

2001). Heparan sulphate proteoglycan is the proteoglycan in ECM or cell surface, 

which helps to maintain the integrity of ECM and mediate the interaction between cell 

matrix adhesion and growth factor receptor (Arvatz et al., 2011). Heparinase (a type of 

β-glucosidase) can promote ECM degradation by decomposing heparan sulphate 
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proteoglycans (Gotte and Yip, 2006). Tumour cells can synthesize heparinase to 

degrade heparan sulphate to increase tumour cell invasiveness. Studies have confirmed 

that overexpression of heparinase in MCF7 cell-lines in vitro and in vivo promote cell 

proliferation and matrix invasion (Cohen et al., 2006). 

1.1.3.2 Migration and vitality 

The migration of tumour cells can be accomplished individually or in a 

coordinated manner. Moderately and highly differentiated breast lobular carcinoma 

cells prefer to coordinate migration whilst poorly differentiated tumours are inclined to 

undergo single cell migration due to the abnormal structure and function of intercellular 

adhesion proteins (McSherry et al., 2007). The co-migration of tumour cells requires a 

firm intracellular connection in case of being scattered. As a result, they usually 

aggregate as emboli after invasion in blood vessels (Fidler, 1973). EMT is a key process 

in the mesenchymal movement of a single migrating cell. During EMT, tumour cells 

lose their epithelial phenotype (E-cadherin expression) and express mesenchymal 

markers, such as N-cadherin, SNAI1, SLUG (SNAI2), TWIST, vimentin, fibronectin 

(Ye et al., 2011a). Breast tumour cells that undergo EMT are more aggressive. They 

can remodel their shapes to move through the degraded ECM with the least resistance 

(Mego et al., 2010). The transcriptional repressors of E-cadherin include E-box-binding 

homeobox 1 (ZEB1), zinc finger E-box-binding homeobox 2 (ZEB2), twist related 

protein (Twist), zinc Finger proteins, Snail and Slug, etc., which initiate EMT through 

TGF-β, Wnt, and phosphatidylinositol 3'kinase serine/threonine kinase (PI3K/AKT) 

pathway and indicate poor prognosis of breast cancer (Scully et al., 2012). 

Tumour stromal cells promote tumour cell migration. Most stromal cells in 

breast cancer are fibroblasts, commonly referred to as cancer-associated fibroblasts 

(CAF). Conditioned medium collected from CAF can promote breast cancer cell 

motility and invasion in vitro (Mego et al., 2010).  

1.1.3.3 Tumour microenvironment 

The tumour microenvironment is composed of fibroblasts, immune cells, blood 

vessels and ECM (Kalluri and Zeisberg, 2006, Folkman and Kalluri, 2004) and exerts 

crucial effect in tumour metastasis. The microenvironment of metastatic lesions is 

essential for the proliferation of disseminating tumour cells (DTCs)(Psaila et al., 2006). 

The interaction of breast cancer cells with the tumour microenvironment makes in situ 
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breast cancer progress to invasive cancer (Coghlin and Murray, 2010).  Macrophages 

in the tumour environment can interact with breast cancer cells and endothelial cells to 

form a niche to facilitate tumour colonisation, proliferation, and escape from immune 

surveillance (Gao and Mittal, 2009). In breast cancer bone metastasis, the interaction 

between tumour cells and matrix components will impact the proliferation of tumour 

cells, therefore, successful colonisation of breast cancer in bone depends largely on the 

bone microenvironment (Parker and Sukumar, 2003). Tumour cells themselves may 

affect the microenvironment of the secondary site before metastasis, establishing a "pre-

metastasis niche" (Psaila et al., 2006). Vascular endothelial growth factor receptor 1 

(VEGFR-1)-positive clusters of hematopoietic progenitor cells are observed in the pre-

metastatic lymph nodes of breast cancer patients before the tumour cells spread to the 

distant site (Psaila et al., 2006). 

Chemokines are involved in the colonisation of tumour cells to target organs. 

Chemokine receptor 4 (CXCR4) is highly expressed by breast cancer tissues, and its 

ligand, chemokine ligand 12 (CXCL12), is mainly in the lymph nodes. Organs with 

high CXCL12 expression are associated with some sites of metastatic breast cancer 

(Muller et al., 2001). The interaction of CXCR4-CXCL12 promotes the migration of 

breast cancer cells to the common site of breast cancer metastasis (Muller et al., 2001). 

Another important aspect of metastasis is neovascularisation, which provides 

nutrition and oxygen for metastases (de Castro Junior et al., 2006). Tumours grow faster 

than normal tissues and this easily leads to hypoxia in the lesions. The feedback of 

hypoxia stimulates tumour cells to produce more pro-angiogenic factors to promote the 

synthesis of blood vessels. For example, hypoxia-inducible factor-1 (HIF-1) triggers 

the production of an angiogenic protein vascular endothelial growth factor (VEGF) (de 

Castro Junior et al., 2006, Pugh and Ratcliffe, 2003). Through binding with specific 

VEGFRs, VEGF can enhance the proliferation of vascular endothelial cells and 

increased the permeability of micro-vessels to induce neovascularisation (Dvorak, 

2002). Tumour vasculature is different from the normal vessel both in structure and 

function. Abnormal blood vessels do not provide sufficient oxygen for the tumour, 

leading to a vicious cycle of tumour hypoxia (Jain, 2005). In breast cancer, the 

expression of VEGF indicates a poor prognosis and the tumour is prone to metastasis 

(Mareel et al., 2009). 
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1.1.3.4 Breast cancer and bone metastasis 

1.1.3.4.1 Molecular mechanism of bone metastasis 

Bone metastasis is one of the most serious complications, which often occurs in 

the advanced stage of solid tumours such as lung, breast, prostate, colorectal, thyroid, 

gynaecologic, and melanoma (Fornetti et al., 2018). The morbidity of bone metastasis 

is about 70% in aggressive breast cancer (Hernandez et al., 2018). As the advanced 

phase of breast cancer, bone metastasis is incurable and often leads to a debilitating 

disease with many other skeletal related events (SREs) including  pathological fracture 

caused by osteolysis, dysfunction of the limb and bone marrow aplasia (Coleman, 2006). 

Bone metastasis not only minimises the life quality but also decreases the overall 

survival of the patients. Mortality in patients with bone metastases was significantly 

higher, especially for bone metastasis complicated by SREs (Sathiakumar et al., 2012). 

Bone remodelling and the bone metastasis of breast cancer 

Normal bone metabolism is the process within dynamic balance of bone 

remodelling which is well orchestrated by osteoblasts, osteoclasts and osteocytes. Bone 

remodelling can regulate calcium homeostasis, repair bone damage to resist stress and 

maintain skeletal system function. Bone remodelling is a process in which osteoclasts 

and osteoblasts coordinate with each other. First, osteoclasts destroy the existing 

unhealthy bone, this process is called bone resorption, then the osteoblasts absorb 

matrix and minerals to rebuild bone, namely, reconstruction (Parfitt, 2002). Recent 

studies showed that osteocytes were the main producer of cytokine receptor activators 

for Nuclear factor-κB ligand (RANKL), which was the main promoter for bone 

remodelling (Xiong and O'Brien, 2012). RANKL is crucial in modulating the 

differentiation and activity of osteoclasts. In remodelling of cancellous bone , RANKL 

is mainly secreted by osteocytes, whilst hypertrophic chondrocytes are the main 

secretor of RANKL in the formation of endochondral bone (Xiong and O'Brien, 2012). 

Studies revealed that the bone cells and hypertrophic chondrocytes in the bone matrix 

could response to the signal of bone resorption and adjust the maturation and activity 

of osteoclasts (Xiong and O'Brien, 2012). Hormones, cytokines and growth factors 

influence the proliferation of osteoclasts and osteoblast progenitor cells by modulating 

the expression of RANKL in osteocytes. Parathyroid hormone (PTH) induced the 

generation of osteoclast by stimulating RANKL secretion in bone cells (Fu et al., 2006). 
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When osteocytes underwent apoptosis, increased production of RANKL could promote 

bone absorption (Tatsumi et al., 2007). Sex steroids inhibited maturation of osteoclasts, 

and reduced secretion of sex hormone enhanced the activity of osteoclasts, which may 

lead to apoptosis of bone cells to promote bone resorption (Xiong and O'Brien, 2012). 

In normal bone metabolism, these key components maintain a normal dynamic balance. 

Once the balance is destroyed, it may lead to osteolytic lesions, presenting lower bone 

density or osteoblastic lesions, with excessive bone deposition. After menopause, due 

to the rapid decline in oestrogen levels, osteoclasts are active and bone loss is 

accelerated. After breast cancer patients received chemotherapy or hormone adjuvant 

therapy, the risk of low bone density and osteoporosis has been found to be increased 

(Van Poznak and Sauter, 2005). When breast cancer cells spread to the bones, they will 

gradually adapt to the bone microenvironment, destroy the normal bone homeostasis, 

then, start a vicious cycle of bone metastasis under various mechanisms. 

The process of bone metastasis of breast cancer is a multi-steps cascade which 

contains four main steps: "(1) invasion, proliferation and dissociation of cancer cells 

from the primary lesion, (2) intravasation, migration in the circulation (3) extravasation 

of cancer cells (4) colonisation in the bone, disseminated tumour cells settle down in 

the bone niche, where normally hosts hematopoietic stem cells (HSCs), survival under 

dormancy, reactivation and ultimate outgrowth" (Roodman, 2004, Yoneda and Hiraga, 

2005). 

1.1.3.4.1.2 Predilection to metastasis to the bone 

Although it is lacking in understanding, characteristics of bone environment and 

properties of breast cancer cells certainly bear traits at levels of tissues, cells and genes 

for the predisposition of bone metastasis from breast cancer. The inorganic phase of 

bone is mainly composed of the mineral hydroxyapatite nanocrystals (HA). High HA 

induced the secretion of  pro-osteoclastic interleukin-8 (IL-8) by MDA-MB-231 cells 

to facilitate bone colonisation (Pathi et al., 2010). The extracellular bone matrix is 

enriched with type-I collagen, osteopontin (OPN), and bone sialoprotein (BSP). 

Elevated expression of OPN and BSP can facilitate tumour cell adhesion to collagen 

and increase metastatic propensity to bone (Kruger et al., 2014, Pecheur et al., 2002). 

The skeletal microenvironment is known to be a highly hypoxic environment and the 

pressure of oxygen (pO2) in mouse bone marrow is significantly lower than other 
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tissues or organs (Ferrer et al., 2020). Hypoxia is known to be involved in various steps 

of bone metastasis, including the premetastatic niches, dormancy and osteolytic vicious 

cycles (Hiraga et al., 2007, Cox et al., 2015). Bone marrow hypoxia can promote the 

expression of HIF-1 (Spencer et al., 2014), which subsequently induce the secretion of 

C-X-C motif chemokine 12 (CXCL12) (Devignes et al., 2018). Upon binding with Ca2+ 

and chemokine receptor 4 (CXCR-4), CXCL12 activate multiple signalling pathways 

such as PI3K/Akt, ERK/MAPK pathway to facilitate the colonisation of disseminated 

tumour cells in bone tissue (Wang et al., 2016). Hypoxia could also enhance the activity 

of osteoclasts and suppress the differentiation of osteoblasts (Hiraga et al., 2007). The 

bone environment contains a lot of alkaline minerals (hydroxyapatite) and the buffer 

system to maintain a normal pH value. In the early stage of bone metastasis, due to the 

hypoxia and excess secretion of H+ both inside and outside of the cell membrane, 

caused by a high glycolysis status in the tumour cells, the bone microenvironment is 

maintained in a state of acidosis. Among this process, vacuolar H+-ATPase (V-ATPase) 

performed actively for bone microenvironment acidosis, which was expressed in both 

tumour cells and osteoclasts (Avnet et al., 2017). Acidosis significantly enhanced the 

activity of osteoclasts with elevated secretion of cytokines, leading to  bone loss, such 

as activated T-cell nuclear factor 1 in activated osteoclasts (Yuan et al., 2016). Acidosis 

could also inhibit the biological functions of osteoblasts, leading to impaired trabecular 

bone formation and promoted the expression of osteoclast RANKL (Arnett, 2010). In 

addition, the acidosis environment activated NF-κB signal transduction pathway in 

mesenchymal stromal cell can promote the secretion of inflammatory factors, 

chemokines and growth factors, such as IL-1, IL-6 and CXCL2, which can 

subsequently induce tumour-induced nociception and hyperalgesia to facilitate invasion 

and immune escape (Avnet et al., 2017). 

Trabecular of cancellous bone is fenestrated which contains rich blood vessels 

with slow blood flow and is suitable for breast cancer cells to colonise after successfully 

spreading through blood circulation (Theriault and Theriault, 2012).  

Various kinds of tumour cells including ovarian, gastric and colorectal cancers 

can be detected in the bone marrow (Juhl et al., 1994, Banys et al., 2009, Dardaei et al., 

2011), which indicates that the bone metastasis of breast cancer at the initial stage is 

passive.  However, only a few kinds of cancer cells including breast cancer cells can 

form overt metastatic bone lesions (Coleman, 2006), which indicates that passive 
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dissemination of breast tumour cells to the bone marrow is an early step in forming 

bone metastasis, but it is not the critical driving event of bone metastasis. Apart from 

the passive transportation，the properties of breast cancer cells are essential in bone 

metastasis. The bone environment is a reservoir for minerals, especially for calcium 

ions. Breast cancer cells highly express calcium-sensing receptor (CaSR), which could 

bind with Ca2+, by identifying extracellular Ca2+, and promotes breast tumour cell 

spread to the bone tissue with high Ca2+ concentration. In vitro studies have shown that 

extracellular Ca2+ combined with CaSR expressed by tumour cells activate AKT and 

MAPK pathways to enhance migration and proliferation of cancer cells, whilst 

application of CaSR antagonists to interfere with renal cancer in mice significantly 

reduced the incidence of bone metastasis (Frees et al., 2018). 

RANK was highly expressed on the surface of breast cancer cells, while RANKL was 

overexpressed in bone tissues (Rose and Siegel, 2010, Jones et al., 2006). In addition, 

the chemokine receptor CXCR4 was highly expressed in breast cancer tissues, and its 

ligand CXCL12 was overexpressed in common metastatic sites of breast cancer 

including bone marrow (Muller et al., 2001). These findings may explain why bone is 

the preferential metastatic site for breast cancer cells. Mechanisms of bone metastasis 

in breast cancer were elucidated in Figure 1.1.  
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Figure 1.1 Mechanism of bone metastasis in breast cancer. Osteolytic factors such as PTHrP, 

TGFβ, IL11, IL6 etc. secreted from the tumour cells induce the maturation of osteoclast, leading 

to the bone destruction. Tumour cells also secrete osteoblastic factors including VEGF, PDGF 

etc. to promote the maturation of osteoblast to induce bone formation. RANKL produced by 

the osteoblast also contributes to the maturation of osteoclast to lyse the bone matrix. Released 

growth factors due to the bone destruction support the expansion of tumour cells in turn and 

aggravate the bone destruction. This process is named vicious cycle. 

 

1.1.3.4.2 Biological character of bone metastasis in breast cancer 

Bone metastasis is preferential in poorly-differential and ER-positive breast 

tumours (James et al., 2003). Notably, although the early incidence of bone metastasis 

in ER-negative cancers is higher, the frequency of bone recurrence is higher in ER-

positive cancers, this phenomenon may be caused by effective endocrine therapy in ER-

positive cases (Colleoni et al., 2000). Lymph circulation plays a vital role in the 

invasion of breast cancer and the lymph node status is very important in predicting the 

prognosis of breast cancers. Generally, the assessment of the incidence of bone 

metastasis in breast cancer includes the number of positive lymph nodes, the size of the 

tumour, and age of the patient. If the numbers of lymph nodes are more than 4, and the 
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size of the tumour is larger than 2cm and the patient is younger than 35 years, the 

patients are usually associated with higher risk of bone metastasis (Colleoni et al., 2000).  

Dormancy: 

After settling down in the bone, in order to evade host immunosurveillance and 

adapt to the bone environment, disseminated breast cancer cells remain in a quiescent 

state for a long period, characterised by arresting at G0/G1 phase without obvious 

proliferating features (Aguirre-Ghiso, 2007, Sosa et al., 2014). The duration of 

dormancy varies in different subtypes of breast cancer. In luminal A/B breast cancer 

subtypes, dormancy may experience a steady probability of metastatic relapse to bone 

up to 10 years, however in triple-negative breast cancer (TNBC) subtype, bone 

metastases are often developed within 5 years following after diagnosis (Kennecke et 

al., 2010).  

 

Regulation of the dormancy 

The local microenvironment of the primary tumour continues to affect the 

dormant state of bone metastases. Primary tumours often present a hypoxic state, and 

the subgroups of DTC produced by hypoxic state highly express the dormant gene 

program driven by NR2F1 (Nuclear Receptor Subfamily 2 Group F Member 1) and 

enter a dormant state in metastases (Fluegen et al., 2017). Bone marrow is the place 

where hematopoietic stem cells (HSC) are produced. Two stem cell compartments are 

present in the bone marrow, which are the perivascular niche and the endosteal niche. 

Endothelial cells and osteoblast lineage cells are resident in the perivascular niche and 

endosteal niche, respectively, to produce growth and apoptosis signal to maintain the 

HSC population (Crane et al., 2017). There are many cell chemokines in the bone 

microenvironment, including CXCL12, CXCR4 and E-selectin, which can attract 

metastatic breast cancer to colonize the perivascular niche, and where, the residual 

endothelial cells can secrete angiogenesis inhibitors such as thrombospondin 1 (TSP1) 

to promote the disseminated breast cancer cells into dormancy (Ghajar et al., 2013). 

The cooperation between the endosteal niche and the hematopoietic stem cell (HSC) 

niche can also provide a microenvironment that facilitates dormancy of breast cancer 

metastases and is feasible for the survival of metastatic cancer cells (Shiozawa et al., 

2011, Price et al., 2016). 



18 

 

The dormancy of metastatic tumours in bone metastases is also impacted by the 

internal signal of the tumour. The p38 pathway plays a significant role in mediating the 

regulation of tumour dormancy signals (Gomis and Gawrzak, 2017). Bone 

morphogenetic proteins in the bone microenvironment up-regulate the expression of 

p38 and down-regulate the expression of ERK, thereby inducing metastatic tumour 

dormancy in the bones (Gomis and Gawrzak, 2017). TGFβ2 is more abundantly 

expressed in bone marrow than other tissues, which can induce tumour dormancy in 

bones (Sosa et al., 2014). Mitogen and stress-activated kinase 1 (MSK1), the 

downstream mediator of p38 MAPK signal, can effectively regulate the dormancy and 

progression of breast cancer in bone metastases (Gawrzak et al., 2018). Down-

regulation of MSK1 changes the structure of chromatin, resulting in decreased 

expression of luminal differentiation genes (GATA3, FOXA1) and promoting the 

colonisation of bone-disseminated breast cancers. Genes regulated by MSK1 

expression or p38 MAPK are associated with advanced metastasis in breast cancer 

patients (Gawrzak et al., 2018, Kim et al., 2012a). The orphan nuclear receptor NR2F1 

is another mediator of p38 MAPK activation, which can drive a variety of cancer types, 

including breast cancer, into a pre-dormant state (Sosa et al., 2015). Recent clinical 

evidence shows that the expression of NR2F1 is associated with early recurrence of 

breast cancer, expression of NR2F1 is positively correlated with the recurrence of breast 

cancer (Borgen et al., 2018). Autophagy is another critical mechanism to increase the 

survival of breast cancer cells by inducing dormancy via Beclin 1 (BECN1)-

independent pathway (Vera-Ramirez et al., 2018). 

Outgrowth: 

When metastatic cells are successfully accustomed to the bone 

microenvironment, the balance between cell proliferation and apoptosis of breast 

cancer cells will be interrupted and altered by a unique positive feedback cycle 

composed of tumour cells, osteoclasts, osteoblasts, and the bone matrix, named “the 

vicious cycle of bone metastasis” (Roodman 2004). Having undergone EMT, 

disseminated breast cancer cells in the bone can obtain a phenotype similar to the 

osteoblasts, which is named osteomimicry. The osteoblast-like phenotype is 

characterized by the significantly high expression of pro-osteoblastic genes (Tan et al., 

2016).  
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After Osteomimicry transition, tumour cells can imitate the function of 

osteoblasts as the paracrine regulators of osteoclasts. Several cytokines such as nuclear 

factor-κB receptor activator (RANK), interleukin-1 (IL-1), IL-6, IL-11, macrophage 

inflammatory protein 1a (MIP1a), macrophage colony stimulating factor (M-CFS), 

parathyroid hormone-related peptide (PTHrP) are released by the osteo-mimicking 

tumour cells to accelerate the formation and activity of osteoclasts, eventually leading 

to the exacerbated bone erosion which cannot be balanced by bone formation (Weidle 

et al., 2016). 

These osteo-mimicking breast cancer cells can also upregulate the expression 

of RANK ligand (RANKL) on the surface of osteoblasts (Roodman, 2004). RANKL 

can combine with RANK on the surface of the pre-existing osteoclasts to increase their 

activity (Chen et al., 2018). On the other hand, osteoblasts secrete osteoprotegerin 

(OPG), a decoy receptor sharing the same extracellular structure of RANK, which can 

competitively bind to RANKL and inhibit osteoclastic activity (Maroni et al., 2016). 

PTHrP, released by osteoblasts, acts as an important paracrine regulator for the vicious 

cycle. PTHrP can promote the expression of RANKL in osteoblasts to enhance the 

osteoclastogenesis induced by tumour cells (Ricarte et al., 2018). PTHrP can inhibit 

OPG activity and activate osteoclasts, which, in turn, leads to bone destruction (Ricarte 

et al., 2018). Metastatic breast cancer cells secrete this factor, thereby, leading to an 

aggravated bone destruction (Roodman, 2004). The destruction of bone structure 

provides space for disseminated breast cancer cells to be accommodated. The bone 

resorption also leads to the release of cytokines stored in the bone matrix, such as BMP, 

TGFβ, FGF and platelet-derived growth factor (PDGF). These factors can promote the 

proliferation of tumour cells and the production of PTHrP, leading to more bone 

destruction (Weidle et al., 2016). 

Following osteolysis, large amounts of calcium within the matrix is released to 

the peripheral blood, which is responsible for hypercalcemia. Calcium-sensing 

receptors expressed on the surface of breast cancer cells can interact with calcium ions 

to promote tumour cell proliferation and survival (Maurizi and Rucci, 2018). 

The Wnt signalling cascade is involved in enhancing osteoblast differentiation 

and suppressing osteoblast activity (Clevers, 2006). Dickkopf-1 (DKK-1) is highly 

expressed in breast cancer patients with bone metastasis, which can promote osteoblast 
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differentiation by inhibiting Wnt signalling (Voorzanger-Rousselot et al., 2007). Apart 

from DKK-1, breast cancer cells can also secrete other inhibitors for osteoblastic 

differentiation such as Noggin to enhance osteolysis (Clezardin, 2011). 

Although breast cancer bone metastases are mainly characterised as osteolytic 

lesions, there are also osteogenic skeletal lesions in approximate 12-50% of breast 

cancer (Kozlow and Guise, 2005). In addition, bone destruction in osteolytic lesions 

can induce subsequent osteogenesis, leading to osteoblastic manifestation (Weidle et 

al., 2016), which explains the existence of mixed lesions in breast cancer bone 

metastases. 

The molecular mechanism of osteoblastic lesions in breast cancer is less explored. 

Recent studies have shown that core binding factor α1 (Cbfα1), also known as Runx-2, 

is closely related to osteoblastic differentiation (Weidle et al., 2016). Runx-2 was 

proved to exert multiple roles essential for the metastatic process (Baniwal et al., 2010). 

N-telopeptide of type I collagens (NTX), a biomarker of bone resorption, is higher in 

osteoblastic disease. The ratio between urinary NTX and creatinine is routinely 

monitored as a measure for bone resorption currently (Coleman et al., 2005).  

Osteoblast cadherin (CDH11) was also proved as an important stromal interaction 

protein in osteoblastic metastasis in prostate cancer (Chu et al., 2008). Other cytokines 

that enhance the growth, differentiation and activity of osteoblasts include platelet-

derived growth factor (PDGF) , fibroblast growth factor , TGF-β , bone morphogenetic 

protein (BMP) and Endothelin-1 (Tahara et al., 2019). Endothelin-1 can suppress the 

expression of DKK-1 gene in bone marrow stromal cells (Guise et al., 2003). When the 

inhibitory effect of Dkk-1 for Wnt signalling is blocked, more active osteoblasts will 

be produced, which is conducive to the development of osteoblastic lesions. Signalling 

pathways associated with the bone metastasis in breast cancer were summarised in 

Table 1.1.  
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Table 1.1 Signalling pathways associated with the bone metastasis in breast cancer 

Cytokines Role Result 

Parathyroid hormone 

related peptide 

(PTHrP) 

promote the expression of 

RANKL in osteoblasts 

 

Induce bone resorption by 

osteoclasts 

Receptor activator of 

nuclear factor κB 

ligand (RANKL) 

Binding with RANK receptor on 

osteoclast precursors 

Facilitate osteoclast maturation 

and activation, leading to bone 

resorption 

Osteoprotegerin 

(OPG) 

a decoy RANK receptor Blocks the interaction of RANK 

and RANKL, suppresses 

osteoclast maturation 

Insulin-like growth 

factor 1 (IGF-1) 

induces chemotaxis of tumour 

cells and guides migration 

induces proliferation of 

metastatic tumour cells in bone 

Transforming growth 

factor beta (TGF-β) 

Promote the secretion of PTHrP 

and the apoptosis of osteoclast; 

blocks the apoptosis of 

osteoclasts 

Accelerates the bone resorption 

inducing by osteoclast 

Interleukin 6 (IL-6) Promotes osteoclastogenesis and 

inhibits osteoblasts 

Facilitates bone resorption, 

reduced bone formation 

Interleukin 11 (IL-11) Promotes the maturation of 

osteoclasts and inhibits 

osteoblasts 

Facilitates bone resorption, 

reduced bone formation 

Prostaglandin E2 Promotes the maturation and 

activity of osteoclasts via 

inducing RANKL expression  

Facilitates bone resorption 

Macrophage colony 

stimulating factor (M-

CSF) 

Promotes the maturation of 

osteoclasts and inhibits 

osteoblasts 

promotes bone resorption 

Tumour necrosis 

factor alpha (TNF-α) 

Induces osteoclastogenesis and 

suppresses osteoblasts 

promotes bone resorption 

Integrins Facilitates the colonisation of 

tumour cells in metastatic lesions 

Accelerates the progression of 

tumour cells 

Osteopontin 

(OPN)/bone 

sialoprotein (BSP) 

Induces the proliferation of 

osteoblast 

Promotes bone resorption 

 

PTHRP (Fu et al., 2006), RANKL (Nagy and Penninger, 2015), OPG (Deligiorgi et al., 2020), IGF-1 

(Rieunier et al., 2019), TGF-β (Juarez and Guise, 2011), IL-6 (Ara and Declerck, 2010), IL-11 (Maroni 

et al., 2021), Prostaglandin E2 (Ohshiba et al., 2003),  M-CSF (Kim and Kim, 2016),  TNF-α (Graham 

et al., 2010), OPN (Si et al., 2020). 
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1.1.4 Gaps and challenges in the current therapy and understanding of the disease 

        Following the advance in early diagnosis and novel treatments, the treatment of 

breast cancer has been transformed from the original surgical resection to a combination 

with optimised drug treatment and reduced levels of surgical removal. Meanwhile, the 

prognosis of breast cancer has vastly progress improved in recent years. Generally, 

current drug treatments for breast cancer contain local and systemic therapy, the 

optimised disease management can be tailored for different subtypes of the disease. 

        For luminal type breast cancer, ERα acts as the major oncogenic promoter, 

endocrine therapy including ERα-blockade, oestrogen synthesis inhibition, and 

selective ERα degradation is the primary choice. Follow-up study shows that breast 

cancer of luminal subtype presents the best prognosis and 5-year overall survival rate 

reaches approximately 90% (American Cancer Society. Breast cancer facts and figures 

2019–2020). Despite the successfully treatment with endocrine therapy, arising 

therapeutic resistance often triggers the recurrence of breast cancer. Several mechanism, 

such as the alteration of ESR1 (Hanker et al., 2020) and its coregulators (Bertucci et al., 

2019, Zheng et al., 2020), aberrant cell-cycle (Razavi et al., 2018, Finn et al., 2016, 

Chandarlapaty and Razavi, 2019) and/or dysregulated epigenetic factors (Xu et al., 

2020, Morel et al., 2020) have been hypothesized for the endocrine resistance. However, 

no effective treatment could be applied to significantly improve endocrine resistance in 

breast cancer. 

       HER2 overexpression subtype comprises 15% to 20% of breast cancers. For HER2 

positive breast cancer, ErbB2-neutralizing antibody, trastuzumab (Herceptin), is used 

as a target therapy combined with systemic chemotherapy. Following activation, HER2 

exerts its influence and downstream signalling through heterodimerization with the co-

receptors.  HER2 signalling pathway cannot be distinguished from other RTKs such as 

EGFR, HER3 or HER4 pathways. Actually, one serious issue for the treatment of breast 

cancer is that the cellular event of the tumour is not caused by the mutation of a unique 

gene, it is the epigenomic alteration regulated by the crosstalk of various kinds of 

signalling pathways, that is the main reason for the complexity of cancer and treatment 

associated difficulties. Although the expression of the major oncogene Her2 could be 

intercepted, the subsequent elevated expression of ErbB3, ErbB3 mRNA transcription 

is inversely correlated with HER2 signalling(Garrett et al., 2011), could activate the 
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PI3K/Akt pathway, leading to the robust proliferation and invasion of breast cancer 

(Schoeberl et al., 2009). Another challenge for the anti-ErbB2 target therapy is the drug-

induced cardiotoxicity (Vermeulen et al., 2016). Recent research suggested that this 

side effect could be avoided without disturbing the ligand-dependant Her2 signalling 

(De Keulenaer et al., 2010).  

      For the triple negative breast cancer, no effective targeted therapy is currently 

available, which means the patient can exclusively accept the systemic chemotherapy 

and the prognosis of this subtype is the worst. More effort should be paid to this subtype 

to reveal the core mechanism involved to help patients. 

       Recently, many novel targeted therapies have been exploited based on the research 

of signalling pathways, for example, the DKK1-neutralizing antibody to block Wnt 

signalling for bone metastases therapy (Chen et al., 2012b), bisphosphonates and 

denosumab to target the activity of osteoclasts (Steger and Bartsch, 2011) and  

Rapamycin, a specific inhibitor of mTOR for PI3K/Akt signalling pathway, to suppress 

the progression of breast cancer (Royce and Osman, 2015). 

        Another problem for the treatment of breast cancer is tumour recurrence after 

surgical resection and the conservative therapy, one reason accounting for relapse being 

disseminated cells in a dormant state (Zhang et al., 2013). Currently, such dormant cells 

are insensitive to existing treatment, however, research in BMP signalling pathways 

have revealed that BMP signalling impacted the self-renewal and regulated the 

transition of active and indolent cells (Buijs et al., 2012). 

1.2 BMPs  

1.2.1 Introduction of BMPs  

Bone morphogenetic proteins (BMPs) are a branch of the transforming growth 

factor-beta (TGF-β) superfamily, which were purified in the late 1980s by Dr. Urist 

(Urist, 1965). To date, more than 20 BMPs have been identified. Members of Bone 

Morphogenetic Protein and Growth Differentiation Factors were summarised in Table 

1.2. Initially, BMPs were found as vital modulators in bone homeostasis and turnover. 

For instance, BMPs can facilitate intramembranous and endochondral osteogenic and 

cartilage formation. BMPs actively participate in development and homeostasis of 

diverse tissues and organs including kidney, heart, prostate and breast. Moreover, they 
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also play a pivotal role in coordinating cellular functions and events including cellular 

differentiation, proliferation and apoptosis (Ye et al., 2011a). In recent years, BMPs 

have been implicated in many solid tumours, especially in hormone related tumours, 

such as breast cancer and prostate cancer (Ye et al., 2007b, Davis et al., 2016). Due to 

the preference of breast cancer to metastasise to bone and their implication in other 

hormone related cancers, BMPs may exert important role in breast cancer bone 

metastasis. Exploring their impact on the biological behaviour breast cancer will help 

us deepen our understanding of this disease and may provide novel target therapies to 

prevent and treat bone metastasis.   
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Table 1.2 Members of Bone Morphogenetic Protein and Growth Differentiation 

Factors (Identified in Humans) 

Official Symbol Alternative Name Gene Location in 

homo sapiens 

Year of 

identification 

BMP2 BMP2A 20p12 1988 

BMP3 BMP3A; KFS3 4p14-q21 1988 

BMP4 ZYME; BMP2B; BMP2B1 14q22-q23 1988 

BMP5 MGC34244 6p 1990 

BMP6 VGR; VGR1 6p24-p23 1990 

BMP7 OP-1 20 1990 

BMP8A OP-2 1p35-p32 1996 

BMP8B BMP8; Osteogenic Protein2 1p35-p32 1992 

BMP10  2p13.3 1999 

BMP15 GDF9B, ODG2 Xp11.2 1998 

GDF1 CES1 19p12 1991 

GDF2 BMP-9; BMP9; HHT5 10q11.22 1994 

GDF3 MCOP7; KFS3; 

MCOPCB6; MCOP7 

12p13.1 2000 

GDF5 CDMP1; BMP14; 

Radotermin 

20q11.2 1994 

GDF6 BMP13; KFS1 8q22.1 1999 

GDF7 BMP12 2p24-2p23 1998 

GDF8 MSTN; MSLHP 2q32.1 1997 

GDF9 POF14 5q23-5q33.1 1993 

GDF10 BMP-3b 10q11.22 1995 

GDF11 BMP-11 12q13.13 1998 

GDF15 PLAB, MIC-1, PDF, MIC1, 

NAG-1, PTGFB 

19p13.1-13.2 1997 

 

Table 1.2 Derived from the literature published (Ye et al., 2007b). Based on literature published 

BMP2 (Wozney et al., 1988); BMP3 (Wozney et al., 1988); BMP4 (Wozney et al., 1988); 

BMP5 (Celeste et al., 1990); BMP6 (Celeste et al., 1990); BMP7 (Ozkaynak et al., 1990); 

BMP8A (Strausberg et al., 2002); BMP8B (Ozkaynak et al., 1992); BMP10 (Neuhaus et al., 

1999); BMP15 (Dube et al., 1998); GDF1 (Lee, 1990); GDF2 (Celeste et al., 1994); GDF3 

(McPherron and Lee, 1993); GDF5 (Hotten et al., 1994); GDF6 (Davidson et al., 1999); GDF7 

(Lee et al., 1998); GDF8 (McPherron et al., 1997); GDF9 (McPherron and Lee, 1993);GDF10 

(Cunningham et al., 1995); GDF11 (Gamer et al., 1999); GDF15 (Yokoyama-Kobayashi et al., 

1997). 
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Structure of BMPs 

BMPs consist of an amino-terminal (N-terminal) pro-region and a carboxy-

terminal (C-terminal) ligand (Ozkaynak et al., 1990, Wozney et al., 1990). Once they 

are synthesised, cleavage by enzymes transforms the precursor proteins into ligands 

and pro-protein fragments. BMP ligands form both homodimers and heterodimers to 

fulfil their biological functions. Intriguingly, the heterodimers of BMP4/7, BMP2/6, 

BMP2/7 and BMP7/GDF7 are often more effective than their respective homodimers 

(Suzuki et al., 1997, Butler and Dodd, 2003). 

 

1.2.2 BMP signalling pathways 

1.2.2.1 Smads dependent pathway 

In this canonical BMP signalling pathway, BMP ligands bind to a complex of 

serine-threonine kinase transmembrane receptors including type I receptors (BMPRIA, 

BMPRIB, ACVRI, ACVR1B, ACVR1C and ACVRLI) and type II receptors (BMPRII, 

ACVRIIA, and ACVRIIB), resulting in a phosphorylation of the type I receptors (Table 

1.3). The activated receptor complex then recruits and phosphorylates the downstream 

transcription factor, Smad (Sons of mothers against decapentaplegic) 1, 5, and 8. 

Subsequently, phosphorylated Smads1/5/8 forms a heteromeric complex with Smad4 

which acts as a shuttle to transport the Smad complex into the nucleus (Nickel and 

Mueller, 2019) (Fig. 1.1). 

 

1.2.2.2 Smad independent pathway 

BMP signalling transduction in cell events can also be achieved without the mediation 

by Smads, which are collectively referred to as non-canonical (Smad- independent) 

BMP signalling pathways. BMPs are involved in cytoskeletal dynamics regulation by 

activating Rho-like GTPases (Nickel and Mueller, 2019). BMPs modulate various cell 

events including differentiation and apoptosis through mitogen-activated protein kinase 

(MAPK) pathway. In non-canonical BMP signalling pathways, BMP ligands present 

higher affinity for type I receptors than type II receptors. BMP ligands preferentially 

bind to ALK3 or ALK6, then recruit BMPRII to form the hetero-oligomeric complexes 



27 

 

(BMP-induced signal complex (BISC)) (da Silva Madaleno et al., 2020). Depending on 

the ligands and receptors recruited, the Smad-independent pathway involves the 

transmission via a variety of other signal pathways, including the MAPK pathway, RAS 

pathway, PI3K/Akt pathway, Rho-GTPases pathway (Zabkiewicz et al., 2017). X-

linked apoptotic protein (XIAP), p52ShcA and TRAF6 serve as a scaffold protein to 

bridge type I receptors and TGF-ß activation binding protein (TAB1/2/3) during 

intracellular signal transduction (Ye and Jiang, 2016). TAB1 acts as the activator of 

TGF-ß activation binding protein (TAK1), leading to the activation of downstream 

molecules in mitogen-activated protein kinase (MAPK) signalling pathways, such as 

p38, Jun N-terminal kinases (JNKs), NF-κB and Nemo-like kinases (NLK), to regulate 

the cellular biological events (Kimura et al., 2000, Malireddi et al., 2019) (Figure 1.2). 

Receptors and R-Smads involved in BMP signalling were summarised in Table 1.4. 
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Figure 1.2 Signalling pathway of BMPs including Smad-dependent pathway and Smad-

independent pathway. Pathway builder tools from www. proteinlounge.com was used to create 

the figure. 
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Table 1.3 Transmembrane serine/threonine kinase receptors 

 

Type I receptor Type II receptor 

ACVRL1 (ALK-1, ACVRLK1, ALK1, SKR3) TGFBR2 (TGFR-2, TGFbeta-RII) 

ACVR1 (ALK2, ACTRI, ACVRLK2, FOP, SKR1) TGFBR3 

BMPR1A (ALK3, ACVRLK3, CD292) BMPR2 (BMPR-II, BMPR3, BMR2, BRK-3, T-

ALK) 

ACVR1B (ALK4, ACTRIB, ACVRLK4, SKR2) ACVR2B (ActR-IIB) 

TGFBR1 (ALK-5, ACVRLK4, SKR4, TGFR-1) ACVR2A (ACTRII, ACVR2) 

BMPR1B (ALK-6, ALK6, CDw293) AMHR2(MISR2) 

ACVR1C (ALK7, ACVRLK7) Punt 

Thickveins  

 

Transmembrane serine/threonine kinase receptors updated from (Ye et al., 2011b). There are 

seven Type I and five Type II transmembrane serine/threonine kinase receptors identified in 

humans. Six Type I receptors and three Type II receptors that have been found to be involved 

in the signal transduction of BMPs, which are bold italic in the table. ACVRL1, activin A 

receptor type II-like 1; ACVR1, activin A receptor, type I; BMPR1A, bone morphogenetic 

protein receptor, type IA; ACVR1B, activin A receptor, type IB; TGFBR1, transforming 

growth factor, beta receptor I; BMPR1B, bone morphogenetic protein receptor, type IB; 

ACVR1C, activin A receptor, type IC; TGFBR2, transforming growth factor, beta receptor II; 

TGFBR3, transforming growth factor, beta receptor III; BMPR2, bone morphogenetic protein 

receptor, type II; ACVR2B, activin A receptor, type IIB; ACVR2A, activin A receptor, type 

IIA. 
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Table 1.4   Receptors and R-Smads involved in BMP signalling 

Official 

Symbol 

Type II receptor Type I receptor R-Smad 

BMP2 
BMPRII 

ActRIIA 
ALK 3/6 Smad 1/5/8 

BMP3 ActRIIA ALK 4 Smad 2/3 

BMP4 
BMPRII 

ActRIIA 
ALK 3/6 Smad 1/5/8 

BMP5  ALK 3 Smad 1/8 

BMP6 

ActRIIA 

ALK 1/2/3/6 Smad 1/5 ActRIIB  

BMPRII 

BMP7 
BMPRII 

ActRIIA 
ALK 2/3/6 Smad 1/5/8 

BMP8A 

ACVR2A BMPR2 

ACVR2A 

ACVR2B 

TGFBR2 

 

ALK3/6 

 

 

ALK4/5 

 

 

 

Smad1/5/8 

 

 

Smad2/3 

 

 

BMP8B    

BMP10 ActRIIB  ALK 3/6 Smad 1/5/8 

BMP15 BMPRII ALK 6 Smad 1/5/8 

GDF1 ActRIIB ALK 4 Smad 2/3 

GDF2 

ActRIIA 

ActRIIB 

BMPRII 

ALK 1 Smad 1/5 

GDF3    

GDF5 
BMPRII 

ActRIIA 
ALK 3/6 Smad 1/5/8 

GDF6 
BMPRII 

ActRIIA 
ALK 3/6  
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GDF7 
BMPRII 

ActRIIA 
ALK 3/6  

GDF8 ActRIIB ALK4/5 Smad 2/3 

GDF9 BMPRII ALK5 Smad 2/3 

GDF10    

GDF11 
ActRIIA 

ActRIIB 
ALK4 Smad 2/3 

GDF15   Smad 2/3 

 
Receptors and R-Smads involved in BMP signalling. Updated from literature published (Ye et al., 2011b). 

BMP2 (Koenig et al., 1994, Yamaji et al., 1994, Liu et al., 1995); BMP3 (Daluiski et al., 2001); BMP4 

(Koenig et al., 1994, ten Dijke et al., 1994, Yamaji et al., 1994, Nohno et al., 1995, Rosenzweig et al., 

1995, Aoki et al., 2001); BMP5 (Beck et al., 2001, Zuzarte-Luis et al., 2004); BMP6 (Ebisawa et al., 

1999, Ahmed et al., 2001, Aoki et al., 2001); BMP7 (ten Dijke et al., 1994, Liu et al., 1995, Rosenzweig 

et al., 1995, Aoki et al., 2001); BMP8A (Wu et al., 2017, Wu et al., 2020) BMP10 (Mazerbourg et al., 

2005); BMP15 (Moore et al., 2003); GDF1 (Cheng et al., 2003); GDF2 (Brown et al., 2005, Lopez-

Coviella et al., 2006); GDF5 (Nishitoh et al., 1996, Aoki et al., 2001, Nakahara et al., 2003, Sammar et 

al., 2004, Chen et al., 2006); GDF6 (Mazerbourg and Hsueh, 2006); GDF7 (Mazerbourg et al., 2005); 

GDF8 (Rebbapragada et al., 2003); GDF9 (Mazerbourg and Hsueh, 2006); GDF11 (McPherron et al., 

1999, Andersson et al., 2006); GDF15 (Xu et al., 2006). 

 

 

 

1.2.3 Regulation of the BMP signalling pathway 

The BMP signalling pathway is regulated by a variety of mechanisms through 

intervening in the binding between extracellular ligands and receptors (extracellular 

regulation), or in the process of intracellular signal relay (intracellular regulation) 

(Table 1.5). 

Intracellular regulator of Smad signalling transduction 

Intracellular BMP signal transduction is negatively modulated by inhibitory 

Smads (I-Smads), including Smad6 and Smad7, which is accomplished by down-

regulating type I receptors on the cell surface, interfering with the interaction between 

R-Smads and type I receptors, or competing with Smad4 for the binding of R-Smads 

(Hata et al., 1998). Smad6 preferentially inhibits Smad signalling of BMP type I 

receptors ALK-3 and ALK-6 (Goto et al., 2007), while Smad7 inhibits Smad signalling 
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induced by both TGF-β and BMP receptors (Hanyu et al., 2001). 

Smad ubiquitination regulator 1 (Smurf1) is the ligase of Smad 1/5/8 and other 

substrates. Smurf induces ubiquitination and proteasome degradation of type I receptor 

and interacts with I-Smads and other E3 ubiquitin ligases to induce down-regulation of 

the number of type I receptors on the surface of the cell. This results in inhibition of 

BMP signal transduction. Smurf2 can induce degradation of Smurf1.  Reduced 

expression of Smurf1 inhibited tumour metastasis in the MDA-MB-231 cell line (Xie 

et al., 2013). Silencing of Smurf 2 in triple negative breast cancer cells elevated the 

expression of Smurf1, leading to enhanced tumour metastasis (Jin et al., 2009). 

Ubiquitin ligase ring finger protein 11 (RNF11) interacted with Smurf 1 and 2, Smad4 

and other ubiquitin ligases to regulate the BMP signalling pathway, and highly 

expressed mRNA and protein have been found in breast carcinoma tissues (Azmi and 

Seth, 2005). 

Extracellular regulation 

Pseudo-receptor  

BAMBI (BMP and Activin Membrane Binding Inhibitor) is a transmembrane 

protein with extracellular and transmembrane domains similar to type I receptors. 

However, upon binding with BMP ligands, BAMBI cannot trigger any further 

downstream signalling as it lacks the intracellular kinase (Onichtchouk et al., 1999). 

Interestingly, BAMBI is able to competitively bind to BMP ligands, eliciting BMP 

signalling transduction inside the cells.  

 Naturally occurring BMP antagonists  

BMP antagonists competitively bind to the BMP receptors to impede their 

binding with BMP ligands (Walsh et al., 2010). To date, three families including 

Chordin, Noggin (NOG) and DAN families are established as the BMP antagonists, 

(Walsh et al., 2010). On the flip side, the expressions of BMP antagonists are also 

regulated by BMP ligands. Noggin expression in osteoblasts can be induced by 

BMP2, 4, and 6. Therefore, BMP can achieve self-regulation via upregulating its 

antagonist expression (Gazzerro et al., 1998). The activity of extracellular BMP signal 

antagonists are further regulated by extracellular matrix (ECM) components (Ben-Zvi 

et al., 2008).  
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Co- receptors of BMPs 

The repulsive guidance molecule family, including RGMa. RGMb and RGMc, 

are co-receptors of BMP ligands. They can enhance BMP signal orientation (Gazzerro 

et al., 1998, Babitt et al., 2005, Ben-Zvi et al., 2008). RGMb, also known as DRAGON, 

can directly bind to BMP2 and BMP4 to enhance signalling transduction. This augment 

can be silenced by Noggin (Samad et al., 2005). cGMP receptor kinase I (cGKI) can 

phosphorylate BMPR-II, leading to the substitution of BMP receptor signal 

(Schwappacher et al., 2009). In breast cancer models, beta-glycan inhibits BMP-

induced invasion and migration of breast cancer through binding with the BMP ligand. 

Beta-glycan (TGF-β receptor III) intercepted BMP signalling by binding to BMP 2, 4, 

7 and GDF5 (Gatza et al., 2014). Thus, BMP signalling events are heterogeneous and 

complex, and the regulation of the signal transduction needs further study and 

clarification. 
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Table 1.5 Regulatory factors of BMP signalling 

Location Category Official Symbol Target 

Extracellular 

Antagonist 

Noggin (NOG) BMP2, 4, 6 and 7; GDF5 and GDF6 

Chordin (CHRD) BMP4, 7 

Chordin like 2 (CHL2) BMP2, 4, 5, 6, 7 and GDF5 

Follistatin (FST) BMP6, 7, 11 and 15, GDF8 and 9 

Ventroptin BMP4 

FLRG BMP2 

Twisted gastrulation (Tsg) BMP2, 4 

Gremlin1 (GREM1) BMP2, 4 and 7 

DAN BMP2, 4 and GDF5 

Cerberus  BMP2, 4 

PRDC BMP2, 4 

SOSTDC1 BMP6 and 7 

Caronate BMP2, 4 and 7 

CoCo (DAND5) BMP4 

 NOV (CCN3) BMP2 

Enhancer Kielin/Chordin like BMP7 

Membrane Pseudoreceptor BAMBI BMP4 

 Co-receptor Dragon (RGMb) BMP2, 4 

  Betaglycan (BGCAN) BMP2, 4, 7 and GDF5 

  Hemojuvelin (RGMc) BMP2,4 

  RGMa (RGM) BMP2, 4 

  Endoglin (ENG) BMP9, 10 

Intracellular Inhibitory Smads Smad6 and 7 R-Smad, Co-Smad 

 Smad binding 

protein 

Ski Smad 2, 3 and 4 

SKIL/SnoN Smad 2, 4 

  Tob Smad 1, 5 and 8 

  AMSH Smad6 

 Ubiquitination and 

degradation of 

Smad 

Smurf1 and 2 Smad 1, 5, 6 and 7 

 NEDD4-2 Smad 2 

 Deubiquitination of 

Smad 

UCH37 Smad7 

 

Regulatory factors on BMP signalling updated from the literature published (Ye et al., 2007b). The 

regulation of BMP signalling can happen during the process of ligand binds to receptor, and the 

intracellular signal transduction. Dan, Cerberus, Gremlin, PRDC, Sclerostin, Caronate and DAND5 

belong to DAN/Cerberus family. Based on literatures published: Noggin (Zhu et al., 2006, Pera et al., 
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2004, Haudenschild et al., 2004, Chang and Hemmati-Brivanlou, 1999, Re'em-Kalma et al., 1995); 

Chordin (Dale et al., 1999, Piccolo et al., 1996, Sasal et al., 1995); Kielin/Chordin like(Lin et al., 2005); 

Chordin like 2, CHL2 (Nakayama et al., 2004); Follistatin (Fainsod et al., 1997, Iemura et al., 1998, 

Otsuka et al., 2001, Balemans and Van Hul, 2002, Pierre et al., 2005); Sclerostin (Kusu et al., 2003); 

Ventroptin (Sakuta et al., 2001); FLRG (Tsuchida et al., 2000); Gremlin (Hsu et al., 1998, Merino et al., 

1999); Twisted gastrulation (Ross et al., 2001, Chang et al., 2001); Dan (Hsu et al., 1998, Gerlach-Bank 

et al., 2004, Dionne et al., 2001); Cerberus (Piccolo et al., 1999); Protein related to DAN and Cerberus, 

PRDC (Sudo et al., 2004); Dan domain family member 5, DAND5 (Marques et al., 2004); Caronate 

(Yokouchi et al., 1999); BAMBI(Grotewold et al., 2001, Onichtchouk et al., 1999); Dragon (Samad et 

al., 2005); RGMa (Babitt et al., 2005); Ski (Luo et al., 1999); Ski like, SKIL/SnoN (Vignais, 2000, 

Stroschein et al., 1999);Tob (Yoshida et al., 2000); SH3 domain of STAM, AMSH (Itoh et al., 2001); 

Smad ubiquitination regulatory factor, Smurf (Arora and Warrior, 2001, Murakami et al., 2003); Neural 

precursor cell expressed, developmentally down-regulated 4-2, NEDD4-2 (Kuratomi et al., 2005); 

ubiquitin C-terminal hydrolase, UCH37 (Wicks et al., 2005). 

 

 

1.2.4 Effects of BMP signalling on tumourigenesis and dissemination of breast 

cancer 

 

1.2.4.1 BMPs and the growth of breast cancer cells 

BMP signalling is associated with the proliferation of a variety of tumour cell 

types. Aberrant BMP expression can make demonstrable alterations in cell-regulation 

factors, such as cyclinD1 and CDK-interacting protein p27. Increased expression of 

cyclinD1 and decreased expression of CDK-interacting protein p27 accelerate the cell 

cycle from the G0/G1 phases toward the S-phase (Besson et al., 2008, Garcia-Alvaro 

et al., 2015). Activated BMP signalling pathway also modulates expression of other key 

factors of mitotic checkpoint, including MAD2, TTK, BUB3 and Hec1, which can 

significantly reverse the mitotic arrest defect (Yan et al., 2012). 

BMPs also promote tumour proliferation by co-acting with tumour stimulating 

factors. In the presence of conditioned media, derived from cancer-related fibroblasts 

in vitro, BMP2 enhanced the proliferation as well as multi-drug resistance of breast 

cancer cells (Tan et al., 2016). Co-acting with epidermal growth factor (EGF), 

fibroblast growth factor (FGF) and hepatocyte growth factor (HGF), BMP4 facilitated 

the proliferation of breast epithelial cells (Montesano et al., 2008). 
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1.2.4.2 BMP and Cancer Stem-like Cells 

Cancer stem-like cells (CSCs) are referred to as a small proportion of tumour-

initiating cells presenting properties of classic stem cells, which is depicted as immortal, 

possessing self-renewal capacity (Dalerba and Clarke, 2007, Liu et al., 2016a) and 

resistant to  chemotherapies (Liu et al., 2016b). CSCs were first reported in  acute 

myeloid leukaemia (Minami, 2015). CSCs have been isolated from a series of tumours 

such as prostate cancer (Jaworska et al., 2015), breast cancer (Bahena-Ocampo et al., 

2016) liver cancer (Ochiya, 2016), and lung cancer (Pore et al., 2016). Through 

fluorescence-activated cell sorting (FACS), breast cancer stem-like cells (BCSC) are 

characterized as CD44+, CD24-/low, and ESA+ (epithelial specific antigen) (Al-Hajj et 

al., 2003). CSCs remain mainly in a dormant status in both the primary lesion and 

secondary lesion, which are not sensitive to chemotherapy (Yang et al., 2016, Martinez 

and Zhang, 2013). This indicates a small number of CSCs survive after chemotherapy, 

leading to drug resistance and high rate of recurrence.  

CSCs emerge in the primary tumour by a process of EMT (Yoshida and Saya, 

2016). BMPs are vital regulators in inducing EMT of mammary epithelial cells to 

CD44+, CD24- cell phenotype (Mani et al., 2008). BMP signalling impacts the 

functional properties and involves in CSC-related tumour proliferation and progression 

(Baccelli and Trumpp, 2012). BMP-2 enhanced the invasiveness of cancer cells by 

inducing CSC proliferation through activation of STAT3 (Kim et al., 2015). Inversely, 

BMP-4 inhibited the differentiation and self-renew of CSCs, suppressing tumour 

proliferation and progression (Lombardo et al., 2011, Whissell et al., 2014). BMP-7 

upregulated the expression of cell cycle inhibitor p21 and metastasis suppressor gene 

NDRG1 (N-Myc downstream-regulated gene1) to enhance CSC degradation 

(Kobayashi et al., 2011). BMP2/7 heterodimer could suppress the Smad signalling 

induced by TGF-β and decrease ALDHhi/CD44hi/ CD24–/low BCSCs pool to inhibit 

cancer invasiveness (Buijs et al., 2012). 

BMP signalling can regulate stemness of cancer cells by interacting with other 

signalling pathways. For instance, high expression of Notch-1 can up-regulate SMAD3 

expression to enhance the expression of EMT/stem-related molecules CD44 and Slug, 

leading to a more aggressive tumour (Czerwinska and Kaminska, 2015). BMP4 

enhanced cancer stem-like cell properties of breast cancer cells via Notch signalling 
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(Choi et al., 2019). 

1.2.4.3 BMP signalling and EMT  

EMT is a process where tumour cells forfeit epithelial morphology and obtain 

a mesenchymal phenotype and is critical for indolent cells acquiring metastatic 

propensity (Gonzalez and Medici, 2014). Several characteristic biomarkers have been 

summarized for epithelial and mesenchymal cells. Epithelial markers include E-

cadherin, Claudins, Occludins, Desmoplakin Cytokeratin 8/9/18 and Mucin-1. 

Mesenchymal markers contain Fibronectin, Vitronectin, FSP1, Vimentin, Smooth-

muscle actin, FGFR2 IIIb and IIIc splice variants (Gonzalez and Medici, 2014). During 

EMT, the epithelial marker E-cadherin is down-regulated while the mesenchymal 

markers, N-cadherin, vimentin and SNAI2 are upregulated in breast cancer (Park et al., 

2015). 

BMP signalling exerts a pivotal role in modulating EMT through diverse 

intracellular messengers (Rothhammer et al., 2005, Kang et al., 2009). The cell 

signalling cascade is initiated from specific binding between the BMP receptor and the 

ligand on the cell surface, to form the homodimer/heterodimer (Itoh et al., 2000, 

Moustakas et al., 2001, Chen et al., 2004). This is followed by phosphorylation of 

BMPRI and recruitment of the downstream transcription factor SMAD1/5/8 to induce 

the expression of EMT encoding genes. R-SMADs could directly bind to the Snai1 

promoter to form a complex and inhibit the gene encoding E-cadherin and occludin, 

key markers of EMT (Vincent et al., 2009). Smad-independent pathways (such as 

through PI3K and ILK) were able to activate Akt, thereby inhibiting the function of 

GSK-3β, which suppresses the nuclear translocation of Snai1 and β-catenin. SMAD6/7 

prevented the binding and phosphorylation of SMAD1/5/8 through Smurf1 and Smurf2 

to restrain SMAD signalling transduction (Arora and Warrior, 2001). In addition, Akt 

can also enhance the transcription of Snai1 via the activation of nuclear factor kB (NF-

kB) to induce EMT (Julien et al., 2007). 

BMP-2 expression was inversely associated with Rb expression. 

Downregulated expression of Rb would lead to ubiquitin-mediated degradation, which 

reduced the polyubiquitination of EMT factors and thus promote EMT and bone 

metastasis (Huang et al., 2017). BMP4 signalling was found to be involved in the EMT 

process in a number of solid tumours (Kestens et al., 2016). BMP4 could promote EMT 
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and tumour progression by suppressing the expression of E-cadherin and elevating the 

expression of N-cadherin and Snai2 (Park et al., 2015), resulting in an invasive 

phenotype of cancer cells (Serrao et al., 2018). Notably, BMP4 can also inhibit EMT 

through restraining the Notch signalling pathway, which augments EMT properties in 

epithelial cells of the mammary gland (Choi et al., 2019). 

BMP7, a potent inhibitor of EMT, counteracted Smad-dependent BMP 

signalling and reversed EMT. BMP-7 upregulated expression of cytokeratin and 

suppressed vimentin, giving rise to an epithelial-like morphology in breast cancer cells 

(Buijs et al., 2007c). Similarly, BMP6 exerted an inhibitory effect on EMT, which 

restrained the metastasis of breast cancer cells by downregulating the expression of 

miR-21 and δEF1 (ZEB1) and restored the expression of E-cadherin (de Boeck et al., 

2016). Lower expression of BMP6 in MCF7 cells enhanced the expression of 

mesenchymal proteins and silenced E-cadherin, rendering a more invasive phenotype 

of the cancer cells (Liu et al., 2014). 

Interestingly, BMPs could suppress EMT induced by TGF-β signalling. BMP5 

inhibited the up-regulation of Snail and fibronectin induced by TGFβ, and suppressed 

TGFβ-induced migration in vitro (Romagnoli et al., 2012). BMP7 also suppressed 

TGF-β-induced EMT, similar to that seen with BMP5 (Buijs et al., 2007b, Naber et al., 

2012, Ying et al., 2015). 

  

1.2.4.4 BMPs and angiogenesis 

Tumour vascular angiogenesis (which is known as neovascularisation) is a 

crucial hallmark of cancer. The neovasculature provides essential nutrition and oxygen 

to maintain the robust metabolism of cancer cells. This process is essential when the 

size of tumour is more than 3mm in its diameter, when interspatial diffusion of nutrients 

is not adequate for the fast growth of tumour cells. Neovascularisation begins from the 

activated proliferation and migration of endothelial cells, leading to the construction of 

blood vessels by the migrated endothelial cells (Goumans et al., 2002). BMPs such as 

BMP2/4/6/7 and GDF5 were demonstrated as important promoters in tumour-

associated angiogenesis (Ye et al., 2011a). BMPs induced activation of endothelial cells 

for blood vessel construction which was transduced via the ALK1/Smad1/5 or the 

ALK5/Smad2/3 pathway (Goumans et al., 2002). BMP2 could enhance the motility of 
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endothelial cells to promote micro-vessel tubule formation  (Kim et al., 2012b). BMP-

4 and BMP-7 could facilitate the migration of vascular smooth muscle cells to stimulate 

angiogenesis (Dorai et al., 2000, Morrell et al., 2001). Inversely, BMP9 and BMP10 

restrained the proliferation and motility of endothelial cells via ALK1, leading to 

suppression of tumour angiogenesis (Mitchell et al., 2010, Hawinkels et al., 2016). 

BMP2 also induced angiogenesis by mobilizing endothelial cells through induction of 

non-canonical p38 and suppression of ERK1/2 signalling (Raida et al., 2005). BMP-9 

and BMP-10 increased gene expression via the Notch signalling pathway in vascular 

endothelial cells, thereby coordinating postnatal vascular remodelling (Ricard et al., 

2012). 

 

1.2.4.5 BMPs and tumour apoptosis 

Apoptosis is a programmed cell death that occurs in multicellular organisms 

which is fundamentally important in maintaining tissue homeostasis and genome 

integrity. Abnormal apoptosis is a prominent hallmark of tumour proliferation and 

progression (Kaczanowski, 2016). The BMP signalling pathway exerts a pivotal role in 

modulating the apoptosis of tumour cells. BMP could induce the apoptosis of myeloma 

cells via ALK (Scharpfenecker et al., 2007). BMPs could also modulate the 

transcription of apoptosis genes through the canonical signalling pathway. For instance，

BMP9 enhanced the expression of prostate apoptosis response-4 (Par4), leading to the 

prostate cell apoptosis (Dai et al., 2004). 

BMP regulated the expression of apoptosis mediator DRP-1 death kinase and 

ZIP kinase through type I receptors (Korchynskyi et al., 2003). After treatment with 

BMP4, cell viability was reduced and the expressions of related genes such as VEGF 

and Bcl2 were decreased (Buckley et al., 2004). 

BMPs are also able to regulate cell apoptosis via the Smad independent 

pathways. BMP2 could promote the apoptosis of medulloblastoma cells by activating 

the p38 mitogen-activated protein kinase (MAPK) pathway (Hallahan et al., 2003). 

BMP10 could induce prostate cancer cell apoptosis by activating the MAPK pathway 

(Ye et al., 2009b). In addition, BMPs are involved in regulating the activity of other 

apoptosis-inducing genes. For example, GDF15 was found to be essential for the pro-
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apoptotic activity of several apoptosis inducers including retinoid-related molecules 

(Ramoshebi and Ripamonti, 2000). 

Different cells present diverse apoptotic responses to BMPs. In the same cell 

type, apoptosis responses varied among different phenotypes, hormone and growth 

factor status and survival conditions. BMP4 could restrain cell proliferation and induce 

apoptosis in IL-6-dependent myeloma cells (OH-2 and IH-1), but little effect was 

apparent on IL-6-independent cells (Lv et al., 2015). The regulation of BMP on 

apoptosis of cancer cells presented a biphasic effect depending on the survival status of 

cancer cells. For example, under a general culture condition, BMP2 induced the 

expression of apoptosis-related genes such as protein kinase R (PKR) and the activation 

of its substrate eIF2α to promote breast cancer cell (MCF-7) apoptosis (Woltje et al., 

2015). Once the cells were deprived from serum, BMP2 facilitated MCF-7 cells to resist 

apoptosis induced by hypoxia by activating the MAPK pathway and ID-1 and inhibiting 

Caspase-3 (Dyer et al., 2014, Ricard et al., 2012). BMP6 could up-regulate the 

expression of miRNA-192 and inhibit the proliferation of breast cancer cells (MDA-

MB-231). However, in the case of serum-free culture, BMP6 up-regulated survival 

through Smad-dependent pathways and activated p38 through Smad-independent 

pathways, thereby protecting these cancer cells from stress-induced apoptosis 

(Yoshimatsu et al., 2013). 

Studies have shown that regulating BMP signal transduction could adjust cell 

apoptosis. In MDA-MB-231 cell lines, the elevated expression of Neogenin (BMP co-

receptor) could inhibit BMP-2 induced Smad1/5/8 phosphorylation to accelerate cell 

apoptosis (Zhang et al., 2015). Knocking down the repellent guide molecule RGMB 

(BMP's co-receptor) in MDA-MB-231 cells could reduce Caspase 3 expression, leading 

to promoted cell proliferation and migration (Li et al., 2012). 

 

1.2.4.6 BMPs and dissemination of breast cancer 

BMP regulates the dissemination of breast cancer through a variety of 

mechanisms. BMP signalling alters the expression and activity of matrix 

metalloproteinases (MMP), contributing to tumour invasion and metastatic spread. 

BMP2 has been shown to up-regulate the expression of MMP11 (Huang et al., 2017), 

whilst BMP4 was found to stimulate the expression or increase the activity of MMP1, 
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MMP2 and MMP9. MMP inhibitors Batimastat or BMP antagonists Chrd11, Noggin 

and Gremlin can reverse this invasive phenotype induced by BMPs (Ampuja et al., 

2013, Cyr-Depauw et al., 2016). In addition, BMP6 can inhibit the p38/AP-1 pathway 

through the canonical pathway, thereby down-regulating MMP1 and MMP9 (Wang et 

al., 2011a, Hu et al., 2016). Importantly, stromal cells in the microenvironment of 

tumours participate in the BMP-mediated regulation of MMP and other cytokines. For 

example, BMP4 intervention induced the secretion of MMP2, MMP3 and other 

tumour-promoting cytokines, such as IL6, from breast fibroblasts, promoting the 

tumour progression (Owens et al., 2013). On the contrary, elevated expression of BMP9 

in tumour cells inhibited the production of MMP2, IL6, SDF1 (PI3K/AKT signal 

inducer) and MCP1 of bone marrow mesenchymal stem cells, thereby inhibiting tumour 

invasion when they were co-cultured (Wang et al., 2015).  

BMPs also modulate the motility of breast cancer cells. BMP2 enhanced the 

motility of breast cancer cells through tenascin-W in the surrounding stroma. Tenascin-

W belongs to a family of extracellular matrix glycoproteins, which is highly expressed 

in the stroma around breast carcinoma lesions. Tenascin-W interacts with α8 integrin 

on the cell surface. Breast cancer with high α8 integrin could readily infiltrate tenascin-

W-coated filters. This α8 integrin-tenascin-W mediated aggressiveness is augmented 

by BMP2 through p38 MAPK and JNK pathways (Scherberich et al., 2005). 

 

1.2.4.7 BMPs and Dormancy 

Research from the clinical findings reveals that breast cancer is prone to relapse 

many years after the resection of primary lesions (Retsky and Demicheli, 2014).  The 

reason for the recurrence is hypothesized to be through dormant cancer cells at the 

primary site or in metastatic lesion. For the cellular dormancy, cancer cells remain in a 

quiescent state, however for tumour mass, dormancy meant the balance between the 

proliferation and apoptosis. Dormant cancer cells present indolent metabolism, which 

could facilitate  resistance to chemotherapy (Endo and Inoue, 2019). The BMP 

signalling pathway plays a vital role in governing the dormancy of cancer cells. 

Although BMPs present dual roles in cancer progression, they are only implicated in 

the induction of dormancy (Bach et al., 2018). BMP4 and BMP7 could induce 

dormancy in mouse models of breast cancer (Gao et al., 2012). BMP7 bound to BMPR2 
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to activate p38, thereby elevating the expression of CDK inhibitors p18 and p21. P21 

up-regulated the expression of the metastasis suppressor gene NDRG1 (N-Myc 

downstream regulation 1), which eventually lead to the G1 cell cycle arrest of tumour 

cells (Kobayashi et al., 2011, Sharma et al., 2016). Studies have shown that BMP4 

induced dormancy of breast cancer cells by binding to BMPR1A and BMPR2 to 

activate the canonical SMAD1/5 signal and this induced response could be reversed by 

the extracellular BMP antagonist DAND5 and inhibitory SMAD6 (Gao et al., 2012). 

The high expression of NDRG1 in breast cancer cells was associated with lung 

metastatic recurrence, and the low expression of NDRG1 gene was associated with the 

metastatic recurrence of breast cancer cells in the bone (Gao et al., 2012), which 

indicated that NDRG1 might be involved in the escape of breast cancer lung metastasis 

cell dormancy, however NDRG1 was also observed to promote the dormancy of breast 

cancer cells in bone metastasis. It was reported that BMP7 also had similar effect on 

inhibiting the growth of prostate cancer cells in bone metastasis and inducing their 

dormancy (Kobayashi et al., 2011). Other studies had shown that over-expression of 

the transcription factor DeltaNp63a (an isoform of p53 family member p63) in dormant 

MCF-7 cells could up-regulate the expression of the target gene ID1 in the BMP 

pathway, leading to G0/G1 cell cycle arrest in breast cancer cells (Amin et al., 2016). 

 

1.2.5 BMPs and clinical implications 

1.2.5.1 BMPs and breast cancer relapse 

As the advance in breast cancer therapy, especially the development of targeted 

therapy in recent years, the survival rate of women diagnosed with breast cancer has 

improved rapidly. However, the early relapse ratio in patient with basal-like subset is 

still high, for these triple-negative cases, well-targeted treatments are still being 

explored. For luminal A subtype, the oestrogen receptor is positive, although the risk 

of relapse is relatively low due to effective endocrine therapy, though the potential risk 

exits even for decades after diagnosis (Yamashita et al., 2016). Recurrence of breast 

cancer is often caused by cancer stem-like cells, which possess tumourigenesis potential 

and can remain in an inactive state to escape from chemotherapy, and then, once 

conditions permit, these quiescent or dormant cells can revive and proliferate, resulting 

in  clinical symptoms manifesting at a later stage (Oskarsson et al., 2014). Similar in 
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many characteristics of tumour cells, stem cells possess the ability of proliferation 

through self-renew and are free from contact inhibition. BMPs could regulate stem cell 

via progenitor determination. In MCF10A mammary cells, BMP-2 induced the 

maturation of luminal progenitors, whereas BMP-4 exerted a diverse role, which 

directed these progenitors to reverse to an immature phenotype (Clement et al., 2017). 

BMPs promoted differentiation of human embryonic stem (hES) cells to the trophoblast 

lineage and this effect could be suppressed by Noggin (Varga and Wrana, 2005). In 

breast cancers, the impact of BMP signalling on stem cell proliferation remains unclear 

and contrasting results have been observed on experimental conditions. In vitro, the 

BMP2/7 heterodimer strongly inhibited the amount of breast cancer stem cells and the 

heterodimer reduced bone metastasis in vivo (Buijs et al., 2012). However, the similar 

inhibit effect for the proliferation and colony formation capacity of stem cells were 

found in primary murine breast cancer cells model with a BMPR inhibitor (Balboni et 

al., 2013). 

BMP-4 signalling contributed to maintaining the stem cell phenotype and the 

silencing of BMP-4 resulted in loss of stem-features and self-renewal ability, via 

downregulation of Snail and Slug transcription factors (Garulli et al., 2014). However, 

contrasting results have also been reported, where BMP-4 inhibited the differentiation, 

apoptosis and impaired the self-renewal property of CSCs, which exerted a negative 

role on tumour proliferation and progression (Lombardo et al., 2011, Whissell et al., 

2014). Such observations may have been caused by differential BMPs and receptor 

profiles in autocrine and paracrine signalling, resulting in the variety of effect on breast 

stem cell populations.  

 

1.2.5.2 BMPs and bone metastasis 

BMPs and the bone environment 

Bone metastasis is a multi-step process which involves cancer cells to detach 

from the primary lesion, infiltrate into the blood circulation, transport to the bone 

marrow and undergo colonisation in the bone (Yoneda T et.al 2005). Since BMPs 

actively participate in regulating the formation and resorption of bone, many studies 

have focused on their potential role in bone metastasis (Weidle et al., 2016).  
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BMP signalling exerts fundamental effect in the osteogenic differentiation and 

homeostasis through regulating the balance of osteoblasts and osteoclasts (Figure 1.3). 

BMPs, such as BMP-2, BMP-4, BMP-7, have been proved to promote the 

differentiation of the mesenchymal stem cells (MSCs) into osteoblasts (Alarmo and 

Kallioniemi, 2010, Carreira et al., 2014). BMPs can impact the maturation and the 

activation of osteoclasts through the RANKL-OPG pathway (Yahiro et al., 2020). BMP 

signalling orchestrates the function of osteoclast and osteoblast via the secretion of 

BMP related transcription factor such as Wnts. Osteoclasts can modulate the 

osteogenesis formation through Smad1/5 signalling by regulating the differentiation of 

osteoblasts (Tasca et al., 2018). BMP signalling transduction is necessary in inducing 

the differentiation of bone marrow derived mesenchymal stem cells into mature 

osteoblasts. In osteolysis, caused by osteoclasts, BMPs in the bone matrix are released, 

which could regulate the expression of CX43/GJA1 through BMP signalling pathways 

to interact with osteoblast to adjust mineralization (Shi et al., 2016). Role of BMPs in 

the bone remodelling was summarised in Figure 1.3. 

 

 

Figure 1.3 Role of BMPs in skeletal development and homeostasis. 
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Aberration of BMPs in bone metastasis  

BMPs signalling pathways actively participate in breast cancer bone metastasis, 

and bone metastasis is attenuated through down-regulation of BMP receptors in vivo 

(Katsuno et al., 2008). According to research, BMP-7 could restrain the proliferation of 

disseminated tumour cells in bone microenvironment in vivo and primary tumours with 

low-expression of BMP-7 are inclined to bone metastasis (Buijs et al., 2007c). However,  

opposite results have also been reported in other studies and bone metastasis has also 

been found to be enhanced with high-expression of BMP-7 in primary tumours (Alarmo 

and Kallioniemi, 2010). In murine cell lines with enhanced bone tropism, expression of 

BMP-7, BMPR and the downstream transcription factors in the canonical pathway, 

phosphorylated Smad1/5/8, are upregulated. However, when BMP-7 is suppressed, the 

invasive features of 4T1E/M3 mammary cells are reduced (Sakai et al., 2012). BMP-9 

could suppress both the proliferation of primary breast cancer cells in vitro and in vivo, 

and the growth of disseminated cells in bone by the downregulation of expression of 

connective tissue growth factor (CTGF) (Wang et al., 2011b, Ren et al., 2014b).   

As metastatic tumour cells disseminate to the bone, interactions between the 

DTCs and the bone microenvironment constantly determine the survival of the 

disseminated cells. To accommodate and proliferate in the “foreign” bone 

microenvironment, disseminated tumour cells can acquire an ability to resemble the 

osteoblast phenotype via expressing bone matrix proteins, this progress is also called 

osteomimicry. A series of proteins are involved in this progress, including bone 

sialoprotein (BSP), osteopontin (OPN), osteoprotegerin (OPG) and osteoblast-specific 

cadherins (Ibrahim et al., 2000, Kapoor et al., 2008, Tan et al., 2016). In the study of 

Tan and coworkers (Tan et al., 2016), exposure to BMP-2 could upregulate the 

expression of bone-related genes (BRGs) and as a result the invasion of breast cancer 

cells were increased, which helped the tumour cells to hijack and survive in the bone. 

Whereas, application of Noggin, the BMPs antagonist, reversed these effects (Alarmo 

and Kallioniemi, 2010, Carreira et al., 2014, Tan et al., 2016).  

Regulators of BMP signalling in bone metastasis  

BMPs can regulate bone remodelling to affect breast cancer bone metastasis 

(Chi et al., 2019). For example, orthotropic implant with BMP-2 exhibits higher 

metastatic spread of breast cancer cells to bone in vivo (Moreau et al., 2007). Adding 



46 

 

their antagonists such as Noggin into breast cancer cells could reverse the osteoblastic 

behaviour of osteoprogenitor cells (Bunyaratavej et al., 2000). Aberrant expression of  

Noggin  has high correlation with bone metastasis in breast cancer cell models and 

clinical cases (Tarragona et al., 2012). High expression of Noggin in breast cancer cells 

could accelerate the differentiation and maturity of osteoclasts in vitro, resulting in 

osteolytic influence in bone microenvironment (Mock et al., 2015). Down-regulation 

of GREM1 can reduce the metastasis of breast cancer, whereas high-expression of 

GREM1 is correlated with enhanced metastasis and poor prognosis in breast cancer 

patients (Neckmann et al., 2019). However, the role of BMP antagonists in 

orchestrating the osteoblastic and osteolytic activities in bone metastatic lesions still 

needs further research.  

 Oestrogen and ER can impact the transduction of BMP signalling and influence 

bone metastasis of breast cancer. Oestrogen can affect the activity of BMPs on 

osteogenic factors such as RANKL, OPG, ALP and osteocalcin to maintain bone 

turnover. Oestrogen deficiency can trigger BMP-2-induced imbalance between 

osteoclastogenesis and osteoblastogenesis, eventually leading to reduced bone mass 

and facilitating the secondary bone formation of breast tumours (Lee et al., 2018). ER-

α is essential to activate BMP-4 and may contribute to alleviate osteoporosis and reduce 

the risk of breast cancer (van den Wijngaard et al., 2000). Oestradiol can promote 

BMP4 to induce more osteoblastic cytokines, such as Runx2 and osterix in 

osteoprogenitor cells. BMP-4 treatment can suppress the expression of ER-α, indicating 

BMPs can regulate osteoblast differentiation with a negative feedback (Matsumoto et 

al., 2013). 

The biological activity of BMP-6 was enhanced with anti-oestrogen treatment 

and reduced with oestradiol treatment, indicating that ER modulates BMP-6 in bone, 

and ER-dependent pathways (such as BMPs) may influence bone colonisation in breast 

cancer, which is consistent with the previous observation that patients with ER positive 

breast tumours are more likely to develop skeletal metastases (Ong et al., 2004). 

 

Role of BMP in bone metastasis 

Osteomimicry 
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Disseminated breast cancer cells in the bone can obtain a similar phenotype to 

the osteoblasts, which contributes to the survival and proliferation of DTCs in the bone 

microenvironment. The osteoblast-like phenotype is obtained by ectopically expression 

of bone matrix proteins, such as bone sialoprotein (BSP) (Kovacheva et al., 2014), 

osteopontin (OPN) (Reufsteck et al., 2012), osteoprotegerin (OPG) (Kapoor et al., 2008) 

and secreted protein acidic and cysteine rich (SPARC)/osteonectin (ON) (Ribeiro et al., 

2014), osteoblast-specific cadherins (e.g., cadherin 11 (CDH11) (Tamura et al., 2008) 

and transcription factors that regulate bone remodelling (e.g., runt-related transcription 

factor 2 (RUNX2) (Rucci and Teti, 2010). These proteins were found to be highly 

expressed in breast tumour cells and contributed to their colonisation in the bone site. 

BMPs were crucial osteogenic factors which exerted a vital effect in mediating the 

differentiation of osteoblasts and osteoclasts (Zhang et al., 2010), and it was also critical 

in osteomimicry transition. Different subtypes of BMPs including BMP2, 4, 6 and 7 

were proved to be involved in the transition. 

Silencing BMP2 and BMP4 in osteoblasts significantly restrained osteogenic 

activity, whereas BMP-7 could promote their ALP activity. BMP2 could induce the 

expression of RUNX2, which acted as the major mediator for osteomimicry transition 

for the epithelial tumour cells (Li et al., 2015).  

 

1.3 Crosstalk of BMP signalling with other signalling pathways 

BMPs exert pivotal roles in regulating the biological behaviour of tumours 

through crosstalk with various other signalling pathways. Among them, the ER 

signalling pathway, the epidermal growth factor receptor (EGFR) signalling pathway 

(Clement et al., 1999), PI3k/Akt signalling pathway (Zhang et al., 2016b), Wnt 

signalling pathway (Duchartre et al., 2016, Teo and Kahn, 2010), receptor tyrosine 

kinase (RTK)/MAPK pathway (Lehmann et al., 2000, Yue and Mulder, 2000) and 

hepatocyte growth factor (HGF)/Met signalling pathway (Zhen et al., 2018) are well-

established. Interaction of BMP signalling with other signalling was summarized in 

Figure 1.4. 

Generally, the interaction is accomplished by modulating the ligands, receptors, 

antagonists and downstream transcription factors, as well as the cytoplasmic effectors. 
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1.3.1 Regulation by ER signalling. 

It is well established that oestrogens actively participate in the tumourigenesis 

and progression of breast cancer. Abnormal oestrogen levels are closely associated with 

the morbidity of breast cancer. The role of oestrogen is accomplished by the interaction 

between oestrogen and the oestrogen receptors (ER). ER has two major subtypes, ER-

α (ESR1) and ER-ß (ESR2), which are important indicators for endocrine therapy and 

associated with the prognosis of breast carcinoma (Fuentes and Silveyra, 2019). The 

ER signalling pathway has been shown to regulate the BMP signalling pathway in 

breast cancer in recent research. 

ER is capable of modulating the expression of BMP and BMPRs in breast 

cancer (Takahashi et al., 2008). Several BMPs and BMPRs are differentially expressed 

in different subtypes of breast cancer with different ER status. For instance, BMP-7 

expression is influenced by ER status (Schwalbe et al., 2003). BMP2 expression was 

markedly higher in ER negative subtypes and expression of BMP2 was elevated when 

ER expression was silenced in the ER positive breast cancer (Al Saleh et al., 2011). ER 

also regulates the function of BMPs and BMPRs in breast cancer. Elevated expression 

of BMP6 contributed to immunological surveillance and prolonged the overall survival 

in ER-positive patients, however the survival time reduced in ER negative cases with 

high expression of BMP6 (Katsuta et al., 2019b).  

High expression of BMPR-IB often leads to high tumour proliferation and a 

poor prognosis, whilst reduced expression of BMPR-IB often correlated with shorter 

overall survival in ER-negative patients (Bokobza et al., 2009). 

ER status is also correlated with the BMPs promoter methylation. Research in 

tumour samples revealed the hyper methylation of the BMP-6 promoter in ER-negative 

cases. Triple negative breast cancer (TNBC) cell line exhibited the promoter 

methylation of BMP6, but a demethylation of the promoter was seen in the luminal A 

subtype breast cancer cell line (Zhang et al., 2007) . 

BMPs have been demonstrated to reciprocally impact on ER signalling. 

Elevated expression of p21, a cell cyclin kinase inhibitor, induced by BMP2, could 

suppress the biological activity of cyclin D1-associated kinase induced by oestrogen, 

thereby, suppressing the proliferation of tumour cells (Ghosh-Choudhury et al., 2000).  
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1.3.2 Crosstalk between BMPs and EGFR signalling pathway 

EGFR belongs to the ERBB family and, as an oncogenic molecule, is actively 

involved in the proliferation, differentiation and invasion of various tumours, i.e., lung 

cancer, gastric carcinoma and pancreatic cancer (Weng et al., 2015, Sigismund et al., 

2018). Research revealed that EGFR signalling could regulate the expression of BMPs 

in breast cancer. In the MCF-7 cell line, a luminal A subtype cell type with high 

expression of EGFR, expression of BMP6 is elevated (Clement et al., 1999). Study in 

the drosophila embryo showed that BMP signal response was inversely modulated by 

EGFR signalling (Deignan et al., 2016). 

EGFR signalling is also capable of modulating the function of the BMP pathway. 

Under the regulation of EGFR, BMP-7 reduced the progression of liver fibrosis (Wang 

et al., 2014). The same study also revealed that BMP-7 was able to reduce the 

expression and the phosphorylation of EGFR (Wang et al., 2014). The study of 

astrocytes in vitro highlighted that BMP signalling down-regulated the expression of 

EGFR significantly (Scholze et al., 2014). 

1.3.3 Interaction between BMP and ErbB2 receptor signalling  

The BMP signalling pathway has been shown to cooperate with that of the Her2 

signalling pathway to promote cancer progression (Siegel and Massague, 2003). Highly 

expressed BMPs or BMPRs in the HER2 positive breast cancer murine model increased 

the mortality caused by metastases (Muraoka et al., 2003, Muraoka-Cook et al., 2006, 

Seton-Rogers et al., 2004). Following treatment with trastuzumab, a specific antibody 

of Her2, migration induced by BMP signalling was suppressed in Her2 (+) breast cancer 

cells (Ueda et al., 2004), which is indicative that the Her2 signal is essential for the 

transforming effect exerted by BMP signalling. 

Alternatively,  BMP proteins have been shown to reciprocally regulate the Her2 

signal by activating the downstream receptor tyrosine kinases, such as Ras/MAPK 

(Mulder, 2000) and PI3K/Akt (Yi et al., 2005, Wilkes et al., 2005). Silencing of 

endogenous BMP signals significantly reduced the proliferation of Ras-transformed 

cancers (Ventura et al., 2004), indicating that Her2 signal induced tumour progression 

at least partly relies on the function of BMP signalling pathway. It has also been 

reported that BMP signals in Her2 (+) breast cancer induced the activation of PI3K. 

PI3K triggered the recruitment of actin and actinin to phosphorylated HER2 to form 
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the HER2/actin/actinin complex. The protein complex was correlated with the 

cytokines’ role in cytoskeletal reformation such as Pak2, Rac1 and Vav2. BMP signals 

also facilitate the phosphorylation of TACE (Tumour Necrosis Factor, Alpha, 

Converting Enzyme) to promote the maturation of EGFR ligands. Activation of EGFR 

stimulates the Src-FAK pathway to form the complex with integrin and Her2 (Wang et 

al., 2009) and the further heterodimerisation with HER2 (Wang et al., 2009). Integrin/ 

EGFR/HER2 signalling is closely correlated with the invasion and morphology of 

cancer cells (Kass et al., 2007). 

 

1.3.4 BMP and MAPK cascades 

MAPK cascades, including ERK/MAPK, JNK/MAPK and p38/MAPK, are 

involved in various kinds of cellular events which cover proliferation, differentiation 

and cell death. Interaction of MAPK and BMP signalling pathways contributes to a 

more progressive phenotype in tumours and MAPK signalling cascade regulates BMP 

signalling mainly through BMP Smad-independent signalling transduction (Lehmann 

et al., 2000, Yue and Mulder, 2000). As the downstream transcription factor of the 

MAPK pathway, ERK was proved to promote the expression of Smad3 in smooth 

muscle tissues (Ross et al., 2007). Ras could inhibit the transduction of Smad3 

signalling and in doing so block the Smad-independent signal translocation to the 

nucleus (Kretzschmar et al., 1999). 

Influence of MAPK signalling on BMPs tends to depend on the linking region 

of Smad proteins. The loosely organized and highly flexible linker region of Smad 

proteins with enriched serine, threonine and proline residues enables the kinases to 

phosphorylate. JNK and ERK induced by the MAPK pathway could phosphorylate the 

endogenous Smad2/3. ERK could also phosphorylate the linker region of Smad3, 

Thr178, Ser207 and Ser203, to prevent the signal transduction to the nucleus (de 

Caestecker et al., 1998, Brown et al., 1999). However, contrasting results were also 

observed in a breast cancer cell line, namely phosphorylation by p38 MAPK on Ser203 

and Ser 207, linker region of Smad3, augmented the role of BMP as a growth inhibitor 

(Kamaraju and Roberts, 2005). Collectively, these findings indicate that the regulation 

of MAPK signalling on BMPs are dependent on the kinase and the phosphorylation 

region. 
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MAPK signalling could modulate the canonical BMP signalling pathway. ERK 

exerted a powerful role on the phosphorylation of Smad1/5 on their linker region to 

block the trans-nuclear signalling of BMP (Guo and Wang, 2009). Subsequently, the 

activated EGFR signals for BMP from EGFR, FGF (fibroblast growth factor) and IGF 

(insulin-like growth factor) were inhibited (Eivers et al., 2008, Sapkota et al., 2007). 

Ras was reported to promote the degradation of Smad4 in the ERK/MAPK 

pathway (Saha et al., 2001). Activated JNK/P38 MAPK was reported to associate with 

the mutation of Smad4 with poor stability (Saha et al., 2001). MAPK indirectly impacts 

other transcription factors involved in nuclear BMP signal transcription. Jun and 

activator protein 1, which are involved in regulation of BMP nuclear signal 

translocation, could be activated via the MAPK pathway (Jin et al., 2006, Thomas and 

Massague, 2005). Conversely, BMP signalling could modulate the signalling of the 

MAPK pathway and the BMP receptors regarded as the platforms to initiate the 

ERK/MAPK signalling pathways. Phosphorylation of BMPRII mediated by Src was 

correlated with the activation of the p38 MAPK signalling pathway (Galliher and 

Schiemann, 2007). Activation of ERK-MAPK could be achieved via the 

phosphorylation of Src by the intrinsic kinase of BMPRI (Lee et al., 2007). 

Notably, the MAPK pathway also participates in the communication between 

HER2/Neu/ErbB2 signalling and BMP signalling pathways in breast cancer. Activated 

MAPK and PI3K/Akt pathways by HER2/Ras could antagonize the cell silencing signal 

from the BMP pathway and promote the pro-motility function as well (Ueda et al., 2004, 

Janda et al., 2002). 

 

1.3.5 Crosstalk between AKT and BMP signalling pathways  

AKT, also known as protein kinase B (PKB), has been indicated in regulation 

of cell metabolism and other cell functions. AKT facilitates cell proliferation and 

represses apoptosis induced by cytokines (Bellacosa et al., 2005, Zhao et al., 2015). 

Binding with multiple extracellular ligands triggers the phosphorylation of AKT, 

promoting the proliferation and inhibiting the apoptosis of tumour cells (Bellacosa et 

al., 2005). The AKT signalling pathway could facilitate the trans-nuclear signalling of 

β-catenin, which is the key mediator in the canonical Wnt signalling pathway and 

promoter of the EGFR signalling pathway. Crosstalk among AKT, Wnt and EGFR 
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signalling pathways further aggravates the malignant activities of tumour cells. 

Recently, it has been reported that the BMP signalling pathway was capable of 

regulating the AKT pathway to adjust the biological behaviours of tumour cells through 

Smad-independent signal transduction (Kang et al., 2011, Zhang et al., 2016b). 

Modulating the expression and the activity of PTEN (Phosphatase and Tensin 

Homolog), the specific antagonist of AKT, is another way to regulate the PI3K/AKT 

pathway. Elevated expression of PTEN induced by BMP-2 was seen to promote 

apoptosis of pulmonary artery smooth muscle cells (Pi et al., 2012). However, there is 

also research showing that BMP-2 reduced the expression of PTEN in Smad-4-null 

colon cancer cells through the Ras/ERK pathway (Pi et al., 2012). BMP-7 increased the 

expression of PTEN and contributed to the suppression of AKT and reduction of renal 

fibrosis (Higgins et al., 2017). 

Beside altering the expression of PTEN, the BMP/Smad pathway was also 

shown to enhance the biological activity of PTEN (He et al., 2004, Tian et al., 2005). 

Inhibition of BMP signalling on AKT could also be achieved through regulation of SH2 

domain of proteins (Valderrama-Carvajal et al., 2002). In addition, activated 

PI3K/AKT signalling contributed to the shuttling of beta-catenin, which augmented the 

EGFR signal, leading to a vicious circle for tumour invasion (Lu et al., 2003, Ji et al., 

2009). 

 

1.3.6 BMP and Wnt pathway 

The Wnt pathway is comprised of the canonical Wnt signalling pathway 

(Wnt/β-Catenin signalling) and non-canonical signalling pathway (Wnt/PCP and 

Wnt/Ca2+ signalling pathways) and is closely associated with the biological behaviour 

of tumour cells. The BMP pathway is reported to interact with the Wnt signalling 

pathway in various patterns. 

BMP2 and BMP4 have been shown to modulate the Wnt pathway via alter the 

expression of Wnt proteins (Jin et al., 2006, Hoppler and Moon, 1998). Wnt signalling 

was also reported to act as a regulator for BMP ligands, co-receptors and antagonists in 

tumour cells (Guo and Wang, 2009). 

As an important component of the protein complex in the Wnt signalling 
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pathway, GSK-3β could phosphorylate the linker point of Smad or degrade the Smad 

protein to regulate BMP signalling transduction (Luo, 2017, Millet et al., 2009). For 

instance, GSK-3β deconstructed Smad1/3 and subsequently downstream signalling 

transduction (Luo, 2017). Moreover, BMP signalling can also modulate Wnt signalling. 

As the downstream molecules in the BMP signalling pathway, Smurf is actively 

involved in the degeneration of the protein complex of the Wnt pathway (Kim and Jho, 

2010). Co-acting with Smurf2, the Wnt/PCP pathway could promote the expression of 

Priklel-Rictor complex, a newly discovered complex with a powerful role in inducing 

dissemination of breast cancer and upregulating the activity of RhoA, thereby 

promoting the motility of cancer cells (Zhang et al., 2016a). 

 

1.3.7 BMP and the HGF/Met pathway 

         Generally, hepatocyte growth factor (HGF) is secreted by fibroblasts, however 

the solid tumour can also generate HGF (Jiang et al., 2005). Aberrant HGF and its 

receptor c-Met are reported as tumour promoters, inducing proliferation, spread, 

angiogenesis and morphogenesis of tumours (Jiang et al., 2005).  Cell functional studies, 

both in vitro and in vivo, presented that specific silencing the HGF/c-Met suppressed 

the mitogenesis and motility of cancer cells (Jiang et al., 2003, Jiang et al., 2005). 

HGF/Met was reported to co-act with BMP signalling. Interaction of BMP-7 and HGF 

could induce kidney fibrosis in mice model (Yunus et al., 2020). HGF was reported to 

modulate the expression of RGMB (repulsive guidance molecule B), the co-receptor of 

BMP, to exert pro-angiogenic effects (Sanders et al., 2014). Research in prostate cancer 

showed that regulated by HGF enhanced expression of BMP-7, BMPRIB and BMPR2 

(Ye et al., 2007a, Ye et al., 2008). HGF was also reported to induce the skeletal 

formation and angiogenesis by increasing the expression of BMP-2 via the c-Met 

receptor/FAK/JNK/Runx2/P300 signalling pathways (Tsai et al., 2012, Zhen et al., 

2018). 
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Figure 1.4 Interaction between BMPs and Wnt/EGFR/MAPK/AKT/RAS signalling. The figure 

was created applying pathway builder tools 2.0 from www. proteinlounge.com. 

 

1.4 BMP8, its biological role in cancer 

 

BMP8A, also known as osteogenic protein 2 (OP2), is a member of the BMP 

family. Mouse OP2 was firstly identified in 1992 (Ozkaynak et al., 1992). Human 

BMP8A is located at chromosome 1p34.3, whereas BMP8B is located at 1p34.2 which 

is 235kb away from BMP8A. BMP8A and BMP8B are highly conserved proteins that 

share 97% homology of their amino acid sequence, with only two different amino acids 

manifested in the mature domain at both N- and C-terminals shown by the protein blast 

alignment. The expression of BMP8A is enriched in thyroid (57.449 ± 40.258 RPKM) 

followed by endometrium (2.571 ± 1.197 RPKM). In an gene expression array assay of 

hepatocellular carcinoma, BMP8A expression was upregulated in tumours (n=17) 

compared with adjacent non-tumour liver tissues (Zekri et al., 2008). Hypermethylation 

of BMP8A was detected in rhabdomyosarcomas (Mahoney et al., 2012), whereas 

hypomethylation of BMP8A was found in oesophageal cancer (Singh et al., 2015). 

However, compared with other members of the BMP family, BMP8A and 8B are yet 
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to be investigated for their possible role in breast cancer. 

BMP8B signalling protein participates in regulation of thermogenesis and 

energy expenditure. Silencing of BMP8B diminished thermogenesis, contributing to a 

diet related fatness (Whittle et al., 2012). Further research revealed that BMP8B 

interacted with NRG4 (Neuregulin-4) to modulate the neuro-vascular network in 

adipose tissue (Pellegrinelli et al., 2018). Recently, research has revealed that BMP8B 

was associated with regulating the progression of inflammation and cancers. In a study 

using a tissue microarray of 42 gastric tumour samples paired with adjacent normal 

controls, BMP8B was presented to be a possible tumour suppressive protein in gastric 

cancer (Wisnieski et al., 2017). Reduced expression of BMP8B regulated by histone 

H4 at lysine 16 (H4K16) correlated with poor prognosis in gastric cancer (P<0.05) 

(Wisnieski et al., 2017). In pancreatic cancer, the finding was in clear contrast to that 

in gastric cancer. Pancreatic cancer tissues had significantly higher expression of 

BMP8B than normal adjacent tissues (P<0.01). High expression of BMP8B suppressed 

the proliferation and promoted the apoptosis of pancreatic cancer while reduced 

expression of BMP8B accelerated the progression and growth of tumour cells (Cheng 

et al., 2014). Mutation in BMP8B may promote the metastasis of benign uterine 

leiomyoma to the pulmonary metastases. BMP8B has also been shown to interact with 

BMP4 in inducing the genesis of primordial germ cells in the mouse model (Soritsa et 

al., 2018).  

Comparing with BMP8A, BMP8B is more preferentially expressed in various 

tissues, though the thyroid is still the organ with the top expression (7.377 ± 4.902 

RPKM). In an gene expression array assay of hepatocellular carcinoma, BMP8A was 

upregulated in tumours (n=17) compared with adjacent non-tumour liver tissues (Zekri 

et al., 2008). Hypermethylation of BMP8A was detected in rhabdomyosarcomas 

(Mahoney et al., 2012), whereas hypomethylation of BMP8A was found in oesophageal 

cancer (Singh et al., 2015). 

Due to the high sequence identity of BMP8A and BMP8B, they are 

hypothesized to share similar downstream transduction (Zhao and Hogan, 1996). 

Similar as the other secreted ligand of BMP family, BMP8 was capable of binding type 

I and type II receptors on the membrane, contributing to the recruitment and the 

activation of downstream transcription factors to complete the signal transduction. 



56 

 

Different from the other BMPs, BMP8 can induce activation of both BMP specific R-

Smad1/5/8 and TGF-β specific R-Smad 2/3 signal pathways synchronously. The former 

pathway was mediated by receptor complexes formed by type I receptor（ALK3 or 

ALK6) and type II receptor (ACVR2A or BMPR2). Whilst SMAD2/3 signal pathway 

was activated through receptor complexes formed by type I receptor (ALK5 or ALK4) 

and type II receptor (ACVR2A, ACVR2B or TGFBR2) (Wu et al., 2017). 

Differential expression of BMP8A in development stages was observed in the 

intermuscular bone formation in bream (Zhang et al., 2018). BMP8 is closely correlated 

with the feet and leg structures in pig models (Fan et al., 2009a). BMP8a was also 

predicted as an indicator of osteogenesis process in AS (Shahba et al., 2018). BMP8A 

was proved to induce the subsequent differentiation of spermatogonia through the 

Smad1/5/8 signal pathway, whilst the proliferation of germ cells was facilitated by the 

Smad2/3 signal pathway in mouse models (Wu et al., 2017). 

 BMP8A suppressed the ubiquitination of Nrf2, which modules the expression 

of Tripartite Motif Containing 24 (TRIM24), leading to the inhibition of apoptosis and 

drug resistance of renal cancer (Yu et al., 2020). 

BMP8B signalling protein participates in regulation of thermogenesis and 

energy expenditure. BMP8B plays pivotal role in lipolysis induced by the adrenaline 

and noradrenaline in brown adipose tissue, which is accomplished by thermogenic 

factors, such as thyroid hormone (triiodothyronine, T3) through thyroid hormone 

receptor β1. Silence of BMP8B diminished thermogenesis contributing to a diet related 

fatness (Whittle et al., 2012). Further research revealed that BMP8B was capable of 

interacting with NRF4 to modulate the neuro-vascular network in adipose tissue 

(Pellegrinelli et al., 2018). 

Recently, BMP8B has been implicated in the progression of inflammation and 

cancers (Mahli et al., 2019, Gomez de Cedron et al., 2019). BMP8B exerts pro-

inflammatory effect in hepatic stellate cells (HSCs) which enhances the progression of 

steatohepatitis (Mahli et al., 2019, Vacca et al., 2020). 

In a microarray test of 42 gastric tumour samples paired with adjacent normal 

controls, BMP8B presents to be an inhibitor of gastric cancer. Reduced expression of 

BMP8B, regulated by histone H4 at lysine 16 (H4K16), correlates with poor prognosis 
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in gastric cancer (P<0.05) (Wisnieski et al., 2017). Expression of BMP8B is higher in 

pancreatic cancer comparing with the normal adjacent tissues (P<0.01). Over-

expression of BMP8B suppressed the proliferation and promoted the apoptosis of 

pancreatic cancer while reduced expression of BMP8B accelerated the progression and 

growth of tumour cells (Cheng et al., 2014). Mutation in BMP8B may promote the 

metastasis of benign uterine leiomyoma to pulmonary metastases. BMP8B signal was 

observed to interact with BMP4 to induce the genesis of primordial germ cells in the 

mouse model (Soritsa et al., 2018). 

 Analysis of BMPs in the TCGA breast cancer cohort demonstrated the higher 

expression of both BMP8A and BMP8B in breast cancers than adjacent normal controls, 

which was also correlated with poorer overall survival (Katsuta et al., 2019b). The study 

revealed the involvement of BMP8A/8B in the proliferation and progression of breast 

cancer, however, the result needs to be independently validated through the experiments. 

Research on exploring the molecular mechanism of BMP8 involved in breast cancer 

and bone metastasis is meaningful. Additionally, the corresponding cellular and 

molecular mechanism and the predicted signalling pathway of BMP8A/8B in breast 

cancer cells also represents important areas of scientific study to enhance our 

understanding of breast cancer progression and management. 

 

1.5 Aims of the present study: 

Biological behaviour of breast cancer is regulated by various signalling 

pathways. BMP signalling exerts a pivotal role in modulating the tumourigenesis, 

invasion and migration of breast cancer. According to previous research, expression of 

BMP8A and BMP8B are significantly increased in breast cancer tissue compared with 

the normal adjacent control. However, the mechanism of BMP8A and BMP8B signals 

involved in breast cancer, especially their role in subtypes of breast cancer is elusive. 

If the molecular mechanism of BMP8A and BMP8B in primary breast cancer and bone 

metastasis could be fully established, it will render the further understanding of the 

pathogenesis of breast cancer and shed light on targeted therapy of breast cancer in the 

future. 

 The aims of this study were: 
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1. To evaluate expression and clinical relevance of BMP8A and BMP8B in breast 

cancer. The study builds on the bioinformatical analysis of the aberrant expression of 

BMP8A and BMP8B in breast cancer and their clinical relevance on the TNM staging 

and the prognosis with epigenome databases. Involvement of BMP8A and BMP8B in 

the subtypes of breast cancer will further dissected by assessing their expression in the 

different subtype diseases and association with disease progression and prognosis.  

2. To evaluate the influence of BMP8A on cellular functions of breast cancer cells. 

Lentiviral vectors carrying either coding sequence of human BMP8A will be employed 

to create breast cancer cell line models with BMP8A overexpression and knockdown, 

respectively.  Impact of BMP8A on cellular functions will be determined, including 

proliferation, adhesion, migration and invasion. Molecular mechanisms intimately 

associated with the altered cellular functions will be assessed in the cell lines with 

BMP8A overexpression.  

3. To explore the potential signal transduction of BMP8A in different subtype breast 

cancers. BMP8A induced Smad dependent and independent signal transduction will be 

examined in the breast cancer cell lines that represent different subtypes of the disease. 

Involvement of BMP receptors in the subtype specific signalling will be determined to 

elucidate corresponding implication in the subtype specific role of BMP8A.  

4. To investigate the impact of BMP8A in the bone metastasis of breast cancer. In vitro 

co-culture models will be employed to evaluate the influence of BMP8A on 

proliferation, migration and invasion of breast cancer cells in exposure to in vitro bone 

environment.   
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2.1 Cell lines 

Eleven Breast cancer cell lines were chosen to provide coverage across all the 

subclasses, together with a bone cell line.  Cell lines were purchased from the ATCC 

(American type culture collection, Boulevard Manassas, USA). The cell lines are 

summarised below, and additional details described in Table 2.1.  

Luminal A subtype: MCF-7 and ZR-751 

Luminal B subtype: MDA-MB-361 and BT-474 

Her2(+) subtype: SKBR3 and HCC1419 

TNBC subtype: MDA-MB-231, BT20, BT549, MDA-MB-436 and MDA-MB-468 

Osteoblast cell line: hFOB1.19 

Details of the cell characteristics are listed in the Table 2.1. 
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Table 2.1 Breast cancer cell lines 

Cell line Morphology Origin Features Medium 

MCF-7 Epithelial Derived from pleural effusion of breast 

cancer 

ER (+) PR (+) DMEM-F12+10% fetal serum+Abx 

ZR-75-1 Epithelial Derived from ductal breast carcinoma. ER (+) RPMI 1640 + 2mM Glutamine + 1mM Sodium 

Pyruvate (NaP) + 10% Foetal Bovine Serum (FBS). 

MDA-MB-361 Epithelial mammary gland/breast; derived from 

metastatic site: brain 

ER (+) Her2 (+) RPMI 1640 + 2mM Glutamine + 1mM Sodium 

Pyruvate (NaP) + 10% Foetal Bovine Serum (FBS). 

BT-474 Epithelial ductal breast carcinoma ER (+) PR (+) Her2 (+) RPMI+10% fetal serum+Abx 

SKBR3 Epithelial mammary gland/breast; derived from 

metastatic site: pleural effusion 

Her2 (+) DMEM-F12+10% fetal serum+Abx 

HCC1419 Epithelial Mammary gland, ductal breast carcinoma Her2 (+) RPMI+10% fetal serum+Abx 

MDA-MB-231 Epithelial established from a pleural effusion of 

metastatic breast cancer. 

 DMEM-F12+10% fetal serum+Abx 

BT-20 Epithelial mammary gland/breast  DMEM-F12+10% fetal serum+Abx 

BT-549 Epithelial ductal breast carcinoma  RPMI 1640 + 2mM Glutamine + 1mM Sodium 

Pyruvate (NaP) + 10% Foetal Bovine Serum (FBS). 

MDA-MB-436 pleomorphic with 

multinucleated component 

cells 

mammary gland/breast; derived from 

metastatic site: pleural effusion 

 DMEM-F12+10% fetal serum+Abx 

MDA-MB-468 epithelial mammary gland/breast; derived from 

metastatic site: pleural effusion 

 DMEM-F12+10% fetal serum+Abx 

hFOB1.19  osteoblast  Ham’s F12 Medium with L-glutamine (without phenol 

red) +0.3mg/dl G418+10%fetal bovine serum 
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2.2 Primers 

Primers used in the present study were designed using the Primerblast software and 

synthesised by Sigma Aldrich (Poole, Dorset, UK), which contained three different 

categories corresponding to different kinds of PCRs. Two adjacent exons were spanned 

within the paired primers and at least one intron is contained in the amplified genome 

sequence. Details for the primers are presented in Table 2.2. 

 

Table 2.2 Primers for qPCR and conventional PCR 

Gene 
Primer 

Name 

Primer Sequence (5’-3’) 

GAPDH 

SGF1 TGCACCACCAACTGCTTAGC 

SGR1 GGCATGGACTGTGGTCATGAG 

F8 GGCTGCTTTTAACTCTGGTA 

R8 GACTGTGGTCATGAGTCCTT 

 

BMP8A 

SGF1 CTGGTTGCTGAAGCGTCACAAG 

SGR1 AGTGACCACGAAAGGCTGTTGG 

F8 GCCTCTATGTGGAGACTGAG 

R8 CACTCCCCCTCACAGTAATA 

BMP8B 

SGF1 CTGGTTGCTGAAGCGTCACAAG 

SGR1 AGTGACCACGAAAGGCTGTTGG 

F8 CAACAGGGAGTCTGACTTGT 

R8 CACTCCCCCTCACAGTAATA 

E-cad 
F22 CAGGAGCCAGACACATTTAT 

R22 TCTAAGGTGGTCACTTGGTC 

Snail 
F17 CACACTGGCGAGAAGC 

ZR17 ACTGAACCTGACCGTACACTTCTTGACATCTGAGTGGG 

Slug 
F17 TGGACACACATACAGTGATT 

ZR17 ACTGAACCTGACCGTACAGATCTCTGGTTGTGGTATGA 

CDH2 
F17 CATTGATCCAAATGCTGGAC 

ZR17 ACTGAACCTGACCGTACAAAATCACCATTAAGCCGAGT 

BACT 
F8 GGACCTGACTGACTACCTCA 

ZR8 ACTGAACCTGACCGTACAAGCTTCTCCTTAATGTCACG 
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MMP1 
SGF1 GGGAGATCATCGGGACAACTC 

SGR1 GGGCCTGGTTGAAAAGCAT 

PDPL 

F8 GAATCATCGTTGTGGTTATG 

ZR8 ACTGAACCTGACCGTACACTTTCATTTGCCTATCACAT 

MMP2 
SGF1 TGATCTTGACCAGAATACCATCG 

SGR1 GGCTTGCGAGGGAAGAAGTT 

MMP3 
SGF1 TGGCATTCAGTCCCTCTATGG 

SGR1 AGGACAAAGCAGGATCACAGTT 

MMP11 
SGF1 CCTGCATCTGTCTGCCTTCT 

SFR1 GCTTTHHAGGATAGCAGTGC 

MMP14 
SGF1 TCGACGAAGAGACCAAGGAG 

SGR1 CGGTCATCATCGGGCAGCACAAA 

CCND1 
F1 AACAAACAGATCATCCGCAA 

ZR1 ACTGAACCTGACCGTACAAAATGAACTTCACATCTGTGGC 

CCNE1 
F1 GCAGGATCCAGATGAAGAAA 

ZR1 ACTGAACCTGACCGTACAATTATTGTCCCAAGGCTGG 

ID01 
F11 AAAAGGATCCTAATAAGCCCC 

ZR11 ACTGAACCTGACCGTACACAGTCTCCATCACGAAATGA 

C-MYC 
F1 TGCTCCATGAGGAGACAC 

ZR11 ACTGAACCTGACCGTACATGATCCAGACTCTGACCTTT 

ACVR1 

F1 TGGTGTAACAGGAACATCAC 

R1 ATGTCTGAAGCAATGAAACC 

ZR1 ACTGAACCTGACCGTACAAACCTCCAAGTGGAAATTCT 

BMPR1A 

F1 GACCAGTCACAAAGTTCTGG 

R1 TTTTTGCTCTTTAGGTCTCG 

ZR1 ACTGAACCTGACCGTACAGACCATCTGAATCTGTTTGG 

ACVR1B 

F1 GATATACCAGACGGTCATGC 

R1 GGGCATAAATATCAGCACAT 

ZR1 ACTGAACCTGACCGTACACGTGCTCATGATAGTCAGAA 

ACVR2 

F1 ACTTGTTCCAACTCAAGACC 

R1 ACTTTTGATGTCCCTGTGAG 

ZR1 ACTGAACCTGACCGTACACTTTCCAGACACAACCAAAT 

ACTR2B F1 TCATGTGGACATCCATGAG 
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R1 GTCGCTCTTCAGCAATACAT 

ZR1 ACTGAACCTGACCGTACAAGCCTTGATCTCCAGCAG 

BMPR1B 
F5 TGTAGTTTGCTCTTGGTCCT 

R5 CATTGATTTAGCGTCTAGGG 

BMPR2 
F5 GCACACCTTTGACTATAGGG 

R5 AGTAGGCAGAACATCAGGAA 

 F1 TTTGGGAAAGAAACAAATCT 

 ZR1 ACTGAACCTGACCGTACATGCATAAGGACC 

Note: The italic sequence, ACTGAACCTGACCGTACA in the respective primers is known as 

the Z-sequence was used in the respective primer pairs for quantitative PCR assays. 

2.3 Primary and secondary antibodies used in the present research 

Full details of both the primary and secondary antibodies used in the present study are 

summarised in Table 2.3 and 2.4. 
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Table 2.3 Primary antibodies 

Name Species Molecular 

Weight(kDa) 

Supplier Product Code 

Anti-BMP8A Rabbit 43 Abcam ab60290 

Anti-GAPDH  Mouse 37 Santa Cruz Biotechnology Inc sc-32233 

Anti-Snail1 Mouse 29 Santa Cruz Biotechnology Inc sc271977 

Anti-Slug Mouse 29.9 Santa Cruz Biotechnology Inc sc166476 

Anti-AKT1 Mouse 55.7 Santa Cruz Biotechnology Inc sc5298 

Anti-P-AKT-1 Mouse 55.7 Santa Cruz Biotechnology Inc sc81433 

Anti-Smad5 Goat 52.3 Santa Cruz Biotechnology Inc sc26418 

Anti-Smad 1 Mouse 52 Santa Cruz Biotechnology Inc sc7963 

Anti-Smad 8 Rabbit 46.4 Santa Cruz Biotechnology Inc sc11393 

Anti-JNK Rabbit 46 Santa Cruz Biotechnology Inc sc-571 

Anti-P-JNK Mouse 46 Santa Cruz Biotechnology Inc sc6254 

Anti-P38 Mouse 38 Santa Cruz Biotechnology Inc sc7972 

Anti-P-ERK Mouse 44 Santa Cruz Biotechnology Inc sc7383 

Anti-ERK Mouse 44 Santa Cruz Biotechnology Inc sc514302 

Anti-

BMPR1A 

Rabbit 60.2 Thermo Fisher 12702-1-AP 

Anti-

BMPR1B 

Goat 56.9 Santa Cruz Biotechnology Inc sc5679 

Anti-BMPR2 Rabbit 115.2 Thermo Fisher 19087-1-AP 

Anti-c-MYC Mouse 48.8 Santa Cruz Biotechnology Inc sc70465 

Anti-Vimentin Mouse 53.7 Santa Cruz Biotechnology Inc sc66002 

Anti-ACTR2 Mouse 44.8 Santa Cruz Biotechnology Inc sc390971 

Anti-P-

Smad1/5/8 

Rabbit 53 Sigma-Aldrich ab3848-1 

Anti-RANKL Rabbit 35.5, 27.7, 

30.5 

Santa Cruz Biotechnology Inc sc9073 

Anti-KI67 Rabbit 35.9, 32 Abcam ab15580 

Anti-EGFR Mouse 134.3 Santa Cruz Biotechnology Inc sc71034 

Anti-P-EGFR Mouse 134.3 Santa Cruz Biotechnology Inc sc377547 

Anti-CDH11 Rabbit 88, 76.5 Abnova M04 

Anti-CD44 Mouse 81.5, 78, 80 Autogen Bioclear Ad154 
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Anti-CD133 Rabbit 97.2, 96.3, 

93.2 

Biorbyt Orb99118 

Anti-CD34 Mouse 40.7 Santa Cruz Biotechnology Inc sc19587 

Anti-CTSK Mouse 37 Santa Cruz Biotechnology Inc sc48353 

Anti-PTHrP Rabbit 20.2 Santa Cruz Biotechnology Inc sc20728 

Anti-PCNA Mouse 28.8 Santa Cruz Biotechnology Inc sc25280 

Anti-VEGF Goat 27, 25, 24 Sigma-Aldrich V6627 

Anti-RANK Rabbit 66, 56.4, 36.3 Santa Cruz Biotechnology Inc sc9072 

Anti-P-

Smad2/3 

Rabbit 48.1 Santa Cruz Biotechnology Inc sc130218 

Anti-P21 Mouse 21 Santa Cruz Biotechnology Inc sc6246 

Anti-P27 Mouse 27 Santa Cruz Biotechnology Inc sc1641 

 

Table 2.4 Second antibodies 

Name Species Supplier Product Code 

Anti-mouse IgG peroxidase conjugate Rabbit Sigma-Aldrich  A-9044  

Anti-rabbit IgG peroxidase conjugate  Goat Sigma-Aldrich  A-9169  

Anti-goat IgG peroxidase conjugate  Rabbit Sigma-Aldrich  A-5420 

 

2.4 Reagents and recipe 

2.4.1 Reagents for DNA cloning 

Ampicillin 

Ampicillin sodium salt (Melford Laboratories Ltd, Suffolk, UK) was dissolved in sterile 

balanced salt solution (BSS) at a concentration of 100mg/ml and stored at 4℃ fridge 

for use. 

Liquid Broth (LB) 

10g of tryptone, 10g of sodium chloride NaCl), 5g of yeast extract and 1.5g of Tris/Tris 

HCl (Melford Laboratories Ltd, Suffolk, UK) were dissolved in 1L of distilled water. 

The solution was adjusted to pH 7.0 and was then sterilised by an autoclaving for 15 

minutes and stored at room temperature for further use. Selective antibiotics were added 

if necessary. 
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LB agar  

10g of tryptone, 5g of yeast extract, 15g of agar and 10g of NaCl were dissolved in 1L 

of distilled water, the pH was adjusted to 7.0, then the solution was autoclaved. Before 

use, the solution was melted in a microwave and left to cool before adding selective 

ampicillin (100μg/ml). The solution was poured into single vented 10cm2 petri dishes 

(Bibby Sterilin Ltd, Staffs, UK), then left to cool before storing at room temperature 

for further use.  

2.4.2 Solutions for molecular biology  

Diethyl pyrocarbonate (DEPC) water  

250ml of DEPC was dissolved in 4.75ml of distilled water. The mixture was autoclaved 

and stored at room temperature for further use. 

Tris-Boric Acid EDTA (TBE) (5×)  

40g of Tris-HCl (Melford Laboratories Ltd, Suffolk, UK), 275g of boric acid (Melford 

Laboratories Ltd, Suffolk, UK) and 46.5g of EDTA were dissolved in 10L of distilled 

water, NaOH was used to adjust the PH value to 8.3.  The buffer was stored at room 

temperature. The concentrated TBE was diluted to 1x concentration using distilled 

water to prepare agarose gels and as electrophoresis buffer.  

2.4.3 Solutions for protein research  

10% Ammonium Persulfate (APS)  

APS (1g) was dissolved in 10ml of distilled water and was then aliquoted and stored in 

a freezer at -20℃ for further use.  

Lysis Buffer  

50mM TRIS base (0.61g), 5mM EGTA (0.19g), 150mM NaCl (0.87g) and 1ml Triton 

X100 were dissolving in 100ml of distilled water. Protease inhibitors were added just 

before use.  

Recipe for protease inhibitors:  

Reagent contains phenylmethylsulfonyl fluoride (PMSF) (100μg/ml in isopropanol), 

aprotinin (10μg/ml), leupeptin (10μg/ml), sodium vanadate (5mM) and sodium fluoride 

(50mM) were prepared and stored in the freezer for further use. 
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Running buffer (10x) (for sodium dodecyl sulfate- poly acrylamide gel electrophoresis 

[SDS-PAGE]) 

Tris (303g), glycine (1.44kg) (Melford Laboratories Ltd, Suffolk, UK) and (SDS) (100g) 

(Melford Laboratories Ltd, Suffolk, UK) were dissolved in 10L of distilled water, 

before adjusting the pH value to 8.3. This solution was further diluted 1:10 using 

distilled water before use.  

Transfer buffer 

Tris (15.5g) and glycine (72g) were dissolved in 4L distilled water. Following this 1L 

of methanol (Fisher Scientific, Leicestershire, UK) was added into the mixture to a final 

volume of 5L in distilled water.  

Tris Buffered Saline (TBS) (10x)  

Tris (24.228g) and NaCl (80.06g) (Melford Laboratories Ltd, Suffolk, UK) were 

dissolved in 1L of distilled water. HCL was used to adjust the PH value to 7.4. The 

solution was stored at room temperature and diluted with distilled water to 1x as 

required.  

2.4.4 Solutions for tissue culture  

Antibiotics (ABS) (100×)  

Streptomycin (5g), penicillin (3.3g) and amphotericin B (12.5mg) in DMSO were 

dissolved in 0.5L of BSS. The solution was filtered and divided into 5ml containers, 

which could be added directly to 500ml medium as required.  

Phosphate-buffered saline (PBS) 

NaCl(8g), KCl (0.2g), Na2HPO4(1.44g) and KH2PO4(0.24g) were added into 800ml 

of dH2O. The pH value was adjusted to 7.4. and the volume was made up to 1 Litre 

using dH2O. The solution was then autoclaved and aliquoted for further use. 

Balanced Saline Solution (BSS)  

NaCl (79.5g), KH2PO4 (2.1g), KCl (2g) and Na2HPO4 (11g) were dissolved in 10L of 

distilled water. NaOH (1M) was used to adjust the pH value to 7.4 for further use. 

 Ethylenediaminetetraacetic Acid (EDTA) (0.02%)  
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KCl (1g), Na2HPO4 (5.72g), KH2PO4(1g), NaCl (40g) and EDTA (1.4g) were dissolved 

in 5L of distilled water. The pH value of the mixture was adjusted to 7.4, then the 

solution was autoclaved and stored at room temperature for further use.  

Trypsin (25mg/ml)  

After dissolving 500mg of trypsin in 20ml 0.02% EDTA, the solution was filtered and 

aliquoted into 250µl containers and stored at -20℃ for further use.  

An aliquot could be diluted in 10ml of 0.05M EDTA before using to detach cells.  

2.5 Cell maintenance, culture and storage 

2.5.1 Preparation of growth medium for maintenance of cells  

MCF-7, SKBR3, BT20, BT549, MDA-MB-231, MDA-MB-436 and MDA-MB-468 

cell lines were cultured in DMEM/Ham's F12 with L-glutamine medium (Sigma, 

Dorset, UK) supplemented with ABS (as described in section 2.5.4) and 10% Foetal 

Calf serum (FCS).  

ZR-751, BT474, MDA-MB-361, HCC1419 cell lines were cultured in RPMI 1640 

medium (Sigma, Dorset, UK) supplemented with ABS and 10% FCS.  

HFOB cells were maintained in a base medium supplemented with 0.3 mg/ml G418 

and foetal bovine serum to a final concentration of 10%. The base medium used was a 

1:1 mixture of Ham’s F12 Medium Dulbecco’s Modified Eagle’s Medium, with 2.5mM 

L-glutamine (without phenol red). 

2.5.2 Cell Maintenance  

Breast cancer cells were cultured in an incubator at 37℃, 5% CO2 and 95% humidity, 

whilst hFOB 1.19 cells were maintained in the incubator at 34℃, 5% CO2 and 95% 

humidity.  Tissue culture was performed with autoclaved pipette tips inside a class II 

laminar flow cabinet and aseptic techniques was strictly abided to whilst performing 

tissue culture. Cells were maintained in the medium as described in section 2.5.1 and 

routinely passage once reaching 80-90% confluence.  

2.5.3 Detachment of adherent cells  

Cell passaging was undertaken once cells reached a certain confluence. The medium 

inside the flask was aspirated, the cells washed with sterile phosphate buffered solution 
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(PBS) to remove the remaining medium. Following these adherent cells were detached 

from the bottom of the flask through incubation with trypsin (0.01% trypsin: 0.02% 

EDTA in BSS buffer) for about 5 minutes at 37℃. Then 5ml of medium was added into 

the flask, detached cells were resuspended in the medium. The cell suspension was 

collected in a universal container (Greiner Bio-One Ltd, Gloucestershire, UK) and 

centrifuged at 1000rpm for 5 minutes. After removing the supernatant, the cell pellet 

was resuspended in 5ml of pre-warmed medium, followed by transferring 20% of the 

cell volumes into the tissue culture flask for sub-culturing.  

2.5.4 Cell counting  

A neubauer haemocytometer counting chamber (Mod-Fuchs Rosenthal, Hawksley, UK) 

was utilised in current study. Cell suspension was added into the chamber between the 

plate and cover slip to count and calculate the number of cells per millilitre. An inverted 

light microscope (Reichert, Austria) was used under 10 × 10 magnification in this 

process. Nine large squares (1mm × 1mm × 0.2mm) were included in the chamber, each 

large square was further divided into 16 small squares. Cells in four of the large squares 

were counted to acquire the cell numbers with the following equation: Cell number/ml 

= (summed number of cells counted in 4 large squares/4/2) × (1×104).  

2.5.5 Storage of cell stocks in liquid nitrogen  

Liquid nitrogen was used for a long-term storage of cells. Cells were first trypsinised 

from the flask using trypsin for 2-5 minutes at 37℃. Then, the detached cells were 

resuspended in medium. The cell suspension was further mixed with recommended 

percentage (generally 10%) of dimethyl sulfoxide (DMSO). Cell suspensions of 1ml 

was aliquoted into previously labelled (name of the cell line, the passage and the date) 

1.8ml cryotubes (Greiner BioOne, Germany) and transferred into the storage box in a -

80℃ freezer for overnight. Finally, the cryotube was transferred to liquid nitrogen tank 

the following day for a long-term storage.  

2.5.6 Cell revival from liquid nitrogen 

Frozen cells were removed from liquid nitrogen and revived when necessary. Before 

cell revival, to the medium was preheated in the incubator. Subsequently, frozen cells 

were defrosted immediately in warm water of approximately 37℃. The cell suspension 

was then transferred to a universal container with 5ml of prewarmed medium to dilute 
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the DMSO inside. The universal containers were then centrifuged at 1000rpm for 5 

minutes to pellet the cells. Medium and supernatant, including cell debris, were 

removed following by a re-suspension of the cells in 5ml of medium. The re-suspended 

cells were transferred to a new T25 (25cm2) tissue culture flask and incubated at 37℃ 

with 5% CO2. Following 24 hr incubation, the cells were observed under the 

microscope to examine their viability. The medium was then changed to remove dead 

cells. The flask was placed to the incubator and followed by sub-culture techniques 

once cells reached appropriate confluence.  

 

2.6 Synthesis of complementary DNA for use in PCR analysis 

2.6.1 Total RNA isolation  

The TRI Reagent protocol from Sigma-Aldrich was applied to isolated Ribonucleic acid 

(RNA). This process contained several steps, as follows: 

Step 1: Homogenisation of cells. Cells were harvested from 6-well plates or flasks. 

Medium was removed from the cell container; PBS was used to wash the cells and then 

TRI Reagent (1ml per 5-10 × 105 cells) was added to lyse cells. A cell scraper was used 

in this step to harvest the cells if necessary. The cell lysate was transferred into a 1.8ml 

microfuge tube and incubated on ice for 5 minutes.  

Step 2:   Separation of RNA, DNA and protein. 0.2ml of chloroform (per 1ml of TRI 

Reagent) was added into the microfuge tube and the sample was strongly shaken for 15 

seconds and subsequently incubated on the ice for 5 minutes.  The homogenate was 

centrifuged at 12,000rpm for 15 minutes at 4℃ (Boeco, Wolf Laboratories, York, UK). 

Following this stage, phase separation was seen within the tubes. 

Step 4: Precipitation and extraction of RNA. The supernatant which contained RNA 

(top layer/ aqueous phase) was carefully collected and transferred into a 1.8ml pre-

labelled microfuge tube.  Equal volumes (~500µl) of isopropanol were added into the 

tube and samples incubated for 10 minutes on ice before a centrifugation at12,000rpm 

for 10 minutes at 4℃. The supernatant was removed and ethanol (Fisher Scientific, 

Leicestershire, UK) with DEPC (3:1 ratio) was used to wash the RNA pellet. Following 

centrifugation at 7,500rpm for 5 minutes at 4℃,  ethanol was removed and the RNA 

pellet was dried at 55℃ for less than 5 minutes in a drying heater (Techne Hybridiser 
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HB-1D, Wolf Laboratories, York, UK). The pellet was then dissolved in 30µl of DEPC 

water.  

2.6.2 RNA quantification  

Following RNA extraction, an Implen Nanophotometer (Munchen, Germany) was used 

to measure the concentration and purity of the single strand RNA in the sample, through 

measuring the ratio of absorbance of 260nm and 280nm in the RNA sample compared 

to a DEPC water blank control.  

 2.6.3 Reverse transcription of RNA  

Following RNA extraction and quantification, 2000ng of RNA was reverse transcribed 

into complementary DNA (cDNA) utilizing the reverse transcription kit (Promega, 

Southampton, UK) according to the protocol below.  

Step 1:  Calculate the volume of the RNA sample and PCR water required. Two 

thousand ng of RNA was required in this process, PCR water was added into the RNA 

sample to reach a total volume of 10µl.  Another 10µl of 2× RT mixture was added into 

the RNA sample in the thin-walled 200µl PCR reaction tube.  

Step 2: PCR tubes were inserted placed in the T-Cy thermocycler (Creacon 

Technologies Ltd, Netherlands), and reaction was performed under the following 

parameters: 25℃ for 10 minutes, followed by 37℃ for 120 minutes and 85℃ for 5 

minutes.  

Step 3: Once the reverse transcription was completed, the cDNA samples were diluted 

in three times its volume of PCR water.  Samples were stored at -20℃ for further use.  

2.6.4 Polymerase chain reaction (PCR)  

RT-PCR was performed using a GoTaq Green master mix (Promega, Madison, USA).  

A reaction was prepared as outlined in table 2.5. 
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Table 2.5 Reaction reagent formulated for conventional PCR 

Component Volume(µl) 

2x GoTaq Green master mix 8 

Forward primer (10pmol) 1 

Reverse primer (10pmol) 1 

Nuclease-free water 5 

cDNA template 1 

Total 16 

 

PCR water was used to substitute the cDNA as the negative control to exclude possible 

false positive results caused by any contamination in the reagents and buffer. The 

reaction reagent was prepared in 200µl PCR reaction tubes or a 96 well plate (Bio-Rad 

Laboratories, Hemel Hampstead, UK). Following by mixing briefly, the samples were 

placed in a Simpliamo Thermocycler (Thermo Fisher Scientific, Waltham, MA USA), 

as the parameters below. 

Initial denaturing period   94℃  for 5 minutes  

Denaturing: 94℃ for 1 minute  

Annealing: reaction specific temperature for 40-60 seconds  

Extension: 72℃ for 40 seconds  

Final extension period 72℃ for 10 minutes  

The denaturing, annealing and extension steps were repeated for 30-36 cycles. Details 

for annealing temperatures and primer information are provided in the Table 2.2. 

Primer3 online software (https://primer3.ut.ee/) was used to validate the binding sites 

as well as the size of predicted product. 

2.6.5 Agarose gel electrophoresis  

RT-PCR products (DNA) were separated by stained agarose gel electrophoresis. 

The gel was formulated by adding the proper amount of agarose (Melford Chemicals, 
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Suffolk, UK) in 1×TBE solution, then the reagent was heated in the microwave oven to 

dissolve the agarose completely. The concentration of the gel used was determined by 

the size of the PCR products; 0.8% for DNA fragments 1-10kb or 2% for DNA 

fragments less than 100bps, 1.5% agarose gel was preferred for PCR products at a range 

between 100bps and 1000bps. SYBR safe DNA gel stain (Invitrogen, Manchester, UK) 

was added into the agarose at a ratio of 1:10000 before setting.  

The stained agarose was transferred to the electrophoresis cassette carefully to avoid 

any bubbles and a plastic comb was inserted into the gel to generate wells for loading 

samples. Once set, the gel was submerged in 1×TBE buffer, the comb removed and 8µl 

of a 1Kb DNA ladder (Cat No. M106R; GenScript USA Inc), or 10µl of sample were 

loaded per well. The samples were then subject to electrophoresis, using a power pack 

123 (Gibco BRL, Life technologies Inc) at a constant voltage of ~100V for 30-50 

minutes (dependent on predicted product size).  

2.6.6 DNA visualization  

Gels were visualised and photographed using a blue light illuminator in the Syngene U: 

Genius 3 closed system (Geneflow, Elmhurst, Lichfield Staffs).   

2.6.7 Quantitative RT-PCR (QPCR)  

QPCR is a sensitive technique which is capable of capturing the fluorescent signal 

produced by the PCR product to detect the accurate amount of PCR products in real 

time. A reaction was prepared as outlined in table 2.6. Amplifluor Uniprimer Universal 

system (Intergen Company, New York, USA) was utilized in present study to quantify 

transcript copy number. Different from the conventional PCR, the amplifluor probe of 

QPCR contains standard F primer and the ZR primer. The ZR primer contains a Z-

sequence (ACTGAACCTGACCGTACA), which is integrated into the PCR products 

during the initial amplification and is 1/10th the concentration of the forward primer and 

Uniprobe that were added to a QPCR reaction. After the initial amplification of a gene 

specifically with a pair of specifically designed primers, including the forward primer 

and reverse primer (ZR) containing Z sequence, the Uniprobe starts to work with the 

specific forward primer to continue the amplification using the PCR products from the 

initial amplification as templates instead of the gene itself which is detectable for the 

quantitative analysis.   
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Universal probe (Uniprobe, Millipore, Watford, UK) is the core component of the 

QPCR reaction, which is composed by a 3’ region specific to the Z-sequence 

(ACTGAACCTGACCGTACA) and a 5’ hairpin structure marked with a fluorophore 

(FAM). The hairpin is linked to an acceptor moiety (DABSYL) which shields the 

fluorescent signal, however, simultaneous with the initial amplification, Uniprobe 

incorporates with the Z sequence and works as the template for the DNA polymerisation. 

The hairpin is disentwined by DNA polymerase, fluorescent signal is unquenched. 

Detection of this fluorescence during qPCR cycles allows quantification of the amount 

of DNA that has been amplified.  

The cDNA applied in qPCR was reversely transcript from the RNA extracted from the 

cells as described in previous section. 

 Table 2.6 Reaction mixture for QPCR  

Component Volume 

2× FAST precision mix (Primerdesign)  5µl 

Forward primer (10pmol/µl) 0.3µl 

Reverse primer (1pmol/µl) 0.3µl 

Amplifluor™ probe(10pmol/µl) 0.3µl 

cDNA 1µl 

PCR H2O 3µl 

Total volume per reaction 10µl 

 

After each sample was loaded into a 96 well plate (Applied Biosystems™, Life 

Technologies Ltd, Paisley, UK) and covered with MicroAmp® Optical Adhesive film 

(ThermoFisher Scientific, Life Technologies Ltd, Paisley, UK), the plate was placed in 

an StepOne plus systems ((ThermoFisher Scientific, Life Technologies Ltd, Paisley, 

UK)) for amplification and quantification. Experimental conditions were listed below: 

Step 1: Initial denaturing period - 94℃ for 5 minutes  

Step 2: Denaturing step - 94℃for 10 seconds  

Step 3: Annealing step - 55℃ for 15 seconds  

Step 4: Extension step - 72℃ for 20 seconds  
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Steps 2 - 4 were repeated over 80 cycles. In this established method, approximately 20 

cycles are required for the generation of Z-tagged products.  

Fluorescent signal was captured in the annealing stage when the geometric increase of 

the signal was correlated with the exponential increase of product. The threshold level 

of amplified gene was also chosen in the log phase, comparing with the standard curve 

(plotting by the known copy number of a reference gene (PDPL) correlated with the 

degree of fluorescent signal), the copy number of the target gene was accurately 

calculated by the software according to the CT value of each reaction.  

PCR water was used to substitute the cDNA to act as a negative control. House-keeping 

genes such as β-actin or GAPDH were applied to normalise the transcript copy number 

of the genes of interest in the samples.  

 

2.7 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting  

2.7.1 Protein extraction and preparation of cellular lysates  

Cells in the culture flask were harvested using a disposable cell scraper, followed by a 

centrifugation at 2,000rpm for 5minutes, cells were lysed in lysis buffer (80μl per 

2million cells). The cell lysate was transferred to a 1.8ml microfuge tube and subject to 

continuous rotation on a Labinco rotating wheel (Wolf Laboratories, York, UK) for 1 

hour at 4℃ . Insoluble cell debris was discarded after another centrifugation at 

13,000rpm for 15 minutes. Protein samples generated were then quantified and stored 

at -20℃ until required.  

2.7.2 Protein quantification  

Protein quantification was performed using a Bio-Rad DC protein assay kit (Hemel 

Hampstead, UK). The procedures were listed as follows.  

• Bovine serum albumin (BSA) was diluted with lysis buffer in a series of 

concentrations from 0.005mg/ml to 10mg/ml on a 96-well-plate.  

• Protein sample (5µl) was added into one well, followed by addition of 25µl of 

Reagent A containing 2% of Reagent S and 200µl of Reagent B sequentially. 

Blue color was developed after an incubation of 45 minutes at room temperature. 
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• Absorbance was determined at a wavelength of 620nm using an ELx800 plate 

reading spectrophotometer (Bio-Tek, Wolf Laboratories, York, UK). 

Concentration of the protein samples were calculated according to the standard 

curve.  

• Protein samples for an experiment were standardised to a same concentration 

within a range of 2.0mg/ml to 3.0mg/ml with the lysis buffer. The protein 

samples were then mixed with equal volume of 2 × Lamelli sample buffer 

(Sigma-Aldrich, Poole, Dorset, UK) followed by a boiling at 100ºC for 5-10 

minutes. The protein samples were stored at -20℃ for further use.  

 

2.7.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)  

SDS-PAGE was performed with an OmniPAGE VS10 vertical electrophoresis system 

(Wolf Laboratories, York, UK).  

Prior to the preparation of an SDS-PAGE gel, two large rectangle and two notched glass 

plates were cleaned and dried. Proper assembly of the glass plates was checked using 

0.1% SDS solution or pure ethanol to avoid any leakage. 

The SDS-PAGE gel was then prepared according to the recipe (Table 2.7). The 

concentration of the gel was chosen subject to the predicted molecule weight of a target 

protein. For example, 8% gels were used for separation of proteins ˃ 100kDa whilst a 

10% gel was appropriate for a protein less 100kDa. Fifteen millilitres of resolving gels 

were required to make two pieces of gels and the TEMED (Sigma-Aldrich, Poole, 

Dorset, UK) was only added just before pouring into the cassette.   

The well-mixed resolving gel solution was carefully added into the space between the 

plates until 1cm below the edge of notch. 0.1% SDS solution was used to cover the 

resolving gel to warrant a smooth top edge. 

The SDS solution could be removed followed by a preparation of stacking gel (outlined 

in Table 2.8) after the resolving gel was set (about 30 minutes at room temperature). 

Then, a Teflon comb was put into the stacking gel prior to the stacking setting. 
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Table 2.7 Recipe for the Resolving Gels for Tris-glycine SDS-Ployacrylamide Gel 

Electrophoresis 

Solution components Component volumes (ml) per gel mold volume of  

5ml 10ml 15ml 20ml 25ml 30ml 40ml 50ml 

8% H2O 2.3 4.6 6.9 9.3 11.5 13.9 18.5 23.2 

30% acrylamides mix 1.3 2.7 4.0 5.3 6.7 8.0 10.7 13.3 

1.5 M Tris (pH8.8) 1.3 2.5 3.8 5.0 6.3 7.5 10.0 12.5 

10% SDS 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 

10% ammonium 

persulfate 

0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 

TEMED 0.003 0.006 0.009 0.012 0.015 0.018 0.024 0.03 

10% H2O 1.9 4.0 5.9 7.9 9.9 11.9 15.9 19.8 

30% acrylamides mix 1.7 3.3 5.0 6.7 8.3 10.0 13.3 16.7 

1.5 M Tris (pH8.8) 1.3 2.5 3.8 5.0 6.3 7.5 10.0 12.5 

10% SDS 0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 

10% ammonium 

persulfate 

0.05 0.1 0.15 0.2 0.25 0.3 0.4 0.5 

TEMED 0.002 0.004 0.006 0.008 0.01 0.012 0.016 0.02 

 

Table 2.8 Solutions for preparing 5% Stacking Gels for Tris-glycine SDS-

Polyacrylamide Gel Electrophoresis 

Solution components Component volumes (ml) per gel mold volume of  

1ml 2ml 3ml 4ml 5ml 6ml 8ml 10ml 

H2O 

30% acrylamide mix 

1.5 M Tris (pH8.8) 

10% SDS 

10% ammonium persulfate 

TEMED 

0.68 

0.17 

1.4 2.1 2.7 3.4 4.1 5.5 6.8 

0.33 0.5 0.67 0.83 1.0 1.3 1.7 

0.13 0.25 0.38 0.5 0.63 0.75 1.0 1.25 

0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.1 

0.01 0.02 0.03 0.04 0.05 0.06 0.08 0.1 

0.001 0.002 0.003 0.004 0.005 0.006 0.008 0.01 

 

Once the stacking gels was set, the gel cassette was translocated into the electrophoresis 

tank, followed by pouring 1x running buffer into the tank, the comb was then gently 



79 

 

pulled out.  

Protein molecular weight ladder (Santa Cruz Biotechnology, supplied by Insight 

Biotechnologies Inc, Surrey, England, UK) and the protein samples were loaded into 

the wells in the stacking gel orderly. The amount of the ladder and the protein samples 

were 10 µl and 10-14µl, respectively.  

Electrophoresis was performed to separate the proteins, the parameter for the 

electrophoresis were 100 - 125V, 50mA and 50W, over a duration depending on the 

molecule weight of a protein and the concentration of the gel.  

2.7.4 Western blotting 

Electrical blotting 

Once the target proteins were successfully separated according to the indication of the 

ladders, the western blotting process was performed to transfer them into a PVDF 

membrane. SD10 SemiDry Maxi System blotting unit (SemiDRY, Wolf Laboratories, 

York, UK) was applied in this procedure. Before the trans-membrane, the filter paper 

and the PVDF membrane were pre-soaked in 1x transfer buffer (Whatman International 

Ltd, Maidstone, UK) and methanol for 15 minutes. An order of the assembly for the 

electrical transferring from the positive electrode to the negative electrode was the filter 

paper, gel, PVDF membrane and filter paper (Figure 2.1). Every level was checked for 

close contact to avoid air bubbles becoming trapped inside. A roller was used to 

disperse any bubbles and the screw of the unit were tightened afterwards. 

The parameters for electrode Electroblotting were 15-20V, 300-500mA, 8W for 30-60 

minutes (depending on protein molecule weight). 

 

Figure 2.1 Alignment of the items for the trans-membrane. 

Protein probing with antibodies 

Three solutions were applied in the probing of proteins, the recipe of the solution was 
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depicted as follows: 

Solution A: 10% skimmed milk powder in TBS with 0.1% Tween20 

Solution B: 3% skimmed milk powder in TBS with 0.1% Tween 20 

Solution C: 0.2% Tween 20 in TBS 

Blocking procedure was carried out as the first step of protein probing for one hour 

using solution A, followed by a 10-minute wash in 5ml of solution B.   

The membrane was then incubated with primary antibody, diluted in solution B, 

overnight at 4℃ followed by three washes using solution B, 15 minutes for the first 

wash and 5 minutes for the following two washes. 

The membrane was then incubated with the second antibody, diluted in solution B, at 

room temperature for 1 hour. The membrane was washed three times, similar to 

previous washes after primary antibody. 

Solution C was used to wash the membrane for 15 minutes and was repeated once, 

followed by two washes with TBS at 15 minutes per wash. 

Dilution of each antibody used in the study was provided in the method session of 

corresponding results chapters. 

Chemiluminescent detection of protein bands 

EZ-ECL solution (Cat. No. 1921593, Biological industries, USA), a sensitive 

chemiluminescent substrate, was used to visualise the protein bands probed by the 

antibodies. In brief, 1ml of EZ-ECL solution A and 1ml of EZ-ECL solution B were 

mixture immediately before a 15-minute incubation with the membrane. 

Protein bands were detected and documented using an imager (UVprochemi, UVITech 

Inc., Cambridge, UK).  Image J software was used for a semi-quantification of the bands 

when required. 

2.8 Immunohistochemical staining and immunocytochemical staining 

2.8.1 Immunocytochemical staining 

Pre-treatment of the cover slips 

The cover slips were soaked in 75% ethanol for 30 minutes and subsequently in 100% 
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ethanol for dehydration. The cover slips were transferred into the six-well-plate, 

followed by a further sterilisation in the UV chamber for 15 minutes. Following this the 

slips were soaked in PBS for 10 minutes and treated with attachment factor (1ml 

attachment factor was added into each well) for 30 minutes. Cells were harvested with 

trypsin and seeded on the plate in 2ml medium per well and allowed to reach an 

appropriate confluence. 

Fixation 

The medium was aspirated and cells gently washed with PBS twice to remove the 

proteins in the culture medium. Following this, 1ml of 4% formalin was added into each 

well followed by a 10-minute incubation at room temperature. 

Permeabilization 

The formalin was removed and cells washed with PBS twice. 1ml of permeabilization 

buffer mixture (0.1% Triton in TBS buffer) was added into each well followed by an 

incubation at room temperature for 2-5 minutes. 

Staining 

The permeabilization buffer was aspirated and the cells washed twice with PBS (2ml 

per well). Following this horse serum was added for 20 minutes. (1 drop horse serum 

into 5ml PBS) to block before washing 4 times with PBS. 

Next the cells were incubated with diluted primary antibody overnight at 4℃. 

Subsequently, the slides were washed with PBS 4 times before incubating the slides 

with a secondary antibody for 30 minutes at room temperature (during this time the 

ABC complex (PK-6200, Vectastain Universal Elite ABX Kit, Vector laboratories, UK) 

was prepared at this time). Following incubation, the slides were washed with PBS for 

4 times Before incubating with ABC complex for 30 minutes at room temperature and 

again washing with PBS for 4 times. Next the slides were incubated with DAB 

chromogen for 5 minutes in a dark area, washed with tap water for 2 minutes and 

counter stained with Mayer’s HTX for 1 minute (1ml per well) before a final wash with 

tap water for 5 minutes. 

Preparation of ABC complex and DAB Chromogen 

ABC complex 
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8 drops of reagent A were added to 20ml of PBS, then 8 drops of Reagent B was added 

into and mixed immediately. The mixture was allowed to stand at room temperature for 

30 minutes before use. 

DAB Chromogen: 

0.5ml DAB stock with 4.5 ml PBS were mixed, and 6ul H2O2 solution was added into 

the mixture. 

2.8.2 Immunohistochemical staining 

Labelling of the TMA slide with the information of antibody 

The proper concentration of antibody as well as the reagent for antigen retrieval (for 

the antibody BMP8A (ab 60290, citrate is recommended according to the protocol) 

were labelled on the slides with pencil. Then the slide was placed in the rack. 

 

De-waxing and re-hydration.  

The slides were placed in an oven (less than 55 oC for half an hour) and cooled on the 

desk to the room temperature. The slides were then treated for 5 minutes in each of the 

following solutions in order: 100% Xylene, 100% Xylene, 50% Xylene/50% Ethanol, 

100% Ethanol, 100% Ethanol, 90% Ethanol, 70% Ethanol,50% Ethanol, Distilled 

Water and PBS buffer. 

An antigen retrieving buffer (Citrate is suggested for BMP8A antibody (ab60290)) was 

made by adding 20ml reagent to 2000ml distilled water. The slide was soaked with the 

antigen retrieval buffer in a microwave oven for 20 minutes. The slide rack was shaken 

in the middle of the process to disperse bubbles produced. 

The slide was the washed under tap water gently to cool down them before the slide 

was incubated with blocking buffer (10% horse serum in washing buffer) for 2 hours. 

Following this the slide was probed with the primary antibody (1:1000) in blocking 

buffer at 4 ℃ overnight. Prior to incubation with the biotinylated second antibody for 

half an hour, the slide was washed with washing buffer twice. The slide was then 

incubated with the premade ABC solution at room temperature for 30 minutes 

following the instructions previously described. The slide was then washed in the 

washing buffer for 3-5 minutes. The staining colour was developed by an incubation of 

the slide with DAB solution in the dark for 10 minutes followed by sufficient washing 

in running water. 
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Counterstaining of nuclei with Gill’s Haematoxylin was achieved within 2 minutes, this 

process was monitored under the microscope, followed by a wash with tap water for 5 

minutes. 

The slide was then dehydrated in each of the following reagents for 5 minutes: 50% 

Ethanol, 70% Ethanol, 90% Ethanol, 100% Ethanol, 100% Ethanol, 50% Xylene/50% 

Ethanol, 100% Xylene and 100% Xylene. 

The slide was mounted with DPX and a cover slip and air dried before photographing. 

 

2.9 Tumour cell functional assays  

2.9.1 Proliferation 

Cells were harvested using trypsin solution and counted. Cells were seeded on 96-well 

plates with 2000-3000 cells per well in 200µl medium. The number of cells per well 

may vary for different cell lines subject to their proliferation speed and duration of the 

experiment.  The cells were incubated at 37℃ with 5% CO2 for 1, 3 and 5 days.  

 Medium was aspirated from the wells and 100µl of 4% Formalin was added into every 

well for 10 minutes to fix the cells inside. This was followed by staining with crystal 

violet for 10 minutes and gentle washing of the plate with tap water to remove the 

superfluous crystal violet. The plate was left to dry at room temperature for 24 hours. 

After adding 100µl of 10% acetic acid into the wells, the absorbance was investigated 

under the plate reading spectrophotometer (BIO-TEK, Elx800, UK) at the wavelength 

of 595nm.  

The cell proliferation speed was calculated by the equation below: 

Growth rate = (absorbance of the third day or the fifth day - absorbance of the first 

day)/absorbance of the first day ×100. 

Each cell line was repeated for six wells in this experiment. 

 

2.9.2 Adhesion assay 

Matrigel (Corning Incorporated, Flintshire, UK), man-made basement membrane was 

applied to assess the adhesion ability of tumour cells using a modified procedure as 

previously reported (Jiang et al., 1995). 
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Precoat the Plate 

Matrigel was defrosted on ice to avoid gel setting at room temperature. Serum-free 

medium was applied to dilute the gel to the concentration of 5µg per 100µl. One 

hundred microliters of Matrigel was added into the wells of the 96-well-plate, prior to 

transfer of the plate into the heater at 60℃ for 2 hours (this temperature promote setting 

of the Matrigel as well as the sterilization). Once the gel was set, sterilized distilled 

water was add into the well to rehydrate the gel for approximately 1 hour. Water inside 

the wells was aspirated before seeding the cells. 

Seeding the cells 

Cells were harvested from the flask with trypsin, quantified and used to prepare a 

suitable density (section 2.5.3 and 2.5.4). Cell suspension (200µl containing 30000 cells) 

was transferred into the wells and incubated for 40 minutes at 37℃ with 5% CO2. 

Following incubation, the wells were washed gently with PBS to remove non-adherent 

cells. Then adherent cells were fixed in 4% Formalin for 10 minutes and stained with 

0.5% crystal violet for 15 minutes subsequently. The plate was washed gently in tap 

water to remove the superfluous crystal violet. The plate was left to dry at room 

temperature for 24 hours. After adding 100µl of 10% acetic acid into each well, the 

absorbance was investigated under the plate reading spectrophotometer (BIO-TEK, 

Elx800, UK) at the wavelength of 595nm.  

Six replicates were included for each cell line in each experiment. 

 

2.9.3 In vitro migration assays  

Cellular migration was assessed using one of two methods as described below 

according to the adherence and performance of the cell lines used in the study.  

2.9.3.1 Cytodex-2 bead motility assay  

After the cell counting procedure, cells (1×106) in 10ml of growth medium and 100µl 

of cytodex-2 beads (20mg/ml) were incubated at 37ºC and 5% CO2 overnight to allow 

cells to adhere to the beads. The beads were then washed by the medium (5ml for two 

times) to remove non-adherent cells and resuspended in 1ml of growth medium. The 

mixture (well mixed cells, beads and medium) was aliquoted to a 96 well plate (100µl 
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each well) and incubated for 4 to 8 hours (depending on the cells) at 37⁰C and 5% CO2. 

After incubation, the medium was removed, and the wells were washed with 150µl PBS 

to remove remaining beads or nonadherent cells. Cells in the plate were fixed in 4% 

formaldehyde (100µl) for 10 minutes and then stained with 0.5% crystal violet for 10 

minutes. The plate was washed using tap water gently to remove the extra crystal violet 

and the plates left to dry for 24 hours at room temperature. After adding 100µl of 10% 

acetic acid into the wells, the absorbance was investigated under the plate reading 

spectrophotometer (BIO-TEK, Elx800, UK) at the wavelength of 595nm.  

2.9.3.2 Wounding assay 

Cells were seeded on a 24-well-plate overnight to form a confluent monolayer before 

the scratch assay was performed. Following changing the medium, a 100µl pipette tip 

was applied to scrape the cell layer to create a wound with clear and straight border. 

Fresh medium was changed again. The wound was observed under the EVOS (auto 

imaging system, Thermo Fisher Scientific, Waltham, MA USA) at the indicated times. 

Image J software was applied to determine the migrated distance. 

2.9.4 Invasion assay 

Invasion assay applied in this study were modified from methods reported by Parish et 

al 1992 (Parish et al., 1992).  

Transwell inserts (Falcon, pore size 8µm, 24 well format, Greiner Bio-One, Germany) 

were placed in the 24-well-plate and precoated with 50µg Matrigel in 100µl of serum 

free medium. The Matrigel coat was air dried at 60ºC followed by a rehydration with 

100µl of sterile water for 1 hour before adding cells for the invasion assay. 600µl 

medium was added to each well containing a transwell insert and also spare wells 

without an insert to be used as a control. Twenty to thirty thousand of cells in 200µl 

medium were seeded in the precoated transwell insert and also spares well as a control. 

Following a 72-hour incubation at 37℃ with 5% CO2, the inserts were taken out from 

the plate and non-invaded cells and the Matrigel were gently removed with a cotton 

swab. Invaded cells on the underside of the inserts were fixed with 4% Formalin for 10 

minutes and stained with 0.5% crystal violet for 15 minutes subsequently. The stained 

cells were washed gently under tap water and left to dry at room temperature for 24 

hours. The invaded cells were observed and counted under the microscope. Random 5 

fields were acquired and counted. The tests were conducted in triplicates for each cell 



86 

 

line. 

2.10 Overexpression of BMP8A using lentiviral vector 

Lentiviral expression vector carrying human BMP8A coding sequence and a control 

vector were purchased from the Vectorbuilder (www.vectorbuilder.com) (Figure 2.2).  

 

Figure 2.2 Vector map of the lentivirus gene expression vector. As shown in the figure, EFS 

(232 bp) was designed as the promoter in position 1959-2190, Ampicillin was designed as the 

drug resistance gene for the E.coli selection, hBMP8A (NM_181809.3) was inserted in position 

2221-3429 as the gene of interest, mCherry:T2A:Hygro was installed in the vector to allow 

cells to be visualized by red fluorescence and resistant to hygromycin B. Empty plasmid was 

installed in the place of hBMP8A to be the control vector. Details of the vector are provided in 

supplementary file 1. 

 

2.10.1 Plasmid amplification and purification 

E. coli cells carrying the lentiviral vectors were grown in an autoclaved flask containing 

200ml of LB medium with 100µg/ml ampicillin. After covered by a piece of sterilised 

foil, the cells were cultured with continuous rotation at a speed of 200 rpm for overnight 

at 37℃. 

Amplified E. coli cells were pelleted by a centrifugation at 5000rpm for 15minutes at 

4℃, followed by subjection to plasmid extraction using Promega PureYield TM Plasmid 

http://www.vectorbuilder.com/
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Midiprep System (Promega, UK). In brief, the cell pellet was resuspended with 6ml of 

resuspension solution. Cell lysis solution (6ml) was added into the collection tube, then 

the tube was inverted 5-6 times to mix the suspension inside. The tubes were left at the 

room temperature for 3 minutes. 

Ice cold Neutralisation solution (10ml) was added into the tubes and mixed completely 

by inverting the tubes 5-10 times followed by a centrifugation at 13,000 rpm for 15 

minutes. The supernatant was then transferred to a column stack, which was equipped 

with a PureYield TM binding column (the DNA-binding membrane) attached with a blue 

column to be connected with a vacuum pump. Endotoxin Removal Wash solution (5ml) 

containing ethanol was used to wash the binding column to clear the endotoxin, 

followed by a wash with 20ml of column washing solution to remove the excessive 

ethanol. A microcentrifuge tube (1.5ml) was connected the EluaotorTM Vacuum Elution 

Device for a collection of the eluted plasmids in 1ml of Nuclease-Free water or elution 

buffer provided in the kit. The extracted plasmid vectors were subsequently quantified 

using the Implen Nanophotometer (Munchen, Germany).  

2.10.2 Preparation of lentiviral particles 

Prior to the packaging of the lentivirus, HEK-293T cells were prepared. HEK-293T 

cells were seeded in culture dishes (r= 5cm) with 5ml DMEM and incubated at 37℃ 

with 5% CO2 to reach 70-80% confluence. Before transfection, HEK-293T cells were 

treated with the serum-free medium (OPTI-MEM) for at least one hour, in the meantime, 

the transfection reagent (Santa Cruz Biotechnology) was prepared according to the 

protocol as follows: 

Vector of interest 4µg + PsPAX2 3µg + pMD2G 1µg 

The vectors were added into 1 ml OPTI-MEM followed by vertexing. 

Thirty-two µl of Polyethyleneimine (PEI) solution at the concentration of 0.1% was 

added into the medium with vectors subsequently before vertexing again. The 

transfection solution was left at room temperature for at least 20 minutes before adding 

into a dish of HEK-293T cells. Normal medium was changed 24 hours after the 

transfection. Then supernatant containing lentiviral particles in dishes was collected in 

1.5ml sterilized centrifuge tubes every 24 hours. After centrifugation to separate HEK-

293T cells, the medium was collected in a universal container and stored in the -80℃ 
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freezer for further use. Once the original medium was harvested, another 5ml fresh 

medium was added carefully along the wall of the dishes to reduce any disturbance to 

the transfected cells. 

 

2.10.3 Transduction of breast cancer cell lines with lentiviral particles 

Breast cancer cells were seeded in standard growth medium without antibiotics in a 24-

well-plate. To ensure good efficiency of the transduction, cells were checked for 

viability before use. When the confluence of the cells reached 70-80%, cells were 

washed with PBS twice, and fresh medium (600µl) was changed in each well. After 

adding 8µg/ml polybrene into the wells, lentiviral particles of 400µl were added into 

the well drop by drop, followed by gentle shaking. The plate was placed in the incubator 

at 37℃ with 5% CO2 for 24 hours. 

 

2.10.4 Screening the stable expression cell line 

It is essential to screen out the cell line with stable expression of target gene after 

transduction. A cherry fluorescent tag was produced by the successfully transduced 

cells to verify the efficiency. A selection with 200µg/ml hygromycin was conducted for 

up to two weeks. After verification of the expression of BMP8A, stable cell lines were 

maintained in a medium with 50µg/ml hygromycin. 

  

 

2.11 Zymography 

Protein sample preparation 

Cells with good viability were seeded on the 6-well-plate at the confluence of 80%-90% 

and cultured for overnight at 37℃ with 5% CO2. The cells were washed with PBS twice, 

serum free medium (400 µl per well) was added into the wells to cover the cells on the 

bottom. Then the cells were incubated at 37℃ with 5% CO2 for 8 hours. Conditional 

medium (CM) was collected after the incubation. The non-reducing buffer was added 

into the supernatant of the CM after a centrifugation at 1300 rpm for 5 mins for a 
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separation from suspending cells in the CM collected. 

Gel preparation 

7.5 % SDS-PAGE gel was prepared with gelatin. The formula of the SDS-PAGE was 

same as the WB. A final concentration of 0.1% gelatin was also added into the gel 

(Table 2.9). 

Table 2.9 Formula for the gel of zymography 

Separating gel (7.5 % acrylamide) Stacking gel 

1.5 M Tris pH 8.8 2 mL 0.5 M Tris pH 6.8 1.25 mL 

30% acrylamide 2 mL 30% acrylamide 0.670 mL 

H2O 2 mL H2O 3.075 mL 

Gelatin (4 mg/mL) 2 mL 10% SDS 50 μL 

10% SDS 80 μL 10 % APS 50 μL 

10 % APS 80 μL TEMED 10 μL 

TEMED 10 μL   

 

Electrophoresis 

Once the gelatin SDS-PAGE gels were ready, the prepared protein samples in non-

reducing sample buffer were loaded. The amount of the ladder and the protein samples 

were 15µl and 40µl, respectively. Electrophoresis was performed to separate the 

proteins, the parameters for the electrophoresis were 120 - 140V, 50mA and 50W. 

Duration of the electrophoresis was depended on the molecular weight of the target 

proteins and the concentration of the gel. An ice box was applied during the 

electrophoresis to avoid protein denaturation caused by the heat generated during 

electrophoresis. 

Gel washing and staining 

The gel was soaked in washing buffer twice for 30 minutes for each wash to remove 

SDS from the gel.  After a rinse for 5–10 min in incubation buffer at 37°C with agitation, 

the gel was incubated in the incubation buffer for 24 hours at 37°C. The gel was then 

stained in the staining solution for 30 minutes to 1 hour. Destaining was then conducted 

using the distaining solution until clear bands developed.  
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Recipes for buffers used for the zymography are outlined below. 

Wash buffer: 

      2.5% Triton X-100 

      0.02% NaN3 

 

Incubation buffer: pH 8.0 

      50mM Tris-HCl 

      5mM CaCl2 

      0.02% NaN3 

 

Destaining buffer: 

      100ml Acetic acid 

      250ml Ethanol 

      650ml ddH2O 

  

10× gelatin solution 

       1% gelatin: dissolve 1g gelatin in 100ml distilled water. 

   

5× non-reducing sample buffer 

Final concentration for 250 mL 

4% SDS 10g 

20% glycerol 50 mL of 100% 

0.01% bromophenol blue 0.025 g 

125 mM Tris-HCl, 4.91g 

pH 6.8 

 

2.12 Proteomics   

Mass spectrometry is an indispensable method to analyse the protein samples for 

proteomics research, which can be used to determine the dynamic change of the protein 

expression, interaction and modification in the samples. Proteomics contains four main 

procedures including preparation of the cell protein lysis, protein digestion, peptide 

labelling and sample analysis. After preparation of protein sample using BT474control 

and BT474BMP8A cells, the last three steps were completed in Bristol University.   
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• After rinsing the cells twice with cold PBS, cells were harvested using scrapers. 

• Cells were pelleted through 1500 rpm centrifugation for 5 mins. RIPA 

(Radioimmunoprecipitation assay) buffer without SDS and DTT (Dithiothreitol) 

was applied to lyse the cells (80µl for 106 cells) for one hour at 4°C on the roller. 

Cocktails of protease / phosphatase inhibitors （ Cat No. ab201116 and 

ab201117, respectively）were added in RIPA buffer to reduce the activity of 

phosphatases. 

• Insoluble parts were removed by a centrifugation at 13000 rpm for 15 minutes 

at 4°C. 

• Supernatant was transferred carefully to a new tube. 

• After protein quantification (details were depicted in chapter 2.7.2), protein 

sample concentration was adjusted to a 2µg/µl. 

• Protein samples were sent to Bristol University for the following proteomic 

analysis of total proteins and phosphorylated proteins using TMT approach and 

mass spectrometry. Three replicates of protein samples extracted from both 

BT474 BMP8A overexpression and control cell lines were prepared and sent 

for the proteomic analysis. Alteration of total proteins and phosphorylated 

proteins including phosphorylation of tyrosine, serine and threonine residues in 

the BMP8A overexpression BT474 cells were quantitatively analysed in 

comparison with the control cells through two separate analyses.  The first 

analysis was to compare the total protein levels across the samples whilst the 

second was to determine phospho-peptide via a phospho-peptide enrichment 

approach. The processed data was subsequently analysed using Proteome 

Discoverer v2.1 software for identification of proteins against the Uniport 

Human database and a 'Common Contaminants' database as a standard 

procedure. The analyses were conducted by a bioinformatician at the Bristol 

University.   

 

2.13 Preparation of the bone matrix extract (BME) 

Femur bone tissues were collected from patients undergoing total hip replacements at 

the Trauma and Orthopaedic Department of University Hospital of Wales and 

Llanddough Hospital.  
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The collection was performed after receiving written consent from the donors and was  

implemented with strict adherence to a protocol ethically approved by the Bro Taf 

Research Ethics Committee (Panel B) for the Bro Taf Health Board, Cardiff, UK. The 

proximal femur samples collected consisted of the femoral head and part of the femoral 

neck. Once removed during the hip replacement process, the bone tissues were placed 

in sterile containers and stored at -20°C until the end of the operation. The samples were 

then transferred and stored at -80°C until use or further processing. For the extraction 

of BME, the femur samples first needed to be crushed using a Noviomagus bone mill 

with +/- 0.5 to 1 mm milling drums (Spierings Orthopaedics B.V., Nijmegen, The 

Netherlands). The resultant fragments were then further  

crushed by hand (5ml bone fragments: 20 ml of BSS) using a pestle and mortar, while 

on ice. 2.5ml aliquots of the crushed fragments were then transferred to 15ml centrifuge 

tubes, to which 10ml of sterile BSS was added. This mixture was placed in a Bioruptor 

(Diagenode, Seraing, Belgium) and subjected to 5 minutes of uninterrupted pulses, 30 

seconds on, 30 seconds off, in an ice-cold water bath. Debris were subsequently 

removed by centrifuging the samples at 3000 rpm at 4°C for 5 minutes and the 

supernatants were transferred to fresh tubes. This was repeated five times for each 

sample. Total protein content of the bone extracts was then quantified using a Bio-Rd 

DC protein assay kit (Bio-Rad Laboratories, Hemel Hempstead, UK) before being 

standardised to 2mg/ml. 1ml aliquots were prepared and stored at -80°C. 

 2.14 Statistical analyses 

 

Normally distributed data was analysed by T-test or one way ANOVA test, whilst non-

normally distributed data was assessed using Mann-Whitney tests or Kruskall-Wallis 

Test. P<0.05 was regarded as a statistically significant difference. One way ANOVA, 

Mann-Whitney test, Spearman correlation test and Kaplan-Meier survival analysis were 

performed using SPSS 26. 0. 
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Aberrant expression of BMP8A/BMP8B in breast 

cancer and its clinical implication 

 

 

 

 

 

 

 

 

  



94 

 

3.1 Introduction 

 

BMP8A, a member of BMP family that has been poorly studies in the context of cancer, 

is also named as osteogenic protein 2 (OP2). Mouse OP2 was firstly identified in 1992 

(Ozkaynak et al., 1992). Human BMP8A is located at chromosome 1p34.3, whereas 

BMP8B is located at 1p34.2 being 235kb away from the BMP8A. BMP8A and BMP8B 

are highly conserved proteins that share 97% homology of their amino acid sequence. 

The expression of BMP8A is enriched in thyroid (57.449 ± 40.258 RPKM) followed 

by endometrium (2.571 ± 1.197 RPKM). In an gene expression array assay of 

hepatocellular carcinoma, BMP8A expression was upregulated in tumour (n=17) 

compared with adjacent non-tumour liver tissues (Zekri et al., 2008). Aberrant 

expression of BMP8A in malignant tumours has been associated with methylation 

status of its promoter. For instance, hypermethylation of BMP8A was detected in 

rhabdomyosarcomas (Mahoney et al., 2012), whereas hypomethylation of BMP8A was 

found in oesophageal cancer (Singh et al., 2015). However, in comparison with other 

members of BMP family, BMP8A and 8B are yet to be investigated for their possible 

role in breast cancer. 

BMP8B signaling protein participates in regulation of thermogenesis and energy 

expenditure. Silencing of BMP8B diminished thermogenesis contributing to a diet 

related fatness (Whittle et al., 2012). Further research revealed that BMP8B interacted 

with NRG4 (Neuregulin-4) to modulate the neuro-vascular network in adipose tissue 

(Pellegrinelli et al., 2018). It was revealed that BMP8B was associated with regulating 

the progression of inflammation and cancers. In a study using a tissue microarray of 42 

gastric tumour samples paired with adjacent normal controls, BMP8B was presented to 

be a possible tumour suppressive protein in gastric cancer (Wisnieski et al., 2017). 

Reduced expression of BMP8B regulated by histone H4 at lysine 16 (H4K16) 

correlated with poor prognosis in gastric cancer (P<0.05) (Wisnieski et al., 2017). In 

pancreatic cancer, the finding was in clear contrast to that in gastric cancer. Pancreatic 

cancer tissues had significantly higher expression of BMP8B compared with normal 

adjacent tissues (Ref?). High expression of BMP8B suppressed the proliferation and 

promoted the apoptosis of pancreatic cancer while reduced expression of BMP8B 

accelerated the progression and growth of tumour cells (Cheng et al., 2014). Mutation 

in BMP8B may promote the metastasis of benign uterine leiomyoma to the pulmonary 
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metastases. BMP8B has also been shown to interact with BMP4 in inducing the genesis 

of primordial germ cells in the mouse model (Soritsa et al., 2018).  

To date, little is known for the role played by both BMP8A and 8B in breast cancer. 

The present study aimed to assess the expression of them in breast cancer and their 

implication in the disease progression of breast cancer. 

 

3.2 Materials and methods 

3.2. 1 Cell lines 

Wild type cell lines cover all the subtypes, including luminal A (MCF-7 and ZR-751), 

luminal B (BT474 and MDA-MB-361), Her2 (+) (SKBR3) and triple negative breast 

cancer (MDA-MB-231, BT20, BT549, MDA-MB-436 and MDA-MB-468) were 

purchased from the ATCC (American type culture collection, Boulevard Manassas, 

USA). MCF-7, SKBR3, MDA-MB-231, BT20, BT549, MDA-MB-436, MDA-MB-

468 were cultured in DMEM medium (Dulbecco’s Modified Eagle Medium) with 10% 

foetal bovine serum and antibiotic, whilst ZR-751, BT474 and MDA-MB-361 were 

cultured in RPMI (Sigma-Aldrich, Poole, Dorset, UK) medium with 10% FBS and 

antibiotics. 

3.2.2 RNA isolation, cDNA synthesis and reverse transcript polymerase chain 

reaction (PCR). 

Tri reagent kit (Sigma-Aldrich, Inc., Poole, Dorset, England, UK) was applied to isolate 

the RNA. Followed by reverse transcription procedure, RNA was translated into the 

complement DNA using the iScriptTM cDNA Synthesis Kit (Bio-Rad Laboratories, 

California, USA). Conventional PCR reaction was performed according to the protocol 

in chapter 2 (section 2.7.5). GAPDH was used as the house-keeping gene, Primer 

sequences for GAPDH, BMP8A and BMP8B were listed in Table 2.2.  

3.2.3 Quantitative analysis of BMP8 in breast cancer using real time polymerase 

chain reaction (PCR)  

Total RNA was extracted from the cell lines, followed by the synthesis of the cDNA. 

Complementary DNA (cDNA) was amplified and detected by QPCR using Amplifluor 

Uniprimer Universal system (Intergen Company, New York, USA), details could be 

seen in Chapter 2 (Section 2.7.8). Primer applied in qPCR was listed in Table 2.2. Every 

sample was repeated for three groups. 
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3.2.4 Breast cancer databases  

RNA sequencing data and quantitative data of proteins for a cohort of breast cancer 

from the TCGA which comprises 1098 primary tumour and 112 adjacent non-tumour 

mammary tissues are employed in the present study.  

E-MTAB-6703 is a meta-dataset of breast cancer (n=2302) comprising 214 tumour-

free mammary tissues and 2088 primary breast carcinomas derived from 20 

independent gene expression array datasets.  

3.2.5 Tissue collection and quantitative analysis of BMP8 using real time PCR 

The levels of gene transcripts of BMP8 were determined in a local cohort of breast 

cancer (n=144) which had been extensively investigated at the host lab (Bro Taf Health 

Authority 01/4303 and 01/4046). Breast cancer tissues(n=112) and normal adjacent 

tissues (n=32) were collected immediately after the resection and stored at -80℃ until 

required. The clinical follow-up initialled after surgery. Total RNA was extracted from 

the frozen tissue, followed by the reverse transcription to synthesis the complementary 

DNA. QPCR was performed to measure the expression of BMP8. Primers used in the 

research are listed in table 3.1. The clinical information including histological types, 

histological grade and the clinical implications such as tumour stage, lymph node 

involvement, distant metastasis and the prognosis were evaluated. 

3.2.6 Analysis of protein-protein interaction using STRING. 

STRING dataset (https://string-db.org/), an online platform for summarizing and 

predicting protein-protein interactions. This is employed to identify protein candidates 

that interacts with BMP8A and BMP8B.  

3.2.7 Immunohistochemical staining (IHC) of BMP8 in breast cancer tissue 

microarray (TMA)  

The IHC staining of BMP8A was performed using the TMA (BC 081120f, Biomax, 

US, details could be seen in supplementary file 1). Vectastain Elite ABC kit (Vector 

labs, California, US) for HRP was applied in the staining. Primary antibody used in 

current research was anti-BMP8A/OP-2 antibody (ab60290, abcam), a rabbit 

polyclonal antibody against human BMP8A/OP-2 (aa 250-350). Low expression of 

BMP8A in brain tissue was used as the negative control, whilst MDA-MB-231 cells 

with BMP8A overexpression validated by the Western Blot were applied as the positive 

control. The IHC staining was evaluated by two pathologists. The semi-quantitative 

analysis was depended on the staining intensity and the percentage of the cancer cells. 

The staining intensity of the cells was scored as: 1- weak; 2-medium; 3-strong, whereas 
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the percentage of the cancer cells on the slices was assessed as follows: 1- less than 1% 

of cancer cells; 2- 1%-10% of cancer cells; 3- 11%-33% of cancer cells; 4- 34%-66% 

of tumour cells; 5-67%-100% of tumour cells. 

3.2.8 Statistical analysis 

Normally distributed data was analysed using t-test for comparison between two groups 

and one way ANOVA test for statistical analysis of multiple groups, whilst non-

normally distributed data was assessed using Mann-Whitney tests or Kruskall-Wallis 

Test, respectively. Clinical relevance of deregulated BMP8A in breast cancer was 

assessed using both ANOVA and Kaplan-Meier tests. Kaplan-Meier survival analysis 

was also performed for the prognosis of BMP8A/8B in breast cancer using an online 

platform (http://kmplot.com/). Correlation with markers of proliferation and invasion 

was evaluated using Spearman test. P<0.05 was regarded as statistically significant. 

One way ANOVA, Mann-Whitney test, Spearman correlation test and Kaplan-Meier 

survival analysis were performed using SPSS 27. 0. 

 

3.3 Results 

3.3.1 Aberrant eexpressions of BMP8A and BMP8B in breast cancer. 

Expressions of BMP8A and BMP8B were firstly evaluated using the RNA sequencing 

TCGA-BRCA dataset. Expressions of BMP8A and BMP8B significantly increased in 

primary tumour lesions comparing with normal adjacent controls. Analysis of BMP8A 

and BMP8B in E-MDTA-6703 cohort was performed for validation (Figure 3.1). 

Similar trend was detected in both datasets. Analyse in Cardiff breast cancer dataset 

was also performed for BMP8 in current study (Table 2), no significant difference was 

observed between the tumour and normal tissues. BMP8A staining was stronger in 

breast cancer tissues comparing with the adjacent normal controls (Figure 3.1E). 

BMP8A protein is mainly distributed in the cytoplasm, few staining can be seen in the 

cell nuclei, part of BMP8A staining could be observed in carcinoma stroma such as the 

fibrocytes and the immune cells.  
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Figure 3.1 Aberrant expression of BMP8A and BMP8B in breast cancer. (A) Expression of 

BMP8A in breast cancer (n=1093) compared with normal tissue (n=112) was assessed at 

mRNA level in TCGA-BRCA database. (B) Expression of BMP8A in breast cancer (n=2088) 

compared with the normal tissue (n=214) in the gene-array database (E-MTAB-6703). (C) 

Expression of BMP8B in breast cancer (n=1093) compared with normal tissue (n=112) was 

assessed at mRNA level in TCGA-BRCA database. (D) Expression of BMP8A in breast cancer 

(n=2088) compared with the normal tissue (n=214) in E-MTAB-6703 database (E-MTAB-

6703). (E) Immunohistochemical (IHC) staining presented the expression of BMP8A in 

invasive breast carcinoma compared with the normal adjacent tissue with different 

magnifications including 100× and 400×.  *P＜0.05, **P＜0.01, ***P＜0.001. 
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3.3.2 BMP8A/8B with the TNM staging of Breast Cancer 

Expressions of BMP8A and BMP8B in breast cancer tissues were assessed in TCGA-

BRCA dataset. However, when comes to subgrouping by the TNM staging, the samples 

numbers were rather scarce in some subgroup, especially the tumours of T4 or N3 

subgroups from the subtype of HER2 positive tumours. Therefore, tumour subgroups 

were combined based on what they represented, namely tumours of T1 and T2 stages 

were grouped together and classified as the early stage, whilst T3 and T4 stage tumours 

were regarded as local advanced stages. Tumours with lymph node metastases 

including N1, 2 and 3 were compared with tumours without lymph node metastasis 

(N0). Increased expression of BMP8A was presented in the early tumour stage 

(median=239.70), comparing with the advanced tumour stages (median=174.29, 

P<0.01), however, no significant difference was seen in the tumours presented lymph 

node metastases and distant metastases at the diagnosis of the disease (Figure 3.2).  
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Figure 3.2 Altered expression of BMP8A and BMP8B correlates with the TNM staging of BC. 

(A)Association between BMP8A mRNA expression and TNM staging of breast cancer in 

TCGA cohort(n=1093). **P＜0.01. (B) Association between BMP8A mRNA expression and 

TNM staging of breast cancer in TCGA cohort(n=1093). 

 

3.3.3 BMP8 and clinical outcomes  

High levels of expression of BMP8A tends to be associated with the overall survival 

(OS) of patients with breast cancer, although it does not reach a statistically 

significant level. High expressions of BMP8A and BMP8B are associated with better 

relapse free survival (RFS) and post-progression survival (PPS) (Figure 3). It is 

noteworthy that higher expression of BMP8B is associated with the poorer RFS and 

distant metastasis free survival (DMFS) (Figure 3.3). 
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Figure 3.3 Relationship between altered expression of BMP8A/ BMP8B and the prognosis of 

breast cancer. Kaplan-Meier survival analyses presented the correlation between differential 

expression of BMP8A/BMP8B and the OS (n=1880), RFS (n=4934), DMFS (n=2767) and 

PPS (p=458) of breast cancer using the online Kaplan-Meier survival analysis 

(http://kmplot.com). 
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3.3.4 Expression of BMP8 and the clinical relevance in breast cancer  (Cardiff 

cohort). 

From the quantitative analysis of BMP8 transcripts in the Cardiff cohort of breast 

cancer (Table 3.1), it was found that expression of BMP8 in poorly differentiated 

tumours was significantly higher compared with the well-differentiated tumours 

(P=0.0008). In addition, BMP8 is significantly reduced in ERα (-) tumours (P=0.0027).  
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Table 3.1 Expression of BMP8 in breast cancer (Cardiff cohort). 
 

 

Category Variables BMP8 

N Mean ± SE P value 

Tissue type Normal 32 12.19±5.30  

Tumour 112 7.58±1.61 0.6724 

Histological 

types 

Duct 90 7.78±1.81  

Lobule 11 10.36±6.93 0.3921 

Others 5 5.58±3.57 0.5541 

Histological 

Grade 

Grade 1 19 0.63±0.447  

Grade 2 36 7.78±2.52 0.2186 

Grade 3 7 10.12±2.77 0.0008 

TNM 

staging 

TNM 1 2 11.8±10.4  

TNM 2 34 8.75±3.02 0.1445 

TNM 3 7 24.9±16.7 0.0753 

TNM 4 4 4.67±3.90 0.5454 

Oestrogen 

receptor 

(ER) status 

ERα (-) 67 9.64±2.34  

ERα (+) 33 4.00±2.18 0.0027 

ERβ (-) 82 8.46±2.09  

ERβ (+) 21 5.16±1.55 0.3679 

Nottingham 

Prognostic 

Index (NPI) 

NPI1 58 7.49±2.42  

NPI2 34 5.06±2.21 0.4256 

NPI3 15 9.05±3.34 0.2931 

Clinical 

outcome 

Disease free 81 6.44±1.87  

Local 

recurrence 

6 16.14±7.07 0.2121 

Distant 

metastasis 

4 6.23±5.83 0.9586 

Die of breast 

cancer 

16 11.75±5.32 0.36 

 Poor 

prognosis 

26 11.92±3.71 0.9363 

Note: Normal was adjacent breast tissue.   
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3.3.5 Differential expression of BMP8 in different subtype BCs 

3.3.5.1 Differential expression of BMP8 in different subtypes. 

Analyses of the TCGA-BRCA dataset showed that BMP8A was highly expressed in 

luminal B and Her2 positive tumours in comparison with the other two subtypes, i.e. 

luminal A and triple negative breast cancer (TNBC). The lowest expression of BMP8A 

was found in the TNBC tumour group. Expression of BMP8B in luminal B is 

statistically different from its expression in both luminal A and Her2 (+) tumours whilst 

the luminal B subtype tumours exhibited the highest expression levels (Fig. 3.4 A). The 

classification of subtypes of breast cancer was also performed according to the status 

of ER, PR and Her2. After analysis of frequencies of ER, PR and Her2 in TCGA-BRCA 

cohort, the cut-off values of these genes were estimated to determine their differential 

expressions. Expression of BMP8A in the subclasses divided according to the mRNA 

levels indicates that luminal B subtype is significantly higher than luminal A and TNBC 

subtypes, whilst expression of BMP8B is significantly higher in luminal B subtype and 

luminal A subtype than the other two subtypes (Figure 3.4 B). Analysis in E-MTAB-

6703 is also applied for the validation (Figure 3.4 C). The overlapping results of the 

assessment mentioned above are summarized as follows: differential expression of 

BMP8A was presented in luminal B subtype comparing with luminal A and TNBC 

subtypes, the median expression was highest in luminal B subtype, whereas the median 

expression of BMP8B was also the highest in luminal B subtype, BMP8B expression 

in luminal A presented statistical difference with luminal B and TNBC subclasses.  
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Figure 3.4 Altered expression of BMP8A and BMP8B in different subtypes of breast cancer 

analysed from the epi-genomic dataset. (A) Differential expression of BMP8A and BMP8B in 

different subclasses of breast cancer based on the IHC result analysed in TCGA cohort(n=1093). 

(B) Differential expression of BMP8A and BMP8B in different subclasses of breast cancer 

based on the mRNA expression levels of ER, PR and Her2 analysed in TCGA cohort(n=1093). 

(C) Differential expression of BMP8A and BMP8B in different subtypes of breast cancer 

(classified by the IHC result) analysed in E-MTAB-6703 database (n=2302). *P＜0.05, **P＜

0.01, ***P＜0.001. 
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3.3.5.2 Expression of BMP8A and BMP8B in wild type breast cancer cell lines 

Different expressions of BMP8A and BMP8B were observed in all the wild type of cell 

lines by conventional PCR. Quantitative analysis of the gene transcript by QPCR was 

also performed to investigate the expressions of BMP8A and BMP8B in all the breast 

cancer cell lines listed above. QPCR results for the expression of BMP8A and BMP8B 

were consistent with the β-actin normalised expressions of BMP8A and BMP8B in 

breast cancer cell lines. High expressions of BMP8A and BMP8B were seen in MCF-

7 and ZR 751(luminal A subtype), MDA-MB-361(luminal B subtype) and MDA-MB-

436 and MDA-MB-468 cell lines (TNBC subtype), whereas BT474 (luminal B), 

SKBR3 (Her2 positive), MDA-MB-231, BT20 and BT549 (TNBC) presented low 

expressions of BMP8A/8B (Figure 3.5). 

 

Figure 3.5 Expression of BMP8A and BMP8B in different wild type cell lines of breast cancer. 

(A) Expression of BMP8A and BMP8B in various wild type cancer cell lines was shown in 

histogram (QPCR result). (B) Histogram showed β − actin normalised expression of BMP8A 

and BMP8B in various subtypes of wild breast cancer cell lines (QPCR result). The folds were 

calculated using ∆CT. 
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3.3.5.3 Expression of BMP8A in breast cancer tissue microarray (TMA)  

Statistically differential expression of BMP8A was presented between the normal 

tissues and the tumour tissues. Analysis from the current TMA (tissue microarray) 

showed that protein level of BMP8A was statistically higher in luminal A than Her 2 

(+) and TNBC subtypes. BMP8A expressions were increased in luminal A, luminal B 

and Her 2 (+) subtypes than the normal adjacent tissues.  

 

 

 

 

 

Figure 3.6 Differential expression of BMP8A in breast cancer TMA. (A) Differential 

expression of BMP8A was assessed using IHC staining. (B) Shown are representative images 

of IHC staining BMP8A in samples of different subtypes. *P＜0.05, **P＜0.01, ***P＜0.001
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3.3.6 Expression of BMP8A/8B and TNM staging in subtypes 

Higher expression of BMP8A (from the RNA sequence data) was observed in earlier 

tumour stages (T1 and T2) compared with the local advanced stages (T3 and T4) in 

luminal A subtype from the analysis in TCGA dataset in subtypes of breast cancer 

(classified according to the IHC result of ER, PR and Her2) (Fig. 3.7), however, no 

other significant difference of either BMP8A or BMP8B was seen within the other 

TNM stages (Fig. 3.8). 

 

Figure 3.7 Correlation between BMP8A expressions and the TNM staging in different subtypes 

of breast cancer. (A) Differential expression of BMP8A correlation the tumour staging in 

different subclasses (classified by IHC result) of breast cancer analysed in TCGA 

cohort(n=1093). *P＜0.05. (B) Correlation between expression of BMP8A and the lymph node 

involvement in all the subclasses (classified by IHC result) of breast cancer analysed in TCGA 

cohort(n=1093). (C)Altered expression of BMP8A associated with distant metastasis in all the 

subclasses (classified by IHC result) of breast cancer (TCGA n=1093). 
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Figure 3.8 Correlation between BMP8B expressions and the TNM staging in different subtypes 

of breast cancer. (A) Differential expression of BMP8B correlation the tumour staging in 

different subclasses (classified by IHC result) of breast cancer analysed in TCGA 

cohort(n=1093). (B) Correlation between expression of BMP8B and the lymph node 

involvement in all the subclasses (classified by IHC result) of breast cancer analysed in TCGA 

cohort(n=1093). (C)Altered expression of BMP8B associated with distant metastasis in all the 

subclasses (classified by IHC result) of breast cancer (TCGA n=1093). 
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3.3.7 Contrasting relationship with patients’ survival in different subtypes of 

breast cancer 

Elevated expression of BMP8A reduced the overall survival (OS) in luminal B subtype 

(P<0.01), whereas in Her2 (+) subtype higher expression of BMP8A was seen with 

prolonged overall survival. BMP8B did not exhibit an association with OS according 

to the analyses of different subtypes (Fig. 3.9). 

Patients with high levels of BMP8A showed significantly higher DMFS in luminal B 

(p=0.0099) and TNBC (p=0.048) subtypes. However, no significant difference was 

found in luminal A and Her2 (+) subtypes (Fig. 3.9). Elevated expression of BMP8B 

reduced the DMFS in TNBC group (P=0.039), no statistical difference was presented 

in the other three subtypes (Fig. 3.10). 

The elevated expression of BMP8A prolonged the median RFS in overall BC, luminal 

A, Her2(+) and TNBC subtypes than paired low-expressed cohort, the difference 

presented more evident in Her2(+) cohort (P<0.01). No significant difference was 

observed in Luminal B subtype (Fig. 3.9). High expression of BMP8B significantly 

prolonged the RFS in overall, luminal A, luminal B and Her2 (+) groups. High 

expression of BMP8B in TNBC subtype tended to present a decreasing recurrence rate 

but did not reach the significant level (Fig. 3.10). 

Reduced expression of BMP8A in luminal A BCs is associated with post progression 

survival (PPS) and overall survival (OS). High BMP8A tended to correlate with poorer 

post progression survival in the luminal B subtype tumours, however no significant 

difference was shown. (Fig. 3.9) There is no evident to suggest a relationship between 

the expression of BMP8B and PPS (Fig. 3.10). 
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Figure 3.9 Association of altered expression of BMP8Awith the prognosis in different 

subclasses of breast cancer. Kaplan-Meier survival analyses presented the differential role of 

BMP8A on the overall survival in different subtypes of breast cancer by the online analysis 

(http://kmplot.com).  
  

http://kmplot.com/
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Figure 3.10 Association of altered expression of BMP8Awith the prognosis in different 

subclasses of breast cancer. Kaplan-Meier survival online analyses presented the association of 

altered expression of BMP8B on the prognosis of breast cancer in different subtypes 

(http://kmplot.com).  
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3.3.8 Correlation of BMP8 with ER, PR and Her2. 

 

Expression of ER, PR and ERBB2 (Her2) in breast cancer. 

Due to the wide variance of the expression value of ESR1 (ER), ESR2 (ER), PR and 

ERBB2 (Her2) in TCGA-BRCA dataset, the log values of their expression were 

demonstrated in this chapter to aid display and reading. The cohort was then divided 

into the high and low expression groups according to the cut-off value. The cut-off 

value was determined according to the morphology and the frequency of the distribution, 

the cut-off values for ESR1, ESR2, PR and ERBB2 are 2.875, 0.544, 2.333 and 4.672, 

respectively (Fig. 3.11 A).  

Differential expression of BMP8A and BMP8B with altered expression of ESR1, PR 

and ERBB2. 

Analysis in TCGA cohort showed significantly different expression of both BMP8A 

and BMP8B with altered expression of ERBB2. However, no significant difference of 

BMP8A or BMP8B expression is seen between the high expression and the low 

expression group of ESR1 and PR (Fig. 3.11 B). 

Correlation of BMP8 with ESR1, ESR2, PGR and ERBB2 

From the assessment, BMP8A expression is mildly positively associated with PGR and 

ERBB2 (the correlation scores are 0.067, P<0.05 and 0.092, P<0.01, respectively) while 

negatively correlated ESR2 (r=-0.115, P<0.01). No statistical correlation is found 

between BMP8B with ESR1, ESR2, PGR and ERBB2 (Fig. 3.11 C). 
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Figure 3.11 Correlation between the mRNA expression of BMP8A/BMP8B and 

ER/PGR/ERBB2 in breast cancer. (A) Violin plot exhibited the differential expressions of the 

log value of ESR1, ESR2, PGR and ERBB2 in TCGA-BRCA cohort(n=1093). (B) Altered 

expression of BMP8A and BMP8B in breast cancer with differential expression of ER, PR and 

ERBB2. (C) Association of BMP8A/BMP8B with ESR1/ESR2/PGR/ERBB2 was analysed 

applying spearman tests, the evaluation was shown as the heatmap and the scatter plots. *P＜

0.05, **P＜0.01. 
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3.3.9 Clinical evidence to identify candidate genes (BMPR and antagonist) for 

diverting signalling of BMP8A in the specific subtypes 

STRING dataset is an online analysis platform, correlation with BMP8A can be 

investigated from known interactions, predicted interactions and others such as co-

expression, text mining and protein homology. Overall scores for the BMP8A 

interacting molecules are (from high to low according to the scores): BMPR1B (0.822), 

BMPR1A (0.814), BMPR2 (0.814), BMP8B (0.800), NOG (0.740), AMHR2 (0.738), 

CHRD (0.706), ACVR2A (0.575) and ACVR2B (0.511) (Fig. 3.12).  

In order to elucidate the relationship of the BMP8A/BMP8B with the interacting 

molecules, further evaluation was performed for all BCs and different subtypes.  

BMP8A expression is positively correlated with BMPR2 (r=0.283, P<0.01) in overall 

breast cancer, whilst slightly inversely correlated the expression of BMP1(r=-0.063, 

P<0.05). BMP1 and BMPR2 are positively correlated with BMP8A in both Luminal A 

and Luminal B subtypes. ACVR2B is the top molecule positively associated with 

BMP8B in overall, luminal A and luminal B breast cancer. BMP8A is highly correlated 

with the antagonist CHRD in Her2 (+) subtype, the correlation coefficient is 0.622, 

P<0.01. AMHR2 is the only interacting molecule associated with BMP8B in Her2 (+) 

subtype. In TNBC subtype, BMP8A and BMP8B are positively correlated with BMP1 

(r=0.465, P<0.01) and BMPR1B (r=0.346, P<0.01), respectively. BMP8A and BMP8B 

expressions are highly associated with the antagonists, the correlation coefficient of 

BMP8A with CHRD is 0.369 (P<0.01) and BMP8B with NOG is 0.265 (P<0.01). (Fig. 

3.13) 
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Figure 3.12 Correlation between BMP8A/BMP8B with their interact molecules. (A) Predicted 

receptors and their correlation with BMP8A were analysed by STRING online 

database(https://string-db.org/). Known Interactions from curated databases, 

experimentally determined. Predicted Interactions gene neighborhood gene 

fusions gene co-occurrence. Others textmining co-expression 

protein homology.  (B) Correlation scores between BMP8 with the interact molecules were 

analysed using Spearman test and presented with the heatmap.
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Figure 3.13 Correlation between BMP8A/BMP8B with their interact molecules. Scatter maps 

showed the significant correlation of BMP8 with interact molecules and their corresponding 

correlation co-efficient. *P＜0.05, **P＜0.01. 
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3.4 Discussion 

BMP8A actively involved in bone metabolism (Fan et al., 2009b) and the development 

of the reproductive system (Wu and Luo, 2017). BMP8B signalling participates in the 

regulation of thermogenesis and energy expenditure (Whittle et al., 2012). Recent years 

have witnessed an increased research interest in BMP8. It has been reported that both 

BMP8A and BMP8B participated in the progression of various solid tumours, for 

instance, BMP8A suppressed the ubiquitination of Nrf2 which modules the expression 

of TRIM24, leading to the inhibition of apoptosis and drug resistance of renal cancer 

(Yu et al., 2020). Over-expression of BMP8B suppressed the proliferation and 

promoted the apoptosis of pancreatic cancer, whilst reduced expression of BMP8B 

accelerated the disease progression and growth of tumour cells (Cheng et al., 2014). 

Recent analysis of BMPs in the TCGA-BRCA cohort showed that BMP8A was 

upregulated in breast cancers. The increased expression of BMP8A was associated with 

poorer overall survival (Katsuta et al., 2019b).  

To date, expressions of BMP8A and BMP8B in subtypes of breast cancer and the 

clinical implication in these subtypes remain unknown. The present study focused on 

the aberrant expressions of BMP8A and BMP8B in overall breast cancer and also their 

specific involvement in different subtypes of the disease. Altered expressions of 

BMP8A and BMP8B were assessed in three different breast cancer datasets 

(TCGA_BRCA, E-MTAB-6703 and Cardiff cohort) for their expression in tumour 

compared with normal or non-tumour adjacent mammary tissues. In the present study, 

it was found that the expression levels of BMP8A/BMP8B in breast cancer tissues were 

significantly elevated compared with normal tissues in both TCGA-BRCA and E-

MTAB-6703 cohorts. No significant difference was observed for the expression of 

BMP8 in the analysis of the Cardiff cohort. IHC staining of BMP8A in a breast cancer 

tissue microarray (Cat NoBC081120f. Biomax) showed a cytoplasmic staining of the 

protein BMP8A. BMP8A staining is more frequently observed in the BC samples. 

Further analyses revealed that there are differential expressions of BMP8A/BMP8B in 

different subtypes. Initially, the evaluations were performed in different subtypes 

determined by the IHC result of ER, PR and HER2, however the IHC result is 

susceptible to the subjective factors. Due to the limited cases of samples, protein level 

of BMP8a in different subtypes of breast cancer still needs to be further investigated. 
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In order to reduce the subjective variance, the objective mRNA expressions of ER, PR 

and Her2 in TCGA cohort were then evaluated to reclassify the subtypes and the 

differential expressions of BMP8A/8B were analysed subsequently. Finally, analysis in 

E-MTAB-6703 dataset was applied to validate the result. It was consistently observed 

in both cohorts that both BMP8A and BMP8B are highly expressed in Luminal B and 

Luminal A subtypes, whilst Her2 (+) and TNBC subtype tumours present lower 

expression of both genes. To further verify the findings and make preparation for 

following cellular experiments, we investigated the expression of BMP8A and BMP8B 

in a number of breast cancer cell lines comprising different subtypes of BC. QPCR 

result showed the high expression of BMP8A and BMP8B in current luminal A 

cell line and part of the luminal B and TNBC cell lines. SKBR3 cell line, belongs to the 

Her2 (+) subtype, presented low expression of BMP8A and BMP8B. Based on the 

expression of BMP8A and BMP8B in the wild type of cell lines, overexpression models 

of BMP8A in BT474 (luminal B), MDA-MB-361(luminal B), SKBR3(Her2 (+)) and 

MDA-MB-231 cell lines (TNBC), whereas BMP8A knock down is suitable to be 

constructed in MCF-7 (luminal A), and MDA-MB-436 (TNBC). 

It was not until recently that Katsuta et al, by analysing BMPs in the TCGA-BRCA, 

have reported that higher expression of both BMP8A and BMP8B were correlated with 

poorer overall survival in breast cancer (Katsuta et al., 2019b). However, studies on the 

clinical relevance of BMP8A and BMP8B in breast cancer are otherwise lagging. Our 

analysis for this topic started from the altered expression of BMP8 with TNM staging 

of BC, significant differential expression of BMP8A was observed between the early 

and advanced tumour stages. Further analysis within subtypes shows differential 

expression of BMP8A in luminal A subtype, but not in other subtypes. The association 

of BMP8 with the clinical outcomes of patients with breast cancer was again performed 

by KM-plot online analysis. It revealed that high level expression of BMP8A, and not 

BMP8B, tended to correlate with the poor overall survival. High expression of BMP8B 

presented a higher possibility of developing distant metastases but less recurrence. This 

collectively suggests that the relationship between BMP8A and BMP8B and the 

survival of the patients, are more than just being straight forward correlation. Given the 

complexity of the biological interactions between BMP8, its receptors, antagonists and 

diverse signalling events, a combined analysis with these other factors is highly 

necessary. 
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Evaluation of BMP8A and BMP8B was also carried out in different subtypes of breast 

cancer, which have very different biochemical, biological and clinical manifestations. 

Intriguingly, high expression of BMP8A is associated with the poor overall survival in 

luminal B subtype (P=0.0024) and with good prognosis in the Her2 (+) subtype 

(P=0.001). However, we did not find any significant correlation between BMP8B and 

overall survival in any subtype of breast cancer. Compared with BMP8B, the role of 

BMP8A in breast cancer seems more relevant and important. BMP8A presents a 

contrasting relationship with the progression of breast cancer in luminal B and Her2 (+) 

subtypes, which indicates that BMP8A signalling may interact with the ER and Her2 

signalling in a contrasting fashion. ER is capable of modulating the expression and the 

function of BMP and BMPRs in breast cancer(Takahashi et al., 2008, Katsuta et al., 

2019a). Her2 signalling has also exhibited a reciprocal regulation with BMP signalling 

(Ueda et al., 2004, Mulder, 2000, Ventura et al., 2004). Generally, Her2 signals are 

transduced as the pattern of heterodimerisation with the co-receptors, that is why Her2 

signalling pathway tends to rely on the EGFR signalling pathways and cannot be 

completely distinguished. EGFR signalling could regulate the expression of BMPs in 

breast cancer (Clement et al., 1999). Study in the drosophila embryo showed that BMP 

signal response was inversely modulated by EGFR signalling (Deignan et al., 2016).  

EGFR signal is capable of modulating the signalling events of the BMP pathway. Under 

the regulation of EGFR, BMP-7 reduced the progression of liver fibrosis. BMP signal 

could reversely influence the transduction of EGFR either, in the same study, BMP-7 

was shown to reduce the expression and the phosphorylation of EGFR (Wang et al., 

2014).The exact impact of BMP8A on breast cancer particularly the subtype specific 

involvement is yet to be investigated.  

 

In our analysis, significantly altered expressions of BMP8A and BMP8B were observed 

in tumours with differential expression of HER2. BMP8A expression is positively 

correlated the expression of HER2.  

 

BMP8 influences the biological events in breast cancer through BMP signalling 

pathway. To date, little is known about the signalling transduction of BMP8 in BC. 

Research on the differentiation of spermatogonia proved that BMP8 induced activation 

of both BMP specific R-Smad1/5/8 and TGF-β specific R-Smad 2/3 signal pathways 

synchronously. The former pathway was mediated by receptor complexes formed by 
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type I receptor（ALK3 or ALK6) and type II receptor (ACVR2A or BMPR2). Whilst 

SMAD2/3 signal pathway was activated through receptor complexes formed by type I 

receptor (ALK5 or ALK4) and type II receptor(ACVR2A, ACVR2B or TGFBR2)(Wu 

et al., 2017). Present analysis from STRING dataset reveals that BMPRs such as 

BMPR1B (0.822), BMPR1A (0.814), BMPR2 (0.814), ACVR2A (0.575) and 

ACVR2B (0.511) are highly correlated with expression of BMP8A and BMP8B, which 

are consistent with the research in spermatogonia. These receptors are supposed to be 

the predicted receptors of BMP8 in BC. Our analysis showed that BMP8A expression 

was highly positively associated with the BMP1 and BMPR2 expression in the TCGA-

BRCA cohort including all subtypes. This indicates that BMPR2 may play a vital role 

in the signalling transduction of BMP8A of BC. Different from the other members of 

BMPs, BMP1, possesses a different C-terminal region, works as the proteinases in 

modulating the formation of ECM and activating the BMP signalling pathway(Hopkins 

et al., 2007). ACVR2B is positively associated with BMP8A in Luminal A and B 

subtypes, whilst an inversely correlation is observed in Her2 (+) subtype (r=-0.338 

P<0.05). CHRD, the antagonist of BMPs, is highly positively correlated with 

expression of BMP8A in Her2(+) and TNBC subtypes, in addition, another antagonist 

of BMPs, NOG, is significantly correlated with the expression of BMP8A too (r=0.255 

P<0.01). It is speculated that the activity of BMP8A may be inhibited in Her2(+) and 

TNBC subtypes. BMP8B is positively correlated with ACVR2B in breast cancer 

excluding Her2(+) subtype. BMPR2 is positively correlated with BMP8B in overall 

breast cancer (r=0.213 P<0.01), luminal A (r=0.251 P<0.01) and TNBC subtypes 

(r=0.256 P<0.01). Notably, NOG expression is also positively correlated with BMP8B 

expression in overall, luminal A and TNBC subtypes, especially in TNBC subtype 

(r=0.265 P<0.01), which implied that function of BMP8B may be suppressed by the 

antagonist, especially in TNBC subtypes. 

 

3.5 Conclusion: 

BMP8A and BMP8B expression are significantly elevated in breast cancer compared 

with adjacent normal breast tissues, especially in luminal B and Her2(+) subclasses 

from the analyses in the database, however, Result from IHC staining of the current 

TMA showed that BMP8A is highly expression in luminal A subtype. Further 
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investigation of BMP8A in breast cancer cell lines presented those high expressions 

of BMP8A in MCF-7 (luminal A), MDA-MB-436 cells (TNBC). 

BMP8A may involve in tumour staging in luminal A subtype of breast cancer. 

BMP8A presents the contrasting role in luminal B and Her2 positive subtypes of BC, 

which is yet to be investigated in the following research. 

Differential expression of ERBB2 is correlated with significantly altered expression 

of BMP8A and BMP8B in breast cancer and ERBB2 is positively associated with the 

expression of BMP8A. 

BMPR2 and ACVR2B seem to closely correlate with BMP8A and BMP8B signalling 

in breast cancer. BMP8 signalling transduction is to be further investigated in the 

following chapter.  

Function of BMP8 is possible to be inhibited by the antagonists in Her2(+) and TNBC 

subtypes of breast cancer. To detect the exact regulation for BMP8 and the 

antagonists, further study is required. 
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Chapter 4 

BMP8A regulates cellular functions of luminal B 

breast cancer cells by enhancing invasiveness and 

epithelial mesenchymal transition (EMT) 
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4.1 Introduction 

The luminal subtype (including luminal A and Luminal B) accounts for 80% of breast 

cancer and is characterised by having positive endocrine receptors, including oestrogen 

receptor (ER) and progesterone receptor (PR). In addition to the ER and PR, luminal B 

subtype is also positive for HER2 expression, differing from the luminal A subtype 

which is HER2 negative. Luminal B subtype is an aggressive phenotype presenting less 

responsive to endocrine therapies (Nelson et al., 2017). Luminal B subtype is more 

likely to occur in older women (over 75 years of age) and is correlated with poor 

prognosis (Mills et al., 2021). 

The roles played by BMPs in breast cancer, particularly in Luminal-B subtype, remain 

under intensive investigation. It has been indicated that BMP signalling may be 

epigenetically pivotal, with increased tendency of deregulation in luminal B subtype 

(Gao et al., 2015). BMP signalling has also been shown to modulate the EMT 

(Epithelial to Mesenchymal Transition) process and promote tumour invasion (Buijs et 

al., 2007a, Naber et al., 2012, Ying et al., 2015). EMT, a process whereby tumour cells 

forfeit epithelial morphology and obtain mesenchymal phenotype, is critical for 

indolent cells acquiring metastatic propensity (Gonzalez and Medici, 2014). The other 

key feature of BMPs’ signalling is their  stimulatory effect on the expression of, or 

increase in the activity of certain MMPs including MMP1, MMP2 and MMP9, (Wang 

et al., 2015). Collectively, there is evidence to argue the potential importance of BMPs 

in the progression of breast cancer.  

 

Amongst the BMP family members, BMP8A is one of the poorest understood BMPs in 

cancer.  It was found to suppress tumour apoptosis and is associated with drug 

resistance in renal cancer (Yu et al., 2020). In clinical breast cancer, it has been shown 

that higher expression of BMP8A is associated with shorter overall survival (OS) of 

breast cancer patients (TCGA) (Katsuta et al., 2019c).  

Analysis of BMP8A for its implication in breast cancer, as presented in Chapter3, 

reveals that upregulated BMP8A is associated with poor overall survival and poor 

DMFS in luminal B subtype breast cancers, which indicates a possible involvement of 

BMP8A in disease progression. The work presented in the present chapter aimed to 
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investigate the impact of BMP8A on the cellular functions of luminal B subtype breast 

cancer cells. For this study I developed a set of sub-models from luminal B breast cancer 

cells, BT474 and MDA-MB-361, by genetically modifying the expression of BMP8A 

using a Lentiviral vector system. These new cell models were then used to evaluate the 

impact of modified expression of BMP8A on cellular functions including proliferation, 

adhesion, migration and invasion. On discovering that BMP8A influenced functions 

that are hallmarks of EMT in these cells, using both the cell models and a clinical 

database (TCGA), I went on to further explore the links between BMP8A and EMT 

molecular events. 

 

4.2 Materials and methods 

4.2.1 Breast cancer database 

RNA sequencing data (TCGA_BRCA) was applied in this study to investigate the 

correlation between BMP8A and tumour biological markers. TCGA-BRCA is an 

mRNA sequencing cohort, with quantitative data of genomic DNA, mRNA, microRNA 

and protein, for a cohort of breast cancer comprising 1098 tumours and 112 adjacent 

non-tumour mammary tissues.  

 

4.2.2 Cell lines 

BT474 and MDA-MB-361 cell lines were used to investigate the impact of BMP8A in 

breast cancer cells. Wild type BT474 and MDA-MB-361 cell lines were cultured in 

RPMI-1640 medium, with 10% FBS and antibiotics. The stably transfected MDA-MB-

361 and BT474 cell lines were cultured with selection medium, adding 100µg/ml 

hygromycin. After selection for about one week, selection medium with 50µg/ml 

hygromycin was used to maintain the cells.  

4.2.3 Overexpression model in BT474 and MDA-MB-361 cell lines 

Lentivirus BMP8A expression vector was ordered from the vector builder (VB180207-

1092dmp). After the same procedures of amplification, purification and packaging of 

the lentiviral particles, BT 474 and MDA-MB-361 cells were transduced with lentiviral 

BMP8A vectors or control vectors, respectively. The transduced cell lines were subject 



 126 

to selection using hygromycin and verified for the expression of BMP8A.  

4.2.4 RNA isolation, cDNA synthesis, RT-PCR, and Q-PCR 

Tri Reagent kit (Sigma-Aldrich, Inc., Poole, Dorset, England, UK) was utilised to 

extract the RNA, followed by the synthesis of complete DNA using GoScriptTM 

Reverse Transcription System kit (details could be seen in Chapter2 section 2.6.1). 

Conventional and QPCR were then accomplished according to the protocols in Chapter 

2. Details of primers including GAPDH, β-actin, BMP8A and other responsive genes 

are given in Chapter 2 (Table 2.3). 

4.2.5 Protein extraction, SDS-PAGE, and Western blot analysis 

After protein extraction using a lysis buffer and quantification by the DC Protein Assay 

kit (BIO-RAD, USA), the proteins were separated by SDS-PAGE and then transferred 

onto PVDF membranes (pre-treated by methanol for 1 minute and the running buffer 

for 15 minutes). After blocking with a blocking buffer, the membrane was incubated 

with the respective primary antibody at 1:1000 dilution overnight (4oC) to probe the 

target protein. After washing, the respective HRP conjugate secondary antibody was 

added and incubated for another hour, followed by more washings. The protein bands 

were eventually visualised using the chemiluminescence detection kit (Luminate Forta 

Western HRP substrate (Cat. No. WBLUF0500, Merk-Millipore, Hertfordshire, UK)) 

and the chemiluminescent tagged bands was visualised with UVITech Imager 

(UVITech Inc., Cambridge, UK). Details for procedures and the antibodies applied in 

the current study are listed in chapter 2 (Table 2.4). 

4.2.6 In vitro cell proliferation assay 

Ten thousand cells, in 200 µl medium, were seeded in three 96-well-plates, (each cell 

type in six repeats) and incubated at 37℃ with 5% CO2 for 1, 4 and 7 days respectively. 

Following incubation, the cells were fixed using 4% formalin for 15 minutes and 

stained with crystal violet (0.5% w/v) for 10 minutes. After washing with tap water to 

remove excess crystal violet, 100μl of 10% acetic acid was added into each well to 

extract the crystal staining and the absorbance was measured using a spectrophotometer 

(BIO-TEK, Elx800, UK) at a wavelength of 590nm. 

4.2.7 In vitro cell adhesion assay 

A ninety-six well plate was precoated with Matrigel at a concentration of 5g per 100l, 
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followed by seeding the cells on the bottom of the plate. Details have been previously 

described in chapter 2 (Section 2.9.2). The cells were then incubated, to adhere to the 

matrix protein on the bottom of the plate, for 40 minutes at 37℃ with 5% CO2, prior 

to being fixed in formalin (4%) and stained with crystal violet (1% w/v). Cell counting 

procedure was then performed. 

4.2.8 In vitro cell invasion assay 

After precoating the 8μm pore transwell inserts with Matrigel, at a concentration of 

50μg per 100μl on the 24-well-plate, 30000 cells were seeded into the upper chapter of 

inserts and incubated for 72 hours at 37℃ with 5% CO2. After three days, cells which 

had invaded the Matrigel layer and migrated thought the pores to the other side of the 

insert were fixed with formalin (4%). After removing the Matrigel on the bottom of the 

insert gently, the cells were stained with crystal violet (1%) and the cell counting 

procedure was subsequently performed. 

4.2.9 In vitro cell motility assay 

One million BT474 and MDA-MB-361 cells, in 5ml of RPMI, were transferred to a UC 

tube, together with 500µl of Cytodex bead solution (5g in 75ml PBS) and incubated at 

37℃ at 5% CO2 overnight. This would allow cells to adhere to the surface of the 

cytocarrier beads. After washing the cell/bead pellet with PBS twice, the beads with 

attached cells were resuspended in 2ml of fresh medium and transferred to the 96-well-

plate (200μl per well) and incubated at 37℃ at 5% CO2 for 6 hours. Beads and non-

adherent cells were then removed, and the plate washed. The cells, which had migrated 

off the carrier beads and had adhered to the bottom of the wells, were fixed with 

formalin and stained with crystal violet. Absorbance was read at a wavelength of 

590nM. 

4.2.10 Preparation of protein samples for TMT Mass Spectrometry for Proteomics 

Cells at an approximate 90% confluence were harvested using a cell scraper. RIPA 

buffer was used to lyse the cells at 4℃ for one hour. After centrifugation at 13000rpm 

for 15mins, supernatant with protein inside was collected. The protein concentrations 

were then quantified and were standardised to 2g/l. Three individual 150l protein 

samples were sent to Bristol university for analysis, preserved by the dry ice based, on 

the blind principle.  Two separate analyses were performed, comparison between the 
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total protein levels across the samples and the phosphor-peptide enrichment. Online 

analysis software, Enrichr, was applied to identify the pathway involved for the altered 

BMP8A in BT474 cells. 

 4.2.11 Statistical analyses 

Student’s T-test was applied to compare the normally distributed data, whilst the non-

normally distributed data was analysed by Manny-Whitney Test. SPSS software was 

applied in the current statistical analysis. 

 

4.3 Results 

4.3.1 Overexpression of BMP8A was established in BT474 and MDA-MB-361 cell 

lines 

As presented in Chapter 3, BT474 and MDA-MB-361 cells exhibited low levels of 

BMP8A. The two cells, luminal B subtype in nature, were chosen to produce 

overexpression models, using lentivirus vector system. Following successful selection, 

both cells were found to have successfully over-expressed BMP8A transcript, as shown 

by conventional PCR (Fig. 4.1 A) and QPCR (Fig. 4.1 B). These cells also expressed 

high levels of BMP8A protein. These cells were used in the subsequent functional 

analyses. 
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,  

Figure 4.1 Validation of BMP8A expression after successful transfection and selection. 

BMP8A overexpression in BT474 and MDA-MB-361 cell lines was verified by conventional 

PCR (A), QPCR (B) and Western blot (C). ** P<0.01. 
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4.3.2 BMP8A regulates cellular functions of luminal B breast cancer cells 

 

Following the creation of the overexpression cell models in BT474 and MDA-MB-361 

cells, in vitro cell function assays, including proliferation, adhesion, invasion, and 

migration were performed. After 7 days’ incubation, no significant difference in cell 

growth was found between BT474 cell models, whilst slightly increased growth rate 

was shown in MDA-MB-361 cells with upregulated BMP8A expression (Fig. 4.2 A). 

Cell invasion increased significantly in both cell lines with high expression of BMP8A, 

especially for the BT474 cells. Invaded cells increased by approximately 50% in the 

BT474BMP8Aexp cells compared with the control cells. No significant change in adhesion 

was observed in BT474 cells whilst adhesion was marginally increased in MDA-MB-

361 cells. Differently from the adhesion, cell migration increased significantly in 

BT474 cell with high expression of BMP8A, no statistical difference was seen in MDA-

MB-361 cells. 
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Figure 4.2 In vitro cell function test of two luminal B cell lines with altered BMP8A expression. 

(A) Proliferation assay in BT474 and MDA-MB-361 cells with differential BMP8A expression. 

(B) Invasion assay in BT474 and MDA-MB-361 cell models. (C) Adhesion assay in BT474 

and MDA-MB-361 cell models. (D) Cytocarrier Beads assay in BT474 and MDA-MB-361 cell 

models. 
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4.3.3 Differential expression of MMPs in Luminal B breast cancer stratified by 

BMP8A expression levels: a TCGA database analysis. 

 

To investigate the mechanism of enhanced invasion in BMP8A upregulated BT474 and 

MDA-MB-361 cells, correlation of BMP8A with MMPs was analysed in the TCGA-

BRCA cohort. Differentially expressed MMPs/TIMPs/ADAMs were identified and 

summarised according to BMP8A expression as shown in Figure 4.3A and B). 

Correlation between these differentially expressed MMPs/ADAMs/TIMPs and 

BMP8A was further analysed using Spearman test (Figure 4.3C). Relatively higher 

expression levels were evident for MMP11, MMP13, MMP14, ADAM12, TIMP2 and 

TIMP3 in comparison with others (Figure 4.3D).     
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Figure 4.3 Differential expression of MMPs/TIMPs/ADAMs in luminal B breast cancer (TCGA) 

according to BMP8A expression. (A) Volcano plot to show the differential expression of 

MMPs/TIMPs/ADAMs in luminal B breast cancer (TCGA) according to BMP8A expression. 

A cut off value of BMP8A = 179.3775 was employed for the DEGs analysis. Shown are log 

values of ratios of expression values of each gene in the group of tumours with higher 

expression of BMP8A against their values in the tumours with lower expression of BMP8A. 

(B) List of differentially expressed MMPs/TIMPs/ADAMs in luminal B breast cancer (TCGA) 

according to BMP8A expression. (C) Heatmap to show the correlation of listed molecules with 

BMP8A. (D) Shown are box plots for the differential expression MMPs/ADAMs/TIMPs 

individually in luminal B breast cancers according to the expression of BMP8A (cut off 

value=179.3775). 
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4.3.4 Alteration of the candidate MMPs in BMP8A overexpressing luminal B 

breast cancer cell lines. 

Expression profiles of MMPs in the BMP8A expression cell models were verified, in 

BT474 and MDA-MB-361 cell lines, by conventional PCR and QPCR. Increased 

MMP7 and MMP1 levels were found via conventional PCR, with significantly 

increased MMP1 and MMP11 seen in BT474 cells with upregulated BMP8A 

expression. Increased MMP1 was also found in MDA-MB-361 BMP8A overexpressed 

cells. However, results of the protein levels via zymography, using the collected 

conditional medium, showed no significant differential expression in the activated 

protein levels of MMP1 or MMP2 in BT474 and MDA-MB-361 cell lines with BMP8A 

overexpression. 
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Figure 4.4 Alteration of the candidate MMPs in BMP8A overexpressing luminal B breast 

cancer cell lines. (A) Differential expression of MMP7 and MMP14 in BT474 and MDA-MB-

361 cell models using conventional PCR. (B) QPCR to show the alteration of MMP1, MMP11 

and MMP10 in BT474 and MDA-MB-361 cell models. Individual experiments were performed 

three times. (C) Zymography to determine the expression of MMPs from the protein level. ** 

P<0.01.  
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4.3.5 Influence of BMP8A on EMT in luminal B subtype 

 

Influence of BMP8A on EMT in both BT474 and MDA-MB-361 cells. 

To identify the responsive genes for enhanced cell invasion, EMT markers were 

determined in the BT474 and MDA-MB-361 cells, using both conventional PCR and 

QPCR. As shown in Figures4.5A and B, increased Slug transcripts were seen in both 

BT474 and MDA-MB-361 cells, following BMP8A overexpression. Again, following 

BMP8A overexpression, CDH2 expression reduced significantly in BT474 cells, 

whereas VIM increased markedly in MDA-MB-361 cells. 

 

Differential expression of EMT markers/regulators in luminal B breast tumours 

stratified by BMP8A expression levels (TCGA database). 

As EMT exhibits a key influence in the invasion of breast cancer, correlation of BMP8A 

with the EMT markers including VIM, SNAIL, SLUG, CDH2, CDH1 and TWIST were 

analysed in the TCGA-BRCA dataset. From the analysis, BMP8A expression was 

positively correlated with all EMT markers, in which, CDH2 (r=0.483, P<0.01) and 

SLUG (r=0.407, P<0.01) presented the high correlation scores (Figure-4.5 C). 

Investigation of the protein level, significantly increased Vimentin and Slug were found 

in BT474 cells and MDA-MB-361 cells with upregulated BMP8A expression (Figure-

4.5 D). 
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Figure 4.5 Impact of BMP8A on EMT in the luminal B tumours. (A) Differentially expressed 

Snail and Slug in BT474 and MDA-MB-361 cells detected by conventional PCR. (B) QPCR to 

determine the altered expression of Snail, Slug, CDH2 and VIM in BT474 and MDA-MB-361 

cells. (C) Scatter plots to show the correlation between BMP8A and EMT markers in TCGA-

BRCA cohort. (D) Differentially expressed Vimentin and Slug in BT474 and MDA-MB-361 

cells by Western Blot. 
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4.3.6. Identification of Differentially expressed molecules and signalling molecules 

in BT474 cells in response to BMP8A over-expression, a proteomics-based analysis  

The proteomics analysis found that 3639 molecules were differentially present between 

the BT474/BMP8A over-expressing cells and BT474 control cells. Of the differentially 

expressed molecules, 1861 significantly decreased and 1778 proteins significantly 

increased following BMP8A over-expression (Fig. 4.6A). LGALS1 (Lectin, 

Galactoside-Binding, Soluble, 1), VIM (Vimentin), IFI16 (Interferon Gamma Inducible 

Protein 16), CAVIN1 (Caveolae Associated Protein 1) and GSTP1 (Glutathione S-

Transferase Pi 1) were the top five increased molecules. Notably, vimentin was one of 

the central molecules mediating the EMT. The change of vimentin seen with proteomics 

analysis was further verified by Western blot (Fig 4.6 B). The top twenty significantly 

increased molecules and the top 10 up-phosphorylated proteins, as well as their 

biological functions, are summarised in Table 4.1 and Table 4.2, respectively.  

I went on to analyse the possible signalling pathways involved with the upregulated 

molecules through Enrichr online analysis (https://maayanlab.cloud/Enrichr/). With 

BioCarta 2016 and the metabolic pathways from BioCarta, ERK and PI-3K signalling 

pathways were found to be the main pathways involved. The top ten potential signalling 

pathways involved are otherwise listed in Fig. 4.6 C.  

  

https://maayanlab.cloud/Enrichr/
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Figure 4.6 Differentially expressed molecules and signalling pathways in BT474 cells. (A) 

Volcano plot to present differentially expressed molecules with altered BMP8A expression in 

BT474 cells. (B) Potential signalling pathways correlated BMP8A overexpression in BT474 

cells. (C) Candidate signalling pathways associated with the phosphorylated molecules in 

BT474 cells. 
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Table 4.1 Top twenty upregulated proteins identified in BT474 cells with BMP8A 

overexpression. 

Gene 

name 
LogFC P-value FDR Function 

LGALS1 5.22 3.74e-06 
0.0011

3 

An autocrine negative growth factor regulates 

cell proliferation, apoptosis, and 

differentiation. Related pathways are apoptosis 

and autophagy and validated targes of C-MYC 

transcriptional repression 

VIM 4.42 5.87e-06 
0.0012

23 

Important marker in various non-epithelial 

cells, especially mesenchymal cells. Related 

pathways are ERK signalling and apoptosis -

related network 

IFI16 4.25 
0.00066

7 

0.0079

94 

P53 function regulator. Inhibit cell 

proliferation via Ras/Raf signalling 

pathway. 

CAVIN1 4.02 
0.00091

8 

0.0093

31 

Important role in Caveolae formation and 

organization. Promotes ribosomal 

transcriptional activity in response to metabolic 

challenges in the adipocytes. 

GSTP1 3.95 9.63e-06 
0.0014

98 

Involved in the formation of glutathione 

conjugate of prostaglandin A2 and 

prostaglandin J2. Inversely regulating CDK5 

activity through p25/p35 translocation to 

prevent neurodegeneration. 

BMP8A 3.89 
0.00538

8 

0.0248

19 

Target molecule in the present study. Related 

pathways are Phospholipase-C pathway and 

ERK signalling. 

ZNF100 3.75 
0.00291

2 

0.0172

52 
Transcriptional regulator. 

FERMT3 3.66 
0.00171

1 

0.0126

1 

Exerts a pivotal role in cell adhesion in 

hematopoietic cells. May also act as a repressor 

of NF-kappa-B and apoptosis 

MT1E 3.54 6.14e-05 
0.0028

81 

Binds with various heavy metals. Related 

pathways are Copper homeostasis and Metal 

ion SLC transporters. 

CBR1 3.52 
0.00427

4 

0.0219

16 

NAPDH-dependent reductase with broad 

substrate specificity. 

PYGL 3.35 
0.00036

7 

0.0061

33 

 catalyses the cleavage of alpha-1,4-glucosidic 

bonds to release glucose-1-phosphate from 

liver glycogen stores. This protein switches 

from inactive phosphorylase B to active 

phosphorylase A by phosphorylation of serine 

residue 15. Related pathways are Glucose 

https://pathcards.genecards.org/card/glucose_metabolism
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metabolism and Activation of cAMP-

Dependent PKA 

HLA-A 3.35 
0.00413

4 

0.0215

25 

Important role in the immune system. Related 

pathways are Interferon gamma 

signalling and CDK-mediated phosphorylation 

and removal of Cdc6. 

GSDME 3.19 
0.00676

5 

0.0284

66 

Expressed in foetal cochlea, no syndromic 

hearing impairment is associated with a 

mutation in this gene. May regulate p53/TP53 

associated cell response to DNA damage. 

CD44 3.17 
0.00227

3 

0.0148

77 

Cell-surface glycoprotein involved in cell-cell 

interactions, cell adhesion and migration. 

Relate pathways are Wnt signalling pathway 

and interferon gamma signalling. 

BAG2 3.13 4.79e-07 
0.0009

21 

Interacts with Hsc70 ATPase domain in 

mammalian cells. Related pathways are cell 

response to heat stress and regulation of 

degradation of deltaF508 CFTR in CF. 

CAV1 2.90 4.94e-06 
0.0011

52 

Scaffolding protein links integrin subunits to 

the tyrosine kinase FYN, which is the initiating 

step in coupling integrins to the Ras-ERK 

pathway and promoting cell cycle progression. 

Related pathways are development ERBB 

signalling and G-Beta Gamma Signalling. 

RNF34 2.76 
0.00014

6 

0.0040

23 

Interacts with apoptosis regulating protein. 

Presents anti-apoptosis function in Hela cells. 

FLNC 2.75 1.21e-06 
0.0009

44 

Involves in the anchoring of membrane 

proteins for the actin cytoskeleton. Related 

pathways are cell junction organization and 

ERK signalling. 

MSN 2.73 1.31e-06 
0.0009

44 

Cross-linkers between plasma membranes and 

actin-based cytoskeletons. Related pathways 

are ERK signalling and AGE/RAGE pathway. 

CALD1 2.65 5.72e-05 
0.0028

01 

Central regulators for the smooth muscle and 

non-muscle contraction. 

 

 

  

https://pathcards.genecards.org/card/glucose_metabolism
https://pathcards.genecards.org/card/activation_of_camp-dependent_pka
https://pathcards.genecards.org/card/activation_of_camp-dependent_pka
https://pathcards.genecards.org/card/interferon_gamma_signaling
https://pathcards.genecards.org/card/interferon_gamma_signaling
https://pathcards.genecards.org/card/cdk-mediated_phosphorylation_and_removal_of_cdc6
https://pathcards.genecards.org/card/cdk-mediated_phosphorylation_and_removal_of_cdc6
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Table 4.2 Top 10 up-phosphorylated molecules in BT474 BMP8A overexpressed-cells. 

Gene name LogFC P-value FDR Function 

SMARCA4 

 

2.40 8.76302E-

05 

0.039568415 Activation of the transcriptional genes 

repressed by chromatin. Regulation of 

CD44, the tumorigenic protein. 

CCDC86 

 

1.61 0.00146901 0.070035229 RNA binding molecule. 

SEC16A 

 

1.51 0.02389101 0.191054854 Organizing the endoplasmic reticulum 

(ERES). RAB10 regulator for insulin-

induced SLC2A4/GLUT4 glucose 

transporter-enriched vesicles delivery. 

NAA15 

 

1.47 0.02969449 0.210317757 Presenting (N-terminal) 

acetyltransferase (NAT) activity, which 

is pivotal for vascular, neuronal growth 

and development. 

SNX29 

 

1.28 0.01953201

5 

0.18453508 Microtubule motor 

activity and phosphatidylinositol 

binding. 

SETD2 

 

1.21 0.02375347

6 

0.191054854  Histone methyltransferase and 

associated with hyperphosphorylated 

RNA polymerase II. 

TNS3 

 

1.14 0.00464689

6 

0.107767166  MET promotes cell motility and 

signalling by GPCR 

TUT4 

 

1.10 0.03861318

7 

0.234595438 RNA uridylyl transferase. 

TRIM3 

 

1.03 0.00632049

6 

0.123915201 Involved in ubiquitin-protein 

transferase activity and protein C-

terminus binding. Its related pathways 

are Interferon gamma 

signalling and Innate Immune System. 

DDX27 

 

1.03 0.01593166

8 

0.17077036 Putative RNA helicases, which are 

implicated in a number of cellular 

processes involving alteration of RNA 

secondary structure. 

  

https://pathcards.genecards.org/card/met_promotes_cell_motility
https://pathcards.genecards.org/card/interferon_gamma_signaling
https://pathcards.genecards.org/card/interferon_gamma_signaling
https://pathcards.genecards.org/card/innate_immune_system
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4.4 Discussion 

BMPs have been implicated in regulating cellular differentiation, proliferation, 

apoptosis and motility in some solid tumours, especially in hormone related 

malignancies, such as breast cancer and prostate cancer (Davis et al., 2016, Ye et al., 

2009a). However, the role of BMP8A in the tumourigenesis and progression of breast 

cancer in luminal B subtype remains unclear. Based on the bioinformatical analysis for 

the potential role of BMP8A in luminal B subtype breast cancer, cell models with 

altered BMP8A expression were created according to the BMP8A expression in the 

wild type cells. After the validation of the BMP8A overexpression cell models in 

BT474 and MDA-MB-361 cells, the in vitro cell function assays, including 

proliferation, adhesion, invasion, and migration, were performed. From the analysis of 

these cell function assays, the major impact of BMP8A in luminal B breast cancer cells 

appeared to be mainly on invasion; upregulated BMP8A was associated with enhanced 

cell invasion in both cell lines used, especially in BT474 cells. 

In previous research, BMP signalling has been shown to regulate the dissemination of 

breast cancer through a variety of mechanisms. BMP signalling alters the expression 

and activity of matrix metalloproteinases (MMPs), contributing to tumour invasion and 

metastatic spread. BMP2 has been shown to up-regulate the expression of MMP11 

(Huang et al., 2017), whilst BMP4 was found to stimulate the expression, or increase 

the activity, of MMP1(Guo et al., 2012).  

From the clinical cohort study, expression of MMPs, including MMP11, MMP14, 

MMP13, MMP28, ADAM10, ADAM12, ADAM17 and ADAM19, were found to be 

at an increased level in luminal B subtype with higher BMP8A expression. These 

candidate molecules, when further validated in the cell models.  MMP7, MMP14, 

MMP2 and MMP11, were found upregulated in BT474 cells with high BMP8A 

expression, and BMP1 was upregulated in BMP8A highly expressed MDA-MB-361 

cells. However, protein production and activation are yet to be further investigated in 

both in vitro 3D spheroid/organoid models and in vivo xenograft/metastatic models and, 

also in corresponding tumour samples which represent this subtype and distant 

metastases associated. 

Metastasis is the most typical property of malignant tumours, which accounts for the 

leading cause of death in cancer patients. Metastasis is initiated from the detachment of 
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the individual cancer cell from the primary tumour and invasion of adjacent tissue, , 

then migration through blood or lymphatic circulation to the subsequent sites. Epithelial 

mesenchymal transition is critical for cancerous cells acquiring invasiveness and 

aggressive traits to spread. BMP signalling is also found to regulate EMT mediated 

invasion and migration of the tumour cells. Research has shown that BMP2 could 

downregulate the expression of Rb leading to ubiquitin-mediated degradation, which 

reduced the polyubiquitination of EMT factors and promoted EMT and bone metastasis 

(Huang et al., 2017). BMP4 signalling was found to be involved in the EMT process in 

many cancers (Kestens et al., 2016). Expression of BMP4 has been found to be 

significantly higher in invasive cancer tissue compared with normal tissue. BMP4 could 

promote EMT and tumour progression by suppressing the expression of  E-cadherin 

and elevating the expression of N-cadherin and SNAIL2 (Park et al., 2015), resulting 

in progressive motility and invasiveness (Serrao et al., 2018). It is worth mentioning 

that BMP4 also inhibited EMT through restraining the Notch signalling pathway, which 

augmented the EMT properties in epithelial cells of the breast (Choi et al., 2019). 

Differently from BMP4, BMP6 exerted an inhibitory effect on EMT, which restrained 

the metastasis of breast cancer cells, by downregulating the expression of miR-21 and 

δEF1 (ZEB1) and restoring the expression of E-cadherin(de Boeck et al., 2016). Lower 

expression of BMP6 in MCF7 cells enhanced the expression of mesenchymal proteins 

and silenced E-cadherin, giving rise to increased invasiveness (Liu et al., 2014). 

Analysis in TCGA-BRCA cohort shows that BMP8A expression is highly positively 

correlated with the EMT markers in luminal B subtype, which indicates the potential 

role for BMP8A in regulating the expression of EMT markers. Further research in cell 

models revealed that enhanced BMP8A expression was associated with upregulated 

SLUG expression at the gene level. Results from the proteomics study also showed the 

significantly increased vimentin in BMP8A high-expressed BT474 cells and was 

validated by Western Blot.  

There are also some interesting findings from the proteomics study. ERK/PI3K 

signalling was found to be associated with BMP8A in BioCarta analysed from the up-

regulated proteins. Analysis of the up-phosphorylated molecules showed involvement 

with cell adhesion. Activation of integrin signalling was found to be correlated with the 

up-regulated BMP8A. ERK/PI3K signalling was also identified for the up-

phosphorylated molecules, which indicated that ERK/PI3K signalling may actively 
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interact with BMP8A signalling. 

Taken together, higher expression of BMP8A is associated with a panel of upregulated 

MMPs including MMP11and MMP14, as well as the increased EMT molecules 

including SLUG and Vimentin in luminal B subtype, leading to enhanced invasion. 

Analysis from the proteomic study showed that the ERK and PI3K signalling pathway 

may be actively involved in BMP8A mediated cell function. Further mechanisms of 

BMP8A signalling transduction in luminal B subtype will be elucidated in Chapter 7. 
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Chapter 5 

 

BMP8A and cellular functions of HER2 positive 

breast cancer cells 
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5.1 Introduction        

HER2 positive subtype breast cancer is characterised by the positive expression of the  

ERBB2 receptor and comprises of approximately 15-20% of all breast cancers (Loibl 

and Gianni, 2017). Due to the improvement of HER2 target therapy in the past decades, 

the survival rate for patients with metastatic HER2 positive breast cancer has risen to 

almost  5 years and a pathological complete response to the treatment can be achieved 

in over 70% of the patients (Loibl and Gianni, 2017)). Although this represents a 

remarkable achievement in the target therapy of HER2 positive breast cancer, its long-

term survival over 10 years is still lower than luminal subtypes. Better understanding 

of the cellular and molecular mechanisms of HER2 positive tumours will further 

improve the treatment.  

Although BMP signalling is involved in the tumorigenesis and progression of breast 

cancer, the specific role of BMP signalling in subtypes of breast cancer, including the 

HER2 positive subtype, remains largely unknown. Emerging evidence has indicated 

the importance of BMPs in this subtype. For example, proliferation and metastasis of 

Her2 (+) SKBR3 breast cancer cells were impeded by BMP9 via the ERK1/2 and 

PI3K/AKT signalling pathways (Ren et al., 2014a). It has also been shown that BMP4 

can suppress Anoikis resistance, cell proliferation and colony formation of SKBR3 cells 

(Sharma et al., 2022).  

As presented in Chapter 3, high expression of BMP8A was associated with better 

overall survival in Her2 subtype, which is in clear contrast to luminal B and TNBC 

subtypes, indicating differential roles of BMP8A in the different subtypes of breast 

cancer.  In the present chapter, the impact of BMP8A on the cellular functions of two 

HER2 (+) breast cancer cell lines, SKBR3 and HCC1419, was examined using a 

BMP8A overexpression model.  

      

5.2 Materials and Methods        

5.2.1 Cell lines 

Both SKBR3 and HCC1419 cell lines are derived from HER2 positive breast cancer. 

Wild type HCC1419 cell line was cultured in RPMI-1640 medium with 10% FBS and 

antibiotics, whilst the SKBR3 cell line was maintained in DMEM medium with 10% 

FBS and antibiotics.  



 148 

5.2.2 BMP8A overexpression in HCC1419 and SKBR3 cell lines 

Lentiviral particles for BMP8A overexpression were prepared following a procedure 

described in Chapter 2 (section?) and were used to transduce both HCC1419 and 

SKBR3 cell lines. Following transduction, the cells were subject to selection with 

hygromycin before verification of BMP8A expression using both PCR and Western 

blot. Empty lentiviral vector was also used as a control. The selected HCC1419 and 

SKBR3 cell lines were cultured with the corresponding medium, containing 100g/ml 

hygromycin. 

5.2.3 RNA isolation, cDNA synthesis, RT-PCR, and Q-PCR 

RNA extraction and cDNA synthesis was accomplished from the cell models, strictly 

according to the protocols. Then conventional PCR and QPCR were performed (details 

are depicted in Chapter 2.6).  GAPDH was used as the house-keeping gene, the primer 

sequences for GAPDH, BMP8A and other target genes are listed in Chapter 2 (Table 

2.2). 

5.2.4 Protein extraction, SDS-PAGE, and Western blot analysis 

After protein extraction using lysis buffer and the quantification by the DC Protein 

Assay kit (BIO-RAD, USA), the protein samples separated by the SDS-PAGE were 

transferred onto PVDF membranes (Pre-treated with methanol for 1 minute and running 

buffer for 15 minutes). Following membrane blocking, the membrane was incubated 

with primary antibody at 1:1000 dilution overnight and corresponding secondary 

antibodies, to probe the target protein. Finally, after membrane washing, the protein 

bands were visualised using the chemiluminescence detection kit (Luminate Forta 

Western HRP substrate, Cat. No. WBLUF0500, Merk-Millipore, Hertfordshire, UK) 

and the chemiluminescent tagged bands were visualised with UVITech Imager 

(UVITech Inc., Cambridge, UK). Details for procedures and the antibodies applied in 

the current study are listed in Chapter 2, Table 2.4. 

5.2.5 In vitro cell proliferation assay 

Five thousand SKBR3 cells in 200μl medium were seeded in three 96-well-plates and 

incubated at 37℃ with 5% CO2 for 1, 4, 7 days respectively. Six repeats were included 

for each cell line per plate. Following incubation, the cells were fixed and stained as 

previously described in Chapter 2 (Section 2.9.1). Absorbance was determined at a 
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wavelength of 590nm. 

5.2.6 In vitro cell adhesion assay 

Ninety-six well plates were precoated with the Matrigel, then the cell adhesion assay 

was performed by seeding 30000 SKBR3 or HCC1419 cells in the plate as described 

in Chapter 2 (Section 2.9.2). The absorbance was read to assess the cell adhesion. 

5.2.7 Cell invasion assay 

Thirty thousand cells (SKBR3 and HCC1419) were seeded in the inserts, precoated 

with Matrigel, on a 24-well plate. After three days’ incubation at 37℃ with 5% CO2, 

the insert and control wells were fixed and stained with crystal violet. Absorbance was 

read to determine the cell invasion as described in Chapter 2 (Section 2.9.4).  

5.2.8 Cell migration assay 

Wound assay 

SKBR3 cells were seeded in a 24-well-plate followed by overnight culture allowing the 

cells to form a monolayer.  Wounds were created using a pipette tip. Closure of the 

wounds was monitored using the EVOS system, over a duration up to 28 hours as 

described in Chapter 2 (Section 2.9.3.2).  

Cell motility assay using cytocarrier beads 

For HCC1419 cells, a cytocarrier beads assay was applied to assess the impact of 

BMP8A on the cell migration (Chapter 2 Section 2.9.3.1). After overnight incubation 

with the microcarriers, the cells and the beads were washed twice with 5ml of PBS, 

followed by resuspension with 2ml fresh medium. Two hundred microlitres of cell 

suspension was seeded in each well, on a 96-well-plate, with minimal 6 repeats per 

testing cell line. After further incubation for 8 hours, cells were fixed and stained. The 

absorbance was then read to assess the impact on the migration as described in Chapter 

2 (Section 2.9.3.1). 

5.2.9 Cell viability test 

SKBR3 cells and HCC1419 cells were seeded in a 96-well-plate, at a cell density of 

5000 cells per well and 10000 cells per well, respectively. After a 3-day incubation for 

SKBR3 and 4 days’ incubation for HCC1419, 20μl of CCK8 reagent was added into 
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each well followed by further culture for 70 minutes. The optical density (OD) value 

was read at a wavelength of 450 nm. 

5.2.10 Zymography 

Both control and BMP8A over-expression cells (SKBR3 and HCC1419) were seeded 

on the 6-well-plate at approximately 90% confluence. After overnight incubation, fresh 

medium (400 μl) was added into the wells. Medium (conditional medium) was collected 

after 8 hours incubation. Non-reducing buffer was added into the conditional medium. 

Following electrophoresis in an SDS-PAGE gelatin gel, the gel was washed, using a 

washing buffer, then incubated with incubation (activation) buffer at 37℃ with 5% 

CO2 overnight, to renature the proteins. The gel was stained with Coomassie brilliant 

blue and washed with destaining buffer. The stained gels were then photographed to 

visualise the enzymatic degradation of the substrate (Gelatin). (Chapter 2 Section 2.9) 

 

5.3 Results 

 

5.3.1 Creation of the cell models in Her2(+) cell lines 

 

As shown in Figure 5.1, SKBR3 and HCC1419 cells expressed very low levels of 

BMP8A transcript (A) and were undetectable for BMP8A protein (B). After 

transduction using the lentiviral vectors and selection using hygromycin (100 µg/ml) 

for one-week, stable cell lines were established. The validation experiments clearly 

showed that both SKBR3 and HCC1419 cell lines had significantly increased 

expression of BMP8A at both mRNA and protein levels (Figure 5.1).  
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Figure 5.1 Validation of the BMP8A overexpression cell models in Her2(+) cell lines.  (A) 

BMP8A overexpression in SKBR3 and HCC1419 cell models verified using conventional PCR 

(A), QPCR (B) and Western blot (C). ** P<0.01 vs control cells. 
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5.3.2 Influence of BMP8A on cellular functions of HER2 positive breast cancer 

cell lines. 

 

Upregulated BMP8A appears to present a contrasting effect on the growth of SKBR3 

and HCC1419. The growth of SKBR3 cells was significantly increased following the 

over-expression of BMP8A, whilst HCC1419 BMP8A overexpression cells exhibited 

a reduced growth (Figure 5.2A). No impact on the cell adhesion to Matrigel was 

observed in either SKBR3 or HCC1419 cell lines following the overexpression of 

BMP8A (Figure 5.2B).  

An increased number of invaded cells was seen in both SKBR3 and HCC1419 cell lines 

with BMP8A overexpression (Figure 5.2C). However, BMP8A promoted cell 

proliferation had significant impact on the results of the invasion assay, normalised 

invasion against corresponding control showed little change in invasiveness of SKBR3 

with BMP8A overexpression. In contrast to the SKBR3, the HCC1419 BMP8A 

overexpression cells presented a remarked increase of invasion, though both SKBR3 

and HCC1419 cell lines are less invasive in comparison with some cell lines derived 

from TNBC and other subtype tumours.   

 

As shown in Figure 5.2D, cell migration was significantly increased following BMP8A 

over-expression. This increase was evident in the SKBR3 cells over a time course of 

28 hours after the wound. For HCC1419 cells, migration was tested using cytocarrier 

bead assay. Over-expression of BMP8A in HCC1419 cells significantly increased the 

number of migrated cells when compared with the control cells. Thus, BMP8A 

demonstrated a profound influence on the migration of HER2 positive breast cancer 

cells.  
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Figure 5.2 Impact of BMP8A on the cell functions of SKBR3 and HCC1419 cells. (A) Influence 

of BMP8A on the proliferation of SKBR3 and HCC1419 cells. (B) Impact of BMP8A on the 

cell matrix adhesion of SKBR3 and HCC1419 cells. (C) Invasion of SKBR3 and HCC1419 

cells was determined using transwell invasion assay. Normalisation of invasion was performed 

by calculating a ratio of invasion against corresponding control, where the same number of cells 

were seeded on a 24-well plate and cultured over the same time course. (D) Cell migration 

assessed by wound assay in SKBR3 cells and beads assay in HCC1419 cells. * p<0.05 vs 

control.
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5.3.3 Involvement of BMP responsive genes in the BMP8A-regulated proliferation 

of HER2 positive breast cancer cell lines. 

 

BMP8A exhibited contrasting effects proliferation of the two Her2 positive breast 

cancer cell lines. Some regulatory genes of proliferation are BMP responsive genes 

including c-MYC, CCND1, ID1 and CCNE1(Clement et al., 2000, Chen et al., 2019). 

Transcripts of these genes were determined in both SKBR3 and HCC1419 cell lines 

using QPCR (Figure 5.3 A). 

 

Significantly increased c-MYC and ID1 was found in SKBR3BMP8A cells. This is 

consistent with the increased cell growth in vitro (Figure 5.3). Expression of CCND1 

tends to reduce in BMP8A overexpressed SKBR3 cells but did not reach statistical 

significance. No change was seen for expression of c-MYC, CCNE1 and ID1in 

HCC1419 sublines. 

To further assess the protein expression of these responsive genes, c-MYC was 

determined by Western blot. From the results, (shown in Figure 5.3B), enhanced c-

MYC expression was found in SKBR3BMP8A, whilst decreased c-MYC protein level 

was found in HCC1419BMP8A. 

Expressions of P21 and P27, negative regulators of the cell growth, were also 

determined by Western blot (shown in Figure 5.3B). A subtle decrease of P27 protein 

was seen in HCC1419BMP8A cells, whilst P27 protein was undetectable in both 

SKBR3BMP8A and the control cells. Meanwhile, P21 protein was not visible on the 

Western blots for neither SKBR3 nor HCC1419 cell lines.
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Figure 5.3 Influence of BMP8A on growth regulators in SKBR3 and HCC1419 cells. (A) QPCR 

presents differential expression of proliferation markers in SKBR3 and HCC1419 cells. (B) 

Differential expressions of c-MYC, P27 and P21 in SKBR3 and HCC1419 cells by Western 

blot. ** P<0.01, * P<0.05. 
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5.3.4 Influence of BMP8A on cell viability in SKBR3 and HCC1419 cells. 

In addition to determining cell population with crystal violet staining, cell counting kit 

8 (CCK8) was also employed to assess the influence of BMP8A on the cell viability in 

HER2 positive cell lines. After 4 days’ incubation, absorbance (representing cell 

viability) in SKBR3BMP8A cells increased significantly compared with the control cells, 

and the cell viability was also higher in SKBR3BMP8A cells after 7 days’ incubation 

(Figure 5.4A). No significant difference in absorbance was found in HCC1419 cell lines 

(Figure 5.4B). This indicated that no significant impact on the cell viability was exerted 

by BMP8A in the HCC1419 cell line, under general culture condition, whilst the cell 

viability was enhanced significantly by BMP8A in SKBR3 cell line. 

 

 
 

Figure 5.4 Impact of BMP8A on cell viability in HER2 positive cells was determined 

using CCK8. (A) Absorbance of SKBR3 cells were read after incubation at a 

wavelength of 450nm. (B) Absorbance of HCC1419 cells were read after incubation at 

a wavelength of 450nm. 
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5.3.5 Differential expression of proliferation markers in HER2 positive subtype 

breast cancer 

To further understand if and how BMP8A correlated with the proliferation biomarkers 

in the HER2 positive breast cancer subtype, bioinformatical analysis was performed in 

the TCGA-BRCA cohort. Cell proliferation markers and cell cycle markers were 

analysed for their differential expression in the HER2 positive tumours, from the TCGA 

cohort according to BMP8A expression. An expression value of BMP8A =370 was 

employed as a threshold. Their correlation with BMP8A was also analysed using 

Spearman ranked correlation test. Compared with the BMP8A low expression group, 

13 cycle markers were significantly upregulated, whilst 3 genes were also 

downregulated in the tumours with higher expression of BMP8A (Figure 5.5A and B). 

Levels of cell proliferation markers, including MKI67 (r=-0.110, P>0.05) and PCNA 

(r=-0.458, P<0.01) were inversely correlated with BMP8A expression (Figure 5.5C). 

CCNB3 (r=-0.466, p<0.01), CCNC (r=-0.488, P<0.01) and CCNA2 (r=-0.414 P<0.01) 

were the top three cell cycle regulators inversely correlated with BMP8A expression 

(Figure 5.5). CDKs are also important cell cycle regulators, from the present analysis, 

CDK1 (r=-0.387, P<0.05) and CDK20 (r=-0.393, P<0.05) were also highly negatively 

associated with BMP8A (Figure 5.5 D).
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Figure 5.5 Cell cycling regulators associated with BMP8A in TCGA-BRCA cohort of HER2 positive breast cancer. (A) Volcano plot to show differential 

expression of cell proliferation markers with altered BMP8A expression.  A cut off value of BMP8A=370 was employed for the analysis of differentially 

expressed genes. (B) Summary of the differential expression of cell proliferation markers. (C) Heatmap to present the correlation between BMP8A and the 

candidate proliferation markers. (D) Scatter plot to show the association between BMP8A and the candidate proliferation markers. ** p<0.01, * p<0.05. 
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5.3.6 BMP8A and cell’s responses to cytotoxic drugs in Her2(+) breast cancer cells 

 

As demonstrated in the last few sections, BMP8A influenced cell growth of HER2 

positive subtype cancer. The question arose as to whether BMP8A influences the 

response of the cancer cells to chemotherapy? Analyses were performed to evaluate a 

possible role for BMP8A, in patients with HER2 positive tumours, on their responses 

to systemic therapy, including adjuvant chemotherapy, neoadjuvant chemotherapy and 

endocrine therapy, using the KM-plot. Higher expression of BMP8A is associated with 

poorer overall survival in patients with HER2 positive tumours, who received systemic 

therapy (including endocrine therapy, target therapy and chemotherapy) and 

neoadjuvant chemotherapy only (Figure 5.6A, B, C).  To further explore the possible 

mechanism of chemotherapeutic resistance in HER2 positive tumours, expressions of 

cell stemness markers including CD34, CD133 and CD44 were determined in SKBR3 

and HCC1419 cells (Figure 5.6D). Increased CD133 expression was seen in 

HCC1419BMP8A cells, whilst CD44 expression decreased in association with 

upregulated BMP8A expression in HCC1419 cells. CD133 expression reduced in 

SKBR3BMP8A cells, with no significant differential expression of CD34 nor CD44 

observed in SKBR3 cells, with altered BMP8A expression.  

Response to chemotherapy drugs was determined in the current study. No obvious 

change was seen in the cell viability of either SKBR3 or HCC1419 cells after exposure 

to DTX over 3 days.  (Figure 5.7A and 5.7B).  However, over-expression of BMP8A 

in both SKBR3 and HCC1419 cell lines rendered them more sensitive to 5-FU in which 

the response was more prominent in SKBR3 cells in comparison with the HCC1419 

cells (Figure 5.7C). This would thus indicate that high BMP8A expression increased 

the sensitivity to 5-FU in HER2 positive cells, at least in SKBR3 and HCC1419 cells.  



 160 

 
Figure 5.6 Cell’s responses to cytotoxic drugs in Her2(+) breast cancer cells with 

altered BMP8A. (A) Differential overall survival of patients who accepted systemic 

treatment. (B) Differential overall survival for patients with following neoadjuvant 

therapy only. (C) Recurrence free survival for the patients following neoadjuvant 

therapy. (D) Expression of Stemness markers in HER2 positive cells with altered 

BMP8A expression.  
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Figure 5.7 Influence of BMP8A on chemotherapeutic drugs. Cell response to DTX (A) 

and 5FU (C) in SKBR3 cells. Cell response to DTX (B) and 5FU (D) in HCC1419 cells.  
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5.3.7 Influence of BMP8A on EMT in HER2 positive breast cancer cells 

 

 

As presented in Section 5.3.2, over-expression of BMP8A in HER2 positive breast 

cancer cells elicited changes in cellular migration and, to a minor degree, on cell 

invasion.  EMT markers including Snail, Slug, CDH2 and VIM were determined, at 

gene transcript level by QPCR and at protein level by Western blot, in SKBR3 and 

HCC1419 cells and in the sublines with BMP8A over-expression. Upregulated Snail, 

but not Slug, was found in SKBR3BMP8A cells (Figure 5.8A). Downregulated Vimentin 

was also found in in SKBR3BMP8A cells (Figure 5.8A). Snail and Slug transcripts were 

also increased in HCC1419 cells (Figure 5.8A). At protein level, upregulated Snail and 

Slug expression were also found in HCC1419 cells at the protein level (Figure 5.8B), 

whilst little change at protein levels for both Snail and Slug was evident in the 

SKBR3BMP8A cells, though high abundance of Snail protein was seen in the SKBR3 

sublines. No significant differential expression of CDH2 was found at gene or protein 

level in either cell line. Analysis from the TCGA-BRCA cohort was also performed to 

validate the current finding, both Snail (r=0.474, P<0.01) and Slug (r=0.36, P<0.01) 

presented high correlation scores with BMP8A in HER2 positive tumours from the 

TCGA cohort (Figure 5.8C). 
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Figure 5.8: Impact of BMP8A on EMT in HER2 positive cells. (A) Altered EMT marker 

transcripts in SKBR3 cells and HCC1419 cells. (B) Differential Snail, Slug and Vimentin 

expression in SKBR3 and HCC1419 cells. (C) Scatter plot to show the correlation of BMP8A 

with Snail and Slug in TCGA-BRCA cohort. * P<0.05, ** P<0.01. 
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5.3.8 Involvement of MMPs in BMP8A promoted cell motility 

In addition to EMT, the influence of BMP8A on MMPs has also been evaluated for 

their possible involvement in BMP8A coordinated cell motility of HER2 positive breast 

cancer cells. Over-expression of BMP8A resulted in increased expression of MMP3, 

MMP7 and MMP14 in SKBR3 cells, whilst these MMPs were barely detectable in 

HCC1419 cells (Figure 5.9A).  Increased expression of MMP3 in SKBR3 was also 

evident in the following QPCR analyses (Figure 5.9B).    Furthermore, zymography 

analysis, with gelatine as substrate, showed increased activity of MMP2 and MMP9 in 

the SKBR3BMP8A cells (Figure 5.9C).  

 

 
 

Figure 5.9 Influence of BMP8A on MMPs in HER2 positive cells. (A) Conventional PCR to 

show the differentially expressed MMPs in SKBR3 and HCC1419 cells. (B) QPCR to present 

differential expression of MMPs in SKBR3 cells and HCC1419 cells. (C) Expressions of MMPs 

were determined by zymography with gelatine as substrate. 
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5.4 Discussion: 

 

The BMP signalling pathway has been shown to cooperate with Her2 signalling to 

promote cancer progression (Siegel and Massague, 2003). Highly expressed BMPs, or 

BMPRs in the Her2 (+) breast cancer murine model, increased the mortality caused by 

metastases (Muraoka et al., 2003, Muraoka-Cook et al., 2006, Seton-Rogers et al., 

2004). Following treatment with trastuzumab, a specific antibody of Her2, migration 

induced by BMP signalling was intercepted in Her2 (+) breast cancer cells (Ueda et al., 

2004), suggesting that the Her2 signal is essential for the transforming effect elicited 

by BMP signalling. 

On the other hand,  BMP proteins have been shown to reciprocally regulate the Her2 

signal by activating the downstream receptor tyrosine kinases of ErbBs, such as 

Ras/MAPK (Mulder, 2000) and PI3K/AKT (Yi et al., 2005, Wilkes et al., 2005). 

Silencing of endogenous BMP signals significantly reduced the proliferation of Ras-

transformed cancers (Ventura et al., 2004), indicating that Her2 signal induced tumour 

progression at least partly relies on the function of the BMP signalling pathway. BMP 

signals in Her2 (+) breast cancer induced the activation of PI3K to form the 

Her2/actin/actinin complex, with recruited actin and actinin to phosphorylated Her2. 

The protein complex coordinates cytoskeletal reformation via Pak2, Rac1 and Vav2 to 

facilitate cell motility and invasiveness (Wang et al., 2006). BMP signals also facilitate 

the phosphorylation of Tumour Necrosis Factor, Alpha, Converting Enzyme (TACE) 

to promote the maturation of EGFR ligands. Activation of EGFR stimulates the Src-

FAK pathway to form a complex with integrin and Her2 (Wang et al., 2009) and the 

further heterodimerisation with Her2 (Wang et al., 2009). Integrin/EGFR/Her2 

signalling is closely acting together to regulate invasiveness and morphology of cancer 

cells (Kass et al., 2007). 

 

The data presented in this chapter has demonstrated a causal relationship between 

BMP8A expression and two of the key cell functions, namely cell growth and EMT 

related cell traits (cell invasion and migration) in Her2 (+) breast cancer cells. 

BMP8A, cell growth and drug sensitivity 
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The findings that BMP8A influences the growth and growth regulators are very 

interesting and appear to be different from that seen with Luminal-B subtype of breast 

cancer cells to some degree. Whilst possible mechanisms behind this difference 

between the two subtypes are to be explored in a later chapter (Chapter 7), the impacts 

on Her2 (+) cells are valuable observations in terms of cancer treatment. One of the 

consequences of this change may well contribute to the increased sensitivity of Her2 

(+) breast cancer to chemotherapy drugs. As shown here, BMP8A over-expression 

markedly increased the toxicity manifested by 5-FU, arguing a clinical value. On the 

other hand, this had little impact on the other drug tested, namely DTX. This may 

suggest that BMP8A may impinge on a mechanism critical to 5-FU and not DTX, thus 

the effect appears to be drug specific.  One possibility may also be that Her2 (+) breast 

cancer patients tend to have better survival, as a results of improved drug response, in 

line with BMP8A expression. This would make a worthwhile future study. 

The molecular events underlying BMP8A induced cell growth are interesting and may 

be part of a complex network of cell growth/death signalling. BMP signalling is 

associated with the proliferation of a variety of tumour cell types. Aberrant BMP 

expression could make demonstrable alterations in cell-regulation factors, such as 

cyclinD1 and CDK-interacting protein p27. Increased expression of cyclinD1 and 

decreased expression of CDK-interacting protein p27 accelerate the cell cycle from the 

G0/G1 phases toward the S-phase (Besson et al., 2008, Garcia-Alvaro et al., 2015). 

Activated BMP signalling pathways also modulate expression of other key factors of 

mitotic checkpoint, including MAD2, TTK, BUB3 and Hec1, which can significantly 

reverse the mitotic arrest defect (Yan et al., 2012). BMPs also promote tumour 

proliferation by co-acting with tumour stimulating factors. In the presence of 

conditioned media, derived from cancer-related fibroblasts in vitro, BMP2 enhanced 

the proliferation, as well as multi-drug resistance, of breast cancer cells (Tan et al., 

2016). Co-acting with epidermal growth factor (EGF), fibroblast growth factor (FGF) 

and hepatocyte growth factor (HGF), BMP4 facilitated the proliferation of breast 

epithelial cells (Montesano et al., 2008). 

The present study presented a more complex picture on BMP8A and cell growth, for 

example a contrasting role for BMP8A was found in SKBR3 and HCC1419 cells, 

despite both being Her2 (+). Further investigation of the molecular mechanism of 

BMP8A signalling transduction, in SKBR3 and HCC1419 cells, will be further 
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investigated in Chapter 7. 

Cancer stem-like cells (CSCs) are a small proportion of tumour-initiating cells, 

presenting properties of classic stem cells, which are depicted as immortal, possessing 

self-renewal capacity (Dalerba and Clarke, 2007, Liu et al., 2016a) and are resistant to  

chemotherapies (Liu et al., 2016b). CSCs remain in a mainly dormant status in both the 

primary lesion and secondary lesion, which are often insensitive to chemotherapy 

(Yang et al., 2016, Martinez and Zhang, 2013). This indicates a small number of CSCs 

survive after chemotherapy, leading to drug resistance and high rates of recurrence. In 

the present study, Increased CD133 expression was observed in HCC1419BMP8A cells, 

which indicated that upregulated BMP8A may help some HER2 positive cells remain 

in a dormant status, to escape elimination by chemotherapeutic drugs and lead to a 

recurrence in the future. 

The data presented here, on BMP8A and EMT related cell traits, has some degree of 

similarity to the data presented in Chapter 4 on luminal-B breast cancer cells, mainly 

seen as changes of cellular migration and in vitro invasiveness.  The two subtypes also 

share some common mechanisms underlying BMP8A, namely metalloproteinases and 

EMT transcription factors, Snail and Slug. These are known factors that drive the EMT 

process and appear to be a commonly adopted mechanism by both Her2(+) and 

Luminal-B breast cancer cells.  

In summary, upregulated BMP8A expression promotes the migration of SKBR3 and 

HCC1419 cells in vitro via influencing MMPs and EMT, BMP8A also regulates cell 

proliferation and their sensitivity to chemotherapy drugs. C-MYC appears to play a role 

here. BMP8A also enhances the cancer stemness in HER2 positive cells, which is likely 

associated with recurrence of the disease. The regulatory mechanism, underlying the 

contrasting roles of BMP8A in the two HER2 positive cell lines, will be further 

explored in Chapter 7.  
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Chapter 6 

Role of BMP8A in TNBC and its involvement in bone 

metastasis 
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6.1 Introduction 

Triple-negative breast cancer (TNBC) is a heterogeneous group of breast cancers 

characterised as the absence of ER, PR and HER2. It is more frequently seen in younger 

patients (less than 50 years), accounting for 10% to 20% of invasive breast cancers 

(Kumar and Aggarwal, 2016). Although TNBC is sensitive to chemotherapy, prognosis 

of this subtype is the worst compared with other subtypes due to lack of therapeutic 

targets. According to a follow-up study, the recurrence risk reaches the peak at 3 years 

after surgery and metastatic relapse is higher than the other subtypes with shorter 

survival (Kumar and Aggarwal, 2016). 

BMP signalling is actively involved in disease progression and metastasis of TNBC. 

For example, BMP6 was found to promote the expression of E-cadherin in MDA-MB-

231 cells, mediating cell adhesion (Yang et al., 2007). Hypermethylation of BMP6 was 

observed in the ER negative breast cancer specimens and was also detected in MDA-

MB-231 cells (Zhang et al., 2007). BMP6 reduced invasiveness of MDA-MB-231 cells 

through a downregulation of MMP1 at both mRNA and protein level  (Hu et al., 2016). 

Similarly, BMP4 reduced the expression of MMP9 in TNBC cell lines including MDA-

MB-231 and MDA-MB-468 (Laulan and St-Pierre, 2015). In addition to regulating 

MMPs, BMP2 enhanced oestradiol-stimulated proliferation of MDA-MB-231 cells via 

an upregulation of ERα-36 (Wang et al., 2012).  

Previous analysis in Chapter 3 revealed that high BMP8A expression was associated 

with poorer overall survival and poorer distant metastasis free survival in the TNBC 

subtype. To further elucidate the subtype specific role of BMP8A and its involvement 

in bone metastasis in TNBC cells (the subtype with the highest incidence of bone 

metastasis), lentiviral vector carrying the coding sequence of human BMP8A was also 

employed to manually alter BMP8A expression in MDA-MB-231 cells. Following cell 

functional analysis in vitro, the responsive genes for the altered cell function(s) and 

signalling pathway(s) were investigated. Furthermore, the cells were also exposed to 

the bone environment (mimicked by the conditional medium from the hFOB1.19 cell 

line and bone matrix extract) to determine the differential cell response and altered 

cellular function. 

 

6.2 Material and Method 
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6.2.1 Cell lines  

MDA-MB-231 cell lines were used in the current research to investigate the impact of 

BMP8A in TNBC. Wild type MDA-MB-231 cell line were cultured in DMEM medium 

with 10% FBS and antibiotics. The stably transfected MDA-MB-231 cell lines were 

cultured in selection medium containing 100µg/ml hygromycin. After approximately 

one week of selection, maintenance medium with 50µg/ml hygromycin was used to 

maintain the cells. An osteoblast cell line, hFOB1.19 (ATCC) was also employed in the 

present study to evaluate its impact on the cellular functions of breast cancer cells. 

6.2.2 Overexpression of BMP8A in MDA-MB-231 cells 

Both lentiviral BMP8A expression vector and corresponding control vector were used 

to facilitate BMP8A overexpression in MDA-MB-231 cells following a previously 

described procedure (Chapter 2 section 2.10.3).  

6.2.3 RNA isolation, cDNA synthesis, RT-PCR, and Q-PCR 

RNA extraction and subsequent cDNA synthesis from the cell models was undertaken 

strictly according to the protocol (Chapter 2 section 2.6.1). Following this, conventional 

PCR and Q-PCR were performed (details were depicted in chapter 2 section 2.1).  

GAPDH was used as the house-keeping gene, the primer sequences designed for 

GAPDH, BMP8A and other target genes are listed in chapter 2 (Table 2.2). 

6.2.4 Protein extraction, SDS-PAGE, and Western blot analysis 

Following protein extraction using lysis buffer and protein quantification using the DC 

Protein Assay kit (BIO-RAD, USA), the proteins were separated by SDS-PAGE and 

transferred onto PVDF membranes using a semi-dry transfer method. Followed transfer, 

the membrane was blocked, incubated with specific primary antibodies overnight and, 

subsequently, the corresponding secondary antibodies to probe the target protein. 

Finally, after membrane washing, the protein bands were visualised using the 

chemiluminescence detection kit (Luminate Forta Western HRP substrate, Cat. No. 

WBLUF0500, Merck-Millipore, Hertfordshire, UK) and the chemiluminescent tagged 

bands was visualised with UVITech Imager (UVITech Inc., Cambridge, UK). Details 

for procedures and the antibodies applied in current study are listed in chapter 2 (Table 

2.4). 
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6.2.5 In vitro cell proliferation assay 

Three thousand MDA-MB-231 cells in 200 μl medium were seeded in three 96-well-

plates and incubated at 37℃ with 5% CO2 for 1, 3, 5 days respectively. Each cell line 

was repeated for six wells. Following incubation, the cells were fixed using 4% 

formalin and stained using crystal as documented in chapter 2. After dissolving the 

crystal violet stain using acetic acid, the absorbance was read using a spectrophotometer 

(BIO-TEK, Elx800, UK) at the wavelength of 590nm (Full details outlined in chapter2 

section 2.9.1). 

6.2.6 In vitro cell adhesion assay 

Ninety-six well plates were precoated with Matrigel before performing the cell 

adhesion assay through seeding 30,000 MDA-MB-231 cells onto the plate, as depicted 

in chapter 2 (Section 2.9.2). The absorbance was read to assess the cell adhesion. 

6.2.7 Cell invasion assay 

Thirty thousand cells (MDA-MB-231) were seeded in the insert on 24-well plate, 

precoated with Matrigel. After three days’ incubation at 37℃ with 5% CO2, the insert 

and control well were fixed and further stained with crystal violet. Absorbance was read 

to determine the levels of cell invasion within control and BMP8A overexpression cells. 

6.2.8 Cell migration assay 

MDA-MB-231 cells were seeded on a 24-well-plate followed by an overnight culture 

to form a monolayer.  Wounds were made using a fine pipette tip. Migration of cells 

was monitored using the EVOS over a course of up to 6 hours. Full protocol details are 

outlined in chapter 2 (Section 2.9.3). 

6.2.9 Zymography 

Following quantification of cell numbers, the same amount of control and BMP8A 

overexpression MDA-MB-231 cells were seeded onto a 6-well-plate to achieve 90% 

confluence overnight. Fresh medium (400 µl) was added into the well and collected 

after 8 hours’ incubation. Non-reducing buffer was added into the conditional medium. 

This was followed by electrophoresis with gelatin in the SDS-PAGE. The gel was then 

washed with washing buffer and incubated with incubation buffer at 37℃ with 5% CO2 

overnight. The gel was stained with Coomassie brilliant blue and washed with 
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destaining buffer before capturing images of the developed bands. 

6.2.10 Preparation of bone matrix extract (BME) 

Femoral heads were taken following hip replacement in the Trauma and Orthopaedic 

Department of University Hospital of Wales and Llanddough Hospital and was crushed 

into fragments. The fragments were further processed using a Bioruptor (Diagenode, 

Seraing, Belgium) before adding PBS buffer. After centrifugation at 1600rpm for 10 

minutes, supernatant was collected. Total protein content of the bone matrix extracts 

(BME) was then quantified using a Bio-Rd DC protein assay kit (Bio-Rad Laboratories, 

Hemel Hempstead, UK) before being standardised to 2 mg/ml. The BME was stored at 

-80°C for further use (full details are described in chapter 2, section 2.13). 

6.2.11 Collection of the conditional medium (CM) from hFOB cells 

Once cell confluence of hFOB cells reached 80% of the T25 flask, medium was aspired 

and fresh medium, without phenol red, was added after rinsing with PBS twice. 

Following incubation with the fresh medium for 6 hours at 37℃ with 5% CO2, the 

supernatant was collected, filtered to remove the debris and stored at -80℃ for further 

use. 

 

6.3 Results 

6.3.1 Creation of the cell models in MDA-MB-231 cells 

The early screening of BMP8A in breast cancer cell lines (shown in the Chapter 3) 

indicated that MDA-MB-231 cells presented low expression of BMP8A. An 

overexpression model was employed to examine the role of BMP8A using the MDA-

MB-231 cell line and the lentiviral BMP8A expression vector as described in previous 

chapters. Following selection using hygromycin, increased expression of BMP8A in 

the transduced MDA-MB-231 cells was confirmed with both conventional PCR (Fig. 

6.1 A) and QPCR (Fig. 6.1 B). These cells also produced high levels of BMP8A protein 

(Fig. 6.1C).   
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Figure 6.1 BMP8A overexpression in MDA-MB-231 cell line was verified using conventional 

PCR (A), QPCR (B) and Western blot (C). The values of QPCR were shown as mean and STD. 

** P<0.01. The folds were calculated using ∆CT. 
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6.3.2 Impact of BMP8A on cellular functions of MDA-MB-231 cells. 

Following the establishment of the MDA-MB-231 BMP8A overexpression model, in 

vitro cellular function assays including proliferation, adhesion, invasion, and migration 

were performed. After an incubation up to 5 days, no significant change in cell growth 

was seen in the MDA-MB-231 BMP8A overexpression cells (Fig. 6.2 A). BMP8A 

overexpression resulted in an increase of invasiveness in the MDA-MB-231 cells (Fig. 

6.2 B).  No significant change was observed in the adhesion of MDA-MB-231 BMP8A 

cells to Matrigel compared with the control cells (Fig. 6.2 C). In addition to the 

enhanced invasion, cell migration was also increased significantly in MDA-MB-231 

cell with high expression of BMP8A (Fig. 6.2 D). 

 

 

Figure 6.2 Influence of BMP8A overexpression on in vitro cellular functions of MDA-MB-231 

cells. (A) A colorimetric proliferation assay using crystal violet was employed for the 

evaluation of proliferation affected by BMP8A overexpression. (B) Effect on invasiveness of 

MDA-MB-231 cells was determined using the transwell invasion assay. (C) Adhesion assays 

were conducted to assess adhesion of MDA-MB-231 cells to Matrigel. (D) Influence of 

BMP8A on migration of MDA-MB-231 cells was determined using the migration assay (wound 

assay). Values presented in the figures are mean and STD. ** P<0.01, * P <0.05.  
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6.3.3 Impact of BMP8A on EMT in MDA-MB-231 cells 

To explore the influence of BMP8A on EMT, one of the pivotal processes affecting cell 

motility, expression of the EMT markers including Snail, Slug, Vim and CDH2 were 

determined for their expression at both mRNA and protein levels. Conventional PCR 

showed increased expression of vimentin (VIM) and Slug in the MDA-MB-231 

BMP8A cells (Fig. 6.3 A), whilst little change was evident in the expression of Snail 

and N-cadherin (Fig. 6.3 B). A further analysis using Western blot showed increased 

protein levels of both Slug and vimentin in the MDA-MB-231 BMP8A overexpression 

cells (Fig. 6.3 C). Correlation between BMP8A and the EMT markers in breast cancer 

tumours was then analysed using RNA sequencing data of the TCGA breast cancer 

cohort. BMP8A transcript levels are positively correlated with most the EMT markers 

including Snai2 (Slug), Twist, Vimentin and N-cadherin, but not Snail (Fig. 6.3 D). 

Expression of Snai2 (Slug) and Vimentin is also significantly higher in the tumours 

with higher expression of BMP8A (Fig 6.3 E). 
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Figure 6.3 Impact of BMP8A on EMT in MDA-MB-231 cell line. (A) Differently expressed 

Slug and Vimentin were detected using conventional PCR. (B) QPCR shows the expressions 

of CDH2 and Snai1 in MDA-MB-231 cells. (C) WB presents the expression of EMT markers 

in MDA-MB-231 cells. (D) Heatmap shows the correlation efficiency between BMP8A and 

EMT markers in TCGA-BRCA cohort. (E) Differentially expressed VIM and SNAI2 in TCGA-

BRCA cohort according to BMP8A expression (cut-off value =128.1). 
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 6.3.4 Influence of BMP8A on MMPs in TNBC. 

Influence of BMP8A on the enhanced invasiveness in MDA-MB-231 cells was also 

investigated by determining the expression of a number of MMPs (Figure 6.4 A and B). 

Although no significant increases in MMP2 transcript was determined by QPCR 

(Figure 6.4 B), enhanced MMP2 excretion was observed in MDA-MB-231BMP8A cells 

compared to control cells according to a gelatin zymography analysis (Figure 6.4 C). 

There was no obvious change seen for the other MMPs determined in the MDA-MB-

231 BMP8A overexpression cells in comparison with the control cells including 

conventional PCR, QPCR and a gelatin zymography analysis of MMPs released from 

the MDA-MB-231 cells. 

Analysis for the expression of MMPs in TNBC tumours with higher expression of 

BMP8A was conducted in comparison with TNBC tumours with lower BMP8A 

expression, similarly to the previous analysis of Snai2 and Vimentin in the TCGA 

TNBC tumours. A number of MMPs exhibited higher expression in the TNBC tumours 

with higher expression of BMP8A including MMP2, MMP3, MMP11, MMP14, 

MMP15 and MMP19. Those MMPs also have a significantly positive correlation with 

BMP8A in the TNBC tumours of the TCGA cohort (Figure 6.4 C and D). MMP2 was 

identified as the top molecule associated with BMP8A (r=0.549 P<0.01), which was 

consistent with the result in the MDA-MB-231 cell models (Figure 6.4 D). 
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Figure 6.4 BMP8A induced differential MMPs in MDA-MB-231 cell line. (A) Expressions of 

MMPs in MDA-MB-231 cells determined from conventional PCR and QPCR. (B) Differential 

MMPs were determined from protein level by Zymography. (C) Differential MMPs identified 

from TCGA-BRCA cohort according to the BMP8A expression. (D) Heatmap shows the 

association between BMP8A and differentially expressed MMPs (The red points in figure 6.4 

C). ** P<0.01. 
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6.3.5 BMP8A and bone metastasis in breast cancer (TNBC) 

As elucidated in chapter 3, high BMP8A expression in luminal B and TNBC presented 

poorer distant metastasis free survival (Figure 3.9). To determine the involvement of 

BMP8A in bone metastasis, expressions of BMP8A in breast cancer with bone 

metastasis, distant metastasis and no metastasis were analysed in the TCGA-BRCA 

cohort. No significant differential expression of BMP8A was seen among these groups 

(Figure 6.5 A). Further analysis was performed to detect the impact of BMP8A in the 

bone metastasis free survival in the TCGA-BRCA cohort, from the present study, where 

again no significant difference was found in breast cancer with altered BMP8A 

expression (Figure 6.5 B).  

 

 

Figure 6.5 Involvement of BMP8A in bone metastasis. (A) Expression profile of 

BMP8A in patients who developed bone metastases, distant metastases, and no 

metastases. (B) Correlation between BMP8A and bone metastasis free survival.   
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To further explore the involvement of BMP8A in bone metastasis, one of the most 

common complications of BC, in luminal B and TNBC subtypes, the correlation 

between BMP8A with important biomarkers in bone metastases, including 

osteoblastogenesis, osteoclastogenesis, homing, immuno-escape and angiogenesis, was 

analysed. According to the present analysis, BMP8A was highly correlated with most 

of the osteolytic and osteoblastic markers in both luminal B and TNBC subtypes, 

especially in TNBC (Figure 6.6 A). High correlation efficiency was also seen with 

markers for homing and angiogenesis in TNBC. The correlation coefficients were 

summed up to assess an overall relation between BMP8A and those markers of bone 

metastasis (Figure 6.6 B), high correlations were found with osteoclastic and 

osteoblastic markers, especially in TNBC. Correlations of the top three osteoclastic and 

osteoblastic markers with BMP8A were presented as a scatter plot. Compared with the 

luminal B subtype, correlation scores were markedly higher in TNBC (Figure 6.6 C), 

which indicated the potential involvement of BMP8A in bone metastasis in TNBC. 
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Figure 6.6 Correlation of BMP8A with biomarkers in bone metastasis. (A) Heatmap to 

show the correlation of BMP8A with bone metastasis in luminal B and TNBC subtypes. 

(B) Correlation coefficients of BMP8A with biomarkers were summed and presented 

by bar graph. (C) Scatter plot to show the association between BMP8A and most 

responsive markers in bone metastasis. 
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6.3.6 Influence of BMP8A on proliferation and invasion of MDA-MB-231 cells 

exposed to bone environment in vitro 

To investigate the involvement of BMP8A in bone metastasis, bone matrix extract 

(BME) and conditional medium (CM) collected from the supernatant of hFOB cells 

were utilised to mimic the bone environment.  Six thousand MDA-MB-231 cells were 

seeded in the 96-well-plate and treated with CM in different concentrations (25% and 

50%). After 3 days’ incubation, proliferation in MDA-MB-231 BMP8A exp cells 

significantly reduced compared with the control cells under the 25% CM concentration 

(P<0.05). Under 50% CM concentration, decreased cell growth was even more obvious 

when comparing with both control cells and MDA-MB-231 BMP8A exp cells maintained 

in normal medium (P<0.01) (Figure 6.7 A). hFOB CM exhibited an inhibitory effect 

on cell proliferation of MDA-MB-231 cells when BMP8A was overexpressed but not 

in control cells. 

In addition to the tests using the hFOB CM, proliferation assays were also conducted 

by exposing the MDA-MB-231 cells to BME. After a culture of 5 days, the proliferation 

of MDA-MB-231 BMP8A exp cells was reduced significantly when they were exposed to 

BME (P<0.01), whereas no reduction was seen in the control cells that were treated 

with the BME. Instead, an increase of proliferation was seen in the control cells when 

they were cultured in medium containing 50µg/ml of BME (Figure 6.7 B).   

Invasion of the MDA-MB-231 cells was assessed in vitro with the exposure to the bone 

environment. Thirty thousand cells were seeded in the plate with conditional medium 

(50%) and BME (50ug/ml). After 3 days, significantly enhanced cell invasion was 

found in MDA-MB-231 BMP8A exp cells comparing with the corresponding control group 

(Figure 6.7 C). 
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Figure 6.7 Cell response to the bone environment. (A) Impact of BMP8A on cell growth 

following exposure to different concentrations of conditional medium over a 3-day 

incubation. (B) Cell growth response to different concentrations of BME after 5 days’ 

incubation. (C) Altered cell invasion following exposure to a bone environment. Δ P<0.05 VS 

concentration 0, ΔΔ P<0.01 VS concentration 0, * P<0.05 VS MDA-MB-231 control, ** P<0.01 

VS MDA-MB-231 control.     
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6.3.7 Expression of osteolytic/osteoblastic markers in MDA-MB-231 cells with 

BMP8A overexpression 

To assess the possible role of BMP8A in bone metastasis, expression of promising 

biomarkers including osteolytic, osteoblastic and angiogenesis were determined in 

MDA-MB-231 cells. From the present research, increased RANKL expression was 

found in MDA-MB-231 BMP8A exp cells, which strongly indicated that BMP8A may 

take part in the bone metastasis via RANKL-OPG signalling (Figure 6.8 A). No 

differential CTSK, PTHrP, RANK, and VEGF expressions were detected (Figure 6.8 

A and C). CDH11, a pivotal molecule mediating the osteoblastogenesis, was increased 

in the cells with BMP8A overexpression (Figure 6.8 B). 
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Figure 6.8 Involvement of BMP8A in the bone metastasis of MDA-MB-231 cells. (A) Impact 

of BMP8A on the expression of the osteolytic marker RANKL. (B) Impact of BMP8A on 

CDH11 expression, an osteoblastic marker. (C) Expression of VEGF in MDA-MB-231 cells 

with altered BMP8A expression.  
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6.4 Discussion 

BMP signalling has been evident in the regulation of both proliferation and invasion in 

TNBC cells. BMP2 exerts an inhibitory effect on cell growth and induces cellular 

apoptosis of MDA-MB-231 cells (Chen et al., 2012a). By upregulating the expression 

of microRNA-192, BMP6 was found to induce cell cycle arrest in MDA-MB-231 cells. 

Cell growth in MMP9 overexpressed MDA-MB-231 cells was significantly inhibited 

compared to the control cells due to a downregulation of PI3K/AKT signalling pathway 

(Li et al., 2018). Tumour invasion and migration of TNBC cells were suppressed by 

interfering BMP signalling (Di et al., 2019). Besides the inhibition on the cell growth, 

BMP6 was also found to suppress the metastasis of MDA-MB-231 cells by 

downregulating the expression of MMP1 (Hu et al., 2016) and upregulating E-cadherin 

(Yang et al., 2007). Cell growth, invasion and motility in MDA-MB-231 BMP10 

overexpression cells were significantly suppressed compared with the control cells (Ye 

et al., 2010). However, the impact of BMP8A in TNBC subtype remains largely 

unknown.  

The present research was the first study to examine the influence of BMP8A on cellular 

functions of TNBC cells. In vitro cellular function tests showed that BMP8A promoted 

both invasion and migration of MDA-MB-231 cells. This is in line with a finding in 

chapter 3, that higher expression of BMP8A in TNBC was associated with poorer 

DMFS, as both invasion and migration are essential for the spread of the disease. Along 

with this finding, further research on BMP8A mediated cell invasion was performed. 

As no significant difference was seen in the cell adhesion, the present study focused on 

the impact of BMP8A on MMPs and EMT transcript factors.  BMP8A overexpression 

resulted in increased expression of certain MMPs including MMP2 and a transcription 

factor Slug, which is an important EMT factor. It suggests that BMP8A regulated 

MMPs and EMT may account for the promoted invasion in MDA-MB-231. 

In addition to their direct regulation of proliferation, migration and invasion of cancer 

cells, BMP signalling also exerts fundamental effects during the osteogenic 

differentiation and homeostasis through regulating the balance of osteoblasts and 

osteoclasts. BMPs, such as BMP-2, BMP-4 and BMP-7 have been proved to promote 

the differentiation of the mesenchymal stem cells (MSCs) into osteoblasts (Alarmo and 

Kallioniemi, 2010, Carreira et al., 2014). BMPs can impact the maturation and the 
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activation of osteoclasts through RANKL-OPG pathway (Yahiro et al., 2020). In 

osteolysis caused by osteoclasts, BMPs in the bone matrix are released, which could 

regulate the expression of CX43/GJA1 through the BMP signalling pathway to interact 

with osteoblast to adjust mineralization (Shi et al., 2016). 

Since BMP8A played a pivotal role in the progression of breast cancer, and breast 

cancer is well known as a disease prone to bone metastasis, the role of BMP8A in the 

bone metastasis of BC was explored in the current study. To assess the potential role 

BMP8A involved in the bone metastasis in BC, bioinformatical analysis in TCGA-

BRCA cohort was performed. From the analysis, BMP8A was highly correlated with 

the biomarkers being profound in the process of bone metastasis, especially osteoblastic 

(RUNX2, CDH11 and PDGFB) and osteolytic (CTSK, ITGB3 and RANKL) markers, 

which strongly indicated the promising role of BMP8A in the bone metastasis of BC in 

TNBC. The influence of BMP8A on cellular functions in the bone environment 

including cell proliferation and invasion was further evaluated. Following exposure to 

in vitro bone environment, including the conditional medium from hFOB cells and bone 

matrix extract (BME), the proliferation of BMP8A overexpressing cells was 

significantly reduced comparing with control cells. The mechanism for the suppressed 

cell proliferation of MDA-MB-231BMP8A exp is yet to be elucidated. As in the present 

study, enhanced cell invasiveness was found in MDA-MB-231 with BMP8A 

overexpression, which was even more obvious in an exposure to the in vitro bone 

environment. Preliminary investigations aiming to identify possible responsive genes 

for TNBC bone metastasis were undertaken and the expression profiles of a panel of 

osteolytic, osteoblastic and angiogenesis markers were determined. Increased RANKL 

and CDH11 expressions were seen in the MDA-MB-231 BMP8A exp cells. RANKL-OPG 

signalling is renowned for its importance in osteoclastogenesis, whilst CDH11 is an 

important molecule for the activation of the osteoblast, being critical for cancer cells to 

colonise the bone. 

Taken together, BMP8A can promote invasiveness of TNBC cells in which MMP2 and 

EMT are involved.   Related signal transduction events will be investigated in the 

following chapter. BMP8A may act as pivotal molecule responsible for the progression 

of bone metastasis in breast cancer, both for the initiation of the osteoblast genesis and 

the activation of the osteolytic bone metastasis. RANKL signalling may be involved in 

BMP8A mediated bone metastasis. Further research focused on elucidating the 
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mechanisms underlying the impact of BMP8A in bone metastasis is required in the 

future. Notably, EGFR signalling is highly expressed in TNBC subtype, which is 

closely related with tumour progression and survival (Masuda et al., 2012). 

Involvement of EGFR signalling and its interaction with the BMP8A signalling in 

TNBC will be further explored in Chapter 7. 
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Chapter 7 

 

Signal transduction of BMP8A in breast cancer cells 
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7.1 Introduction 

As elucidated in chapter 1, BMP signalling has two patterns of signal transduction, the 

canonical BMP signalling pathway (Smad dependent pathway) and the non-canonical 

signalling pathway (Smad-independent pathway). In canonical signal transduction, 

BMP ligands bind to a complex of serine-threonine kinase transmembrane receptors 

including type I receptors (BMPRIA, BMPRIB, ActR1, ACVR1B, ACVR1C and 

ACVRLI) and type II receptors (BMPRII, ActRIIA, and ActRIIB), resulting in a 

phosphorylation of the type I receptors. The activated receptor complex then recruits 

and phosphorylates the downstream transcription factors, Smad 1, 5, and 8. 

Subsequently, phosphorylated Smads1/5/8 form a heteromeric complex with Smad4 

which acts as a shuttle to transport the Smad complex into the nucleus (Nickel and 

Mueller, 2019). In the Smad-independent signalling pathway, BMP ligands present 

higher affinity for type I receptors than type II receptors. BMP ligands preferentially 

bind to BMPR1A or BMPR1B, then recruit BMPRII to form the hetero-oligomeric 

complexes known as BMP-induced signal complex (BISC) (da Silva Madaleno et al., 

2020). Depending on the ligands and receptors recruited, the Smad-independent 

pathway involves the transmission of a variety of other signal pathways, including the 

MAPK pathway, RAS pathway, PI3K/Akt pathway, Rho-GTPases pathway and so on 

(Zabkiewicz et al., 2017). Different from the other BMPs, BMP8A can induce 

activation of both BMP specific R-Smad1/5/8 and TGF-β specific R-Smad 2/3 signal 

pathways in spermatogonia synchronously (Wu et al., 2017). The former pathway was 

mediated by receptor complexes formed by the type I receptor（BMPR1A or BMPR1B) 

and type II receptor (ACVR2A or BMPR2) Whilst Smad2/3 signal pathway was 

activated through receptor complexes formed by type I receptor (TGFBR1 or ACVR1B) 

and type II receptor (ACVR2A, ACVR2B or TGFBR2). 

As the key molecules to mediate BMP signalling transduction, BMP receptors 

are quite important in modulating the progression of breast cancer. BMPR1B was 

identified as the key downstream receptor mediating the activation of BMP/Smad 

signalling to induce the dedifferentiation and progression of ER positive breast cancer 

(Helms et al., 2005). Silencing BMPR1A in breast cancer was found to intercept the 

osteolytic bone metastasis via suppressing the RANKL/P38 signalling pathway (Liu et 

al., 2018). Upregulated BMP4 transcripts were observed to be correlated with increased 
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BMPR2 expression in the advanced stage of breast cancer (Gul et al., 2015). N-acetyl-

α-galactosaminyltransferase 8 (GALNT8) and its regulated O-glycosylation of 

BMPR1A can regulate BMP/Smad/RUNX2 signalling to coordinate growth of breast 

cancer cells (Huang et al., 2022). 

Although BMP8A signal transduction in spermatogonia has been well 

investigated, the role of BMP8A in breast cancer and the mechanism for BMP8A 

induced altered cell functions have been less studied. Previous analysis of BMPs in the 

TCGA breast cancer cohort illustrated the higher expression of BMP8A in breast 

cancers was also correlated with poorer overall survival (Katsuta et al., 2019a). 

However, no research was performed to test the impact of BMP8A on cellular function 

of breast cancer. Our research is the first study to evaluate the biological function and 

the molecular mechanism of BMP8A involved in breast cancer. The present study 

reveals the subtype involvement of BMP8A in the progression of BC, mainly through 

its impact on invasion and proliferation in vitro and has been summarised in Table 7.1. 

BMP8A induced cell invasion is mainly through promoting EMT event and degradation 

of cell matrix via upregulation of MMPs in luminal B, HER2 positive and TNBC 

subtypes. Contrasting effects on cell proliferation were observed in the HER2 positive 

cell lines with BMP8A overexpression. The mechanism for the altered cell function and 

the signalling transduction of BMP8A in breast cancer will be examined in the current 

chapter. 
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Table 7.1 Alteration of BMP8A responsive genes in breast cancer cell lines. 

 

  

Luminal B Her2 (+) TNBC 

             BT474 MDA-MB-361 SKBR3 HCC1419 MDA-MB-231 

Control BMP8A exp Control BMP8A exp Control BMP8A exp Control BMP8A exp Control BMP8A exp 

Cell functio

n Test 

Proliferatio

n   —   ↑ 20%   

↑↑

（100%）   ↓（30%）   — 

Adhesion   —   ↑（15%-30%）   —   —   — 

Invasion   ↑30%   ↑10%   ↑20%   ↑   ↑ 40% 

Migration   ↑10%   —   ↑    ↑   ↑ 

Responsive 

genes 

MYC   —   ↑   ↑   ↓   — 

CCND-1   —   —   —   —   — 

ID-1   —   —    —   —   — 

Ki67  —  —  ↓  —  — 

PCNA  —  —  ↑  ↓  — 

Snail   —   —   —   ↑   — 

Slug   —   ↑   ↑   ↑   ↑ 

Vimentin   ↑   —   —   —   — 

P21   —   —   —   —   — 

MMP1   —   —   —   —   — 

MMP3   —   —   ↑   —   — 

MMP2  —  —  ↑  —  ↑ 

MMP7   ↑   —   ↑   —   — 

MMP9   —   —   ↑   —   ↑ 

MMP11   ↑   ↓   ↓   ↑   — 

MMP14   ↑   —   ↑   —   — 
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7.2 Materials and methods 

7.2.1 Breast cancer database 

RNA sequencing data (TCGA_BRCA) was utilised in this study to investigate the 

differential expression of BMPRs in different subtypes. TCGA-BRCA is an mRNA 

sequencing cohort, with quantitative data of genomic DNA, mRNA, microRNA and 

protein, for a cohort of breast cancer comprising 1098 tumours and 112 adjacent non-

tumour mammary tissues.  

7.2.2 Cell lines 

Cell lines including luminal A (MCF-7 and ZR571), luminal B (BT474 and MDA-MB-

361), Her2 (+) (SKBR3 and HCC1419) and TNBC (MDA-MB-231, BT20, BT549, 

MDA-MB-436 and MDA-MB-468) subtypes were used to determine the differential 

expression of BMP receptors and ERBBs in breast cancer cells. ZR751, BT474, MDA-

MB-361, HCC1419 cell lines were cultured in RPMI-1640 medium, with 10% FBS and 

antibiotics, whilst the others including MCF-7, SKBR3, BT20, BT549, MDA-MB-231, 

MDA-MB-436 and MDA-MB-468 were maintained in DMEM medium with 10% FBS 

and antibiotics as previously described in the method section.   

7.2.3 Overexpression model in breast cancer cell lines 

BMP8A overexpression cell models were created in luminal B (BT474 and MDA-MB-

361), Her2 (+) (SKBR3 and HCC1419) and TNBC (MDA-MB-231) cell lines using 

lentiviral vectors as described in previous chapters. After selection for about one week, 

medium with 50µg/ml hygromycin was used to maintain the cells.  

7.2.4 RNA isolation, cDNA synthesis, RT-PCR, and Q-PCR 

Tri Reagent (Sigma-Aldrich, Inc., Poole, Dorset, England, UK) was utilised to extract 

RNA, followed by the synthesis of complete DNA using reverse transcription kit 

(Promega, Southampton, UK) (Chapter 2 section 2.6.1). Conventional and QPCR were 

then accomplished according to the protocols outlined in chapter 2 (section 2.2). Details 

of primers including GAPDH, β-actin, BMP8A and other responsive genes are given 

in chapter 2 (Table2.2). 

7.2.5 Western blot analysis 

After protein extraction using a lysis buffer and quantification by the DC Protein Assay 
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kit (BIO-RAD, USA), the proteins were separated by SDS-PAGE and then transferred 

onto PVDF membranes (Pre-treated by methanol for 1 minute and the running buffer 

for 15 minutes). After blocking with a blocking buffer, the membrane was incubated 

with the respective primary antibody at 1:1000 dilution overnight (4℃) to probe the 

target protein. After washing, the respective HRP conjugate secondary antibody was 

added and incubated for another hour, followed by more washings. The protein bands 

were eventually visualised using the chemiluminescence detection kit, Luminate Forta 

Western HRP substrate (Cat. No. WBLUF0500, Merk-Millipore, Hertfordshire, UK) 

and the chemiluminescent tagged bands were visualised with a UVITech Imager 

(UVITech Inc., Cambridge, UK). Details for procedures and the antibodies applied in 

current study are listed in Table 2.3 and 2.4. 

7.2.6 Statistical analyses 

Student’s T-test was applied to compare the normally distributed data, whilst the non-

normally distributed data was analysed using a Manny-Whitney Test. ANOVA test was 

employed for statistical comparison of data comprising multiple groups. SPSS software 

was used to undertake statistical analysis. 

 

7.3 Result 

7.3.1 BMP8A induced Smad signalling in breast cancer cells 

Activation of Smad1/5/8 in breast cancer cell lines with BMP8A overexpression 

Enhanced Smad 1/5/8 phosphorylation was detected in MDA-MB-361BMP8A and 

BT474BMP8A cells, both these two cell lines belong to luminal B subtype. A reduced 

level of phosphorylated Smad1/5/8 was seen in the SKBR3BMP8A cells. No significant 

change was observed in other cell lines (Figure 7.1). 
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Figure 7.1 Phosphorylated Smad 1/5/8 in breast cancer cell lines with altered BMP8A 

expression. 

 

 

Activation of Smad3 in breast cancer lines with BMP8A overexpression 

Different from other BMP signalling, phosphorylation of Smad 2/3 was also observed 

in BMP8A signalling. Enhanced Smad 2/3 activation was found in SKBR3BMP8A 

andMDA-MB-231BMP8A cells comparing to the control cells respectively, whilst 

reduced Smad 2/3 phosphorylation was found in MDA-MB-361BMP8A and 

HCC1419BMP8A cells (Figure 7.2). Interestingly, those cell lines had enhanced 

activation of Smad1/5/8 presented lower or reduced levels of P-Smad3, such as MD-

MB-361 and HCC1419, whilst SKBR3 exhibited a possibly increase in P-Smad3 and 

similarly the MDA-MB-231 cell line. 
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Figure 7.2 Smad 2/3 phosphorylation in breast cancer cell lines with differential 

BMP8A expressions. 
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7.3.2 Influence of BMP8A on Smad independent signalling 

The influence of BMP8A on Smad independent signalling, including AKT and MAPK 

(ERK, P38, JNK) signalling was also determined in the present study (Figure7.3). 

Although upregulated AKT expressions were observed in MDA-MB-361, HCC1419 

and MDA-MB-231 cells with BMP8A overexpression, phosphorylated AKT appeared 

to be undetectable in most of the cell lines tested except the HCC1419 and AKT 

activation tended to be enhanced in HCC1419BMP8A cells. In comparison with other cell 

lines, ERK protein is highly activated in SKBR3BMP8A cells compared with the control. 

A weak increase of phosphorylated ERK was noticed in BT474BMP8A, whilst no obvious 

change was seen in ERK phosphorylation in other cell lines. P38 expression 

significantly increased in MDA-MB-231BMP8A and MDA-MB-361BMP8A. Comparing to 

the control cells, increased JNK expression was found in HCC1419BMP8A and MDA-

MB-361BMP8A, however, subtly enhanced JNK phosphorylation was seen in 

BT474BMP8A, MDA-MB-361BMP8A, SKBR3BMP8A and MDA-MB-231BMP8Acells. 
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Figure 7.3 Influence of the BMP8A on the Smad independent signalling was evaluated 

using Western blot analysis.  
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7.3.3 Expression of BMP receptors in different subtypes of the disease 

Expression of BMP receptors in different subtype breast cancers 

To determine the receptors of BMP8A in breast cancer, expressions of candidate 

BMPRs including type I and type II receptors were analysed in the TCGA-BRCA 

cohort (Figure 7.4). ACVR1 expression was found to be significantly different between 

certain subtype groups. Levels of ACVR1 were found to be significantly higher in Her2 

(+) (P < 0.05), luminal A (P < 0.01) and luminal B (P < 0.05) compared to TNBC 

subtypes. Elevated ACVR1B expression was seen in both luminal A and luminal B 

subtypes comparing with ER (-) subtypes, namely Her2 (+) and TNBC subtypes. Level 

of ACVR1B is the lowest in TNBC than the other three subtypes. Higher ACVR2A and 

lower ACVR2B expressions were shown in Her2 (+) subtype compared to the other 

subtypes. BMPR1A was highly expressed in Her2 (+) subtype comparing to luminal 

subtypes. Compared with ER (-) subtype, BMPR2 and BMPR1B expressions were 

higher in luminal subtypes. Expression of the BMP receptors in the TCGA cohort is 

also summarised in the Table 7.2. 
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Figure 7.4 Differential expression of BMPRs in different subtypes of breast cancer 

analyses from TCGA-BRCA cohort. Values presented in the figures are median and 

interquartile range. * P<0.05, **P<0.01. 
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Table 7.2 Differential expression of BMPRs in different subtypes of breast cancer analyses from TCGA-BRCA cohort. 

 
Luminal A  Luminal B 

 
Her2 positive 

 
TNBC 

 

 
Median 

(IQR: Q1-Q3) 

Median 

(IQR: Q1-Q3) 

 
Median 

(IQR: Q1-Q3) 

 
Median 

(IQR: Q1-Q3) 

 

ACVRL1 417.45  (290.84-605.50) 
 

429.50 (338.80-603.49) 
 

401.7782 (303.56-517.98) 
 

414.6238 (272.19-573.60) 
 

ACVR1 885.47  (677.76-1102.74) 
 

899.90 (689.14-1107.27) 
 

1053.904 (647.21-1317.33) 
 

762.4559 (558.62-1096.30) #*Δ 

BMPR1A 563.97  (419.92-722.12) 
 

549.47 (416.67-700.62) 
 

657.2411 (556.53-797.13) #* 581.3553 (436.37-803.74) 
 

ACVR1B 1332.89 (1072.25-1623.05) 
 

1216.87 (1002.21-1500.89) # 1050.98 (818.40-1502.82) # 759.4324 (562.87-991.84) #*Δ 

BMPR1B 977.80  (85.78-6788.58)  471.42 (98.46-3693.34)  83.57 (31.80-249.63) #* 80.13935 (26.42-222.39) #* 

BMPR2 2757.92  (2026.94-3611.08)  2668.06 (2051.76-3392.14)  2327.094 (1971.94-3189.37) 
 

2265.878 (1631.29-3130.28) #* 

ACVR2A 292.06  (209.15-403.49)  287.72 (231.33-384.24) 
 

357.8093 (262.00-500.68) # 303.7473 (220.91-417.22) 
 

ACVR2B 380.77 (270.53-527.48)  323.00 (242.12-438.18) # 265.3865 (192.36-363.89) # 314.3501 (220.33-437.69) 
 

Note: Shown are median (IQR), IQR interquartile range = Q1 – Q3; #P vs luminal A; *P vs luminal B; ΔP vs Her2 positive.  
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Expression of BMP receptors in breast cancer cell lines 

Expression levels of candidate BMP receptors were also determined in wild type breast 

cancer cell lines (Figure 7.5). Following amplification over 30 cycles, high expressions 

of ACVR1, ACVR2B, BMPR1A and BMPR2 were found to be present in the majority 

of tested cell lines. Compared with others, relatively higher expression of ACVR1B 

was seen in BT474, MDA-MB-361 and SKBR3 cell lines. BMPR1B expression was 

relatively high in luminal A cell lines (MCF-7 and ZR751), MDA-MB-361 and SKBR3 

cells. Although both belong to the luminal B subtype, lower BMP1B expression was 

observed in BT474 cells compared to the MDA-MB-361 cell line. Compared with 

HCC1419 cells, higher expressions of ACVR1B and BMPR1B were seen in SKBR3 

cells. 
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Figure 7.5 Expression of candidate BMP receptors in wild type cells of breast cancer 

cell lines was determined using conventional PCR. 
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Altered BMPR expression in breast cancer cell models. 

To further determine the promising receptors involved in BMP8A signal transduction, 

altered expression of the BMPRs were investigated in the breast cancer cell models 

with BMP8A overexpression using both conventional PCR (Figure 7.6) and QPCR 

(Figure 7.7). In luminal B cells, reduced ACVR1 was observed in MDA-MB-361BMP8A, 

whilst significantly induced BMPR2 and BMPR1A expressions were found in both 

BT474BMP8A and MDA-MB-361BMP8A cells (Figure 7.7). In Her2 (+) subtype, 

significantly reduced ACVR1B, BMPR1B, BMPR1A and BMPR2 expressions were 

associated high BMP8A expression in SKBR3 cells, whilst increased ACVR2B was 

associated BMP8A expression in SKBR3 cells. Significantly increased ACVR1, 

BMPR1A and BMPR2 expressions were observed in HCC1418BMP8A cells. For MDA-

MB-231 cells, induced expression of ACVR2B and reduced BMPR1A expression were 

associated with upregulated BMP8A expression. 
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Figure 7.6 Altered BMPRs expression in breast cancer cell models was examined using 

conventional PCR. 
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Figure 7.7 Transcripts of BMPRs in breast cancer cell models were determined using 

QPCR. Values presented in the figures are mean and STD. **P<0.01 VS control group, 

*P<0.05 VS control group. 
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7.3.4 Possible influence of BMP8A on ERBBs in different subtypes of breast 

cancer 

Expression of ERBBS in breast cancer cell lines 

To determine the interaction between ERBBs and BMP8A signalling, expressions of 

ERBBs were investigated in the wild type of breast cancer cell lines, covering all of the 

subtypes (Figure 7.8). According to the present results, high expressions of EGFR were 

seen in BT474 cells, SKBR3 cells and almost all the cells belonging to the TNBC 

subtype. ERBB2 were found to be highly expressed in luminal B (BT474 and MDA-

MB-361) and Her2 (+) (SKBR3 and HCC1419) cell lines. High expression of ERBB3 

was seen in MDA-MB-361, SKBR3 and HCC1419 cells but was only found to be 

weakly expressed in TNBC cells. Comparing with the other cells, high expression of 

ERBB4 was seen in HCC1419 cells. 
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Figure 7.8 Expression of ERBBs in breast cancer cell lines. (A) EGFR transcripts in 

wild type breast cancer cell lines determined by QPCR. (B) Conventional PCR to show 

the different expression of ERBB2, ERBB3 and ERBB4 in wild type breast cancer cells. 
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Differential expression of EGFR/ERBB2 in the BMP8A overexpression cell line 

models 

Differential expressions of EGFR were investigated in BMP8A modified cell models 

in the present study (Figure 7.9) using QPCR and western blot analysis. Decreased 

EGFR transcripts were seen in MDA-MB-361BMP8A cells, whilst increased EGFR 

expression was observed in both SKBR3BMP8A and MDA-MB-231BMP8A cells. No 

significant change in EGFR expression was seen in BT474 and HCC1419 cells 

following BMP8A overexpression (Figure 7.9 A). Increased EGFR protein levels were 

observed in SKBR3 and MDA-MB-231 cells following overexpression of BMP8A, 

however, no band was seen in other three cell lines examined (Figure 7.9 B). 

Differential ERBB2 expression following BMP8A overexpression was also determined 

in the present study using QPCR and western blot analysis (Figure 7.10). Significantly 

decreased ERBB2 and increased ERBB2 expressions were seen in MDA-MB-361BMP8A 

and SKBR3BMP8A cells respectively. No obvious, significant change in ERBB2 

transcript expression was observed in the other three cell lines following BMP8A 

overexpression (Figure 7.10 A). At a protein level, significantly decreased ERBB2 and 

increased ERBB2 expressions were seen in MDA-MB-361BMP8A and SKBR3BMP8A 

cells, compared to their controls, respectively. No ERBB2 expression was observed in 

MDA-MB-231 cells (Figure 7.10 B). 
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Figure 7.9 Differential EGFR expression in breast cancer cell models. (A) EGFR 

transcripts in cell models were determined by QPCR. Values presented in the figures are 

mean and STD. ** P<0.01, * P<0.05. (B) Protein levels of EGFR in breast cancer cell 

models. 
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Figure 7.10 Differential expressions of ERBB2 in breast cancer cell models with altered 

BMP8A expression. (A) ERBB2 transcripts were determined by the QPCR. ** P<0.01, 

* P<0.05. (B) ERBB2 expressions in breast cancer cell models determined by western 

blot. Values presented in the figures are mean and STD. 
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7.4 Discussion 

As elucidated in the previous chapters, BMP8A presented subtype specific roles in 

breast cancer. Survival analyses showed that high BMP8A expression is associated with 

poor overall survival in luminal B subtype but is correlated with a better overall survival 

in patients with Her2 (+) tumours. Overexpression of BMP8A in two luminal B breast 

cancer cell lines (BT474 and MDA-MB-361) enhanced their invasiveness, in which 

increased MMPs and EMT markers were observed. However, in addition to a similar 

effect on invasion, BMP8A exhibited different influences on cell proliferation in two 

Her2 positive cell lines, SKBR3 and HCC1419. It suggests that diverse influences of 

BMP8A on cellular/molecular events and response to the current therapy may all 

contribute to the different role of BMP8A in the HER2 positive tumours in comparison 

with its role in luminal B tumours. The present study also showed that BMP8A can also 

enhance the invasiveness of MDA-MB-231 cells through a regulation of both MMPs 

and EMT. These BMP8A induced changes in cellular functions are executed through 

different signal transductions in cancer cells.  

Two patterns of signal transduction have been identified in BMP signalling, the Smad-

dependent pathway and Smad-independent pathway. In the current research, elevated 

phosphorylation of Smad1/5/8 was evident in both BT474 and MDA-MB-361 cells 

with BMP8A overexpression suggesting the canonical Smad dependent signalling via 

Smad1/5/8 can be induced in the two luminal B cancer cell lines.  

In addition to signalling through BMP specific R-Smads, i.e. Smad1/5/8, BMP8A may 

also induce activation of  TGF-β specific R-Smads (Smad2/3) which is evident in 

spermatogonia (Wu et al., 2017). Therefore, the present study also determined the 

expression of phosphorylated Smad3 in those breast cancer cell line models. 

Interestingly, those cell lines with enhanced activation of Smad1/5/8 had lower or 

reduced levels of P-Smad3, such as MD-MB-361 and HCC1419, whilst SKBR3 

exhibited a possible increase in P-Smad3 and similarly in the MDA-MB-231 cell line 

(Figure 7.2). The role of Smad 2/3 phosphorylation and its correlation with the 

phosphorylation of Smad1/5/8 in breast cancer still need to be further investigated. 

Furthermore, non-canonical signalling via Smad-independent signalling transduction is 

also assessed in the current study. Upregulated P38 expression was seen in MDA-MB-

231BMP8A whilst increased AKT expression was shown in MDA-MB-361BMP8A cells 
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comparing to the corresponding control cells, respectively. Elevated Erk 

phosphorylation and AKT phosphorylation were seen in SKBR3BMP8A and 

HCC1419BMP8A, respectively. Increased JNK expression was found in HCC1419BMP8A 

and MDA-MB-361BMP8A. Meanwhile, subtly enhanced JNK phosphorylation was seen 

in BT474BMP8A, MDA-MB-361BMP8A, SKBR3BMP8A and MDA-MB-231BMP8A cells 

(Figure 7.3). However, involvement of these MAPK pathways and AKT pathway in 

the BMP8A regulated cellular function and corresponding implication in the subtype 

specific role of BMP8A requires further investigation.  

BMP signalling transduction initiates from the binding with the receptors on the 

membrane. In Wu’s report, P-Smad 1/5/8 was mediated by receptor complexes formed 

by type I receptor（BMPR1A or BMPR1B) and type II receptor (ACVR2A or BMPR2). 

Whilst Smad2/3 signal pathway was activated through receptor complexes formed by 

type I receptor (TGFBR1 or ACVR1B) and type II receptor (ACVR2A, ACVR2B or 

TGFBR2) (Wu et al., 2017). Influenced by the ER, EGFR and ERBB2 signalling, 

BMP8A mediated signalling transduction seems to be more complex in breast cancer.  

BMP receptors are detectable in most breast cancer cell lines (Arnold et al., 1999). BMP 

receptors such as BMPRIA and BMPR2 mediated regulation of proliferation and 

invasiveness have also been revealed in breast cancer (Katsuno et al., 2008) (Pouliot et 

al., 2003). However, exact expression of BMP receptors in breast cancer regarding 

different subtypes remains largely unknown. From the current analyses in TCGA-

BRCA cohort, high expressions of ACVR1B and BMPR2 were seen in luminal 

subtypes. Compared with Her2 (+) subtype, ACVR2B expression is highly expressed 

in luminal subtype. BMPR1B is also highly expressed in luminal subtypes compared 

with both Her2 (+) and TNBC subtypes. ACVR1 and BMPR1A present higher 

expression in Her2 (+) tumours than other subtype tumours. Conventional PCR showed 

that ACVR1, ACVR2B, BMPR1A and BMPR2 were expressed at relatively higher 

levels in the panel of breast cancer cell lines examined in comparison with other 

receptors.  It suggests that the differential expression patterns of BMP receptors are 

more likely mediating diverse signalling for the BMP ligands in different subtypes of 

breast cancer. This opened a new avenue for further exploration to shed light on their 

role in breast cancer, particularly for the subtype specific roles of BMP8A.  

Luminal subtypes including luminal A and luminal B subtypes account for approximate 
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70% of breast cancer (Lukasiewicz et al., 2021), are positive for ER expression in 

comparison with the HER2 (+) and TNBC tumours. ER signalling is capable of 

modulating the expression of BMP and BMPRs in breast cancer (Takahashi et al., 2008). 

Several BMPs and BMPRs are differentially expressed in different subtypes of breast 

cancer with different ER status. For example, BMP2 expression was markedly higher 

in ER negative subtypes and expression of BMP2 was elevated when ER expression 

was silenced in ER positive breast cancer (Al Saleh et al., 2011). Elevated expression 

of BMP6 contributed to immunological surveillance and prolonged the overall survival 

in ER-positive patients, however the survival time reduced in ER negative cases with 

high expression of BMP6 (Katsuta et al., 2019b). In addition to the BMP ligands, ERα 

also exhibited a capacity of binding to BMPR2 promoter to upregulate BMPR2 

expression, contributing to a protection of right ventricular function (Frump et al., 2021), 

though it remains controversial as BMPR2 transcripts were also reduced as a result of 

stimulating ER (Austin et al., 2012).   Moreover, O-glycosylation of BMPR1A was 

found to increase the expression of ERα to modulate the BMP/RUNX2 signalling in 

breast cancer (Huang et al., 2022). The cross talk between ER and BMP signalling 

represents an interesting and profound area for further investigation to elucidate 

molecular and cellular mechanism in ER positive breast cancers and also current 

challenges in chemotherapy and endocrine therapy. 

HER2 is a key marker for HER2 (+) breast cancer and is also present in luminal B 

tumours. The BMP signalling pathway has been shown to cooperate with that of the 

Her2 signalling pathway to promote cancer progression (Siegel and Massague, 2003). 

Highly expressed BMPs or BMPRs in the Her2(+) breast cancer murine model 

increased the mortality caused by metastases (Muraoka et al., 2003, Muraoka-Cook et 

al., 2006, Seton-Rogers et al., 2004). On the other hand,  BMP proteins have been 

shown to reciprocally regulate Her2 signalling by activating the downstream receptor 

tyrosine kinases of ErbB, such as Ras/MAPK (Mulder, 2000) and PI3K/Akt (Yi et al., 

2005, Wilkes et al., 2005). Silencing of endogenous BMP signals significantly reduced 

the proliferation of Ras-transformed cancers (Ventura et al., 2004), indicating that Her2 

signal induced tumour progression at least partly relies on the function of the BMP 

signalling pathway. Notably, EGFR/ErbB2 heterodimers, but not the homodimers, 

could induce cell invasion in mammary epithelial cells (Zhan et al., 2006). 

Although both SKBR3 and HCC1419 cells belong to the Her2 (+) subtype, presenting 
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high expression of ERBB2, the mechanism for the altered cell functions in SKBR3 and 

HCC1419 appears to be different. ERBB2 is an orphan receptor, it has to rely on the 

EGFR signalling to form the heterodimer EGFR/HER2 to exert biological function 

(Ferguson, 2008). With the lack of ER signalling in Her2 (+) subtype, EGFR and HER2 

signalling tends to be the dominant. However, EGFR/HER2 signalling is not well 

conducted due to an absence of EGFR in HCC1419 cells (Figure 7.9), as a result, BMP 

signalling seems to be the dominant signalling induced by BMP8A as increased 

phosphorylation of P-Smad1/5/8 was seen in HCC1419BMP8A cells. In comparison with 

HCC1419, EGFR was detectable in the SKBR3 cells (Figure 7.9) which may mediate 

the enhanced activation of the ERK pathway in the SKBR3BMP8A cells (Figure 7.3). 

Contrasting effects on the activation of Smad3 were also evident those two HER2 (+) 

cell lines. P-Smad3 was reduced in the HCC1419BMP8A cells whilst it appeared to be 

marginally increased in the SKBR3 cells with BMP8A overexpression indicating in 

addition to EGFR, differentially expressed BMP receptors may also rely on signalling 

of BMP8A through different Smads. Furthermore, upregulated ACVR2B and 

downregulated BMPR1 and BMPR2 were seen in SKBR3BMP8A, whilst upregulated 

ACVR1, BMPR1A and BMPR2 were observed in HCC1419BMP8A cells mediating 

BMP signal transduction (Figure 7.6). Those BMP receptors bear an answer at least for 

the specific signalling events of BMP8A in those two HER2 (+) cell lines.  

 

Apart from oestrogen receptors and HER2, EGFR also plays an important role in breast 

cancer. Study in the drosophila embryo showed that BMP signal response was inversely 

modulated by EGFR signalling (Deignan et al., 2016). In breast cancer, high EGFR 

expression is found in TNBC subtype, however BMP8A expression is low in the TNBC 

subtype analysed from the TCGA-BRCA cohort and comparing to the other three 

subtypes. The present quantitative analysis of EGFR showed high expression of EGFR 

in the TNBC cell lines including MDA-MB-231, BT20 and BT549. 

Crosstalk has been evident between EGFR and BMP which was recently reviewed (Sun 

et al., 2020). Enhanced EGFR activity has been shown to modulate the activity of BMP 

downstream signalling molecules such as MAPK and PI3K/Akt to facilitate tumour 

invasion and motility (Barr et al., 2008). BMP may modulate EGFR signalling via a 

regulation of PTEN and PI3K/Akt (Zhang et al., 2006). In the present study, significantly 
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increased EGFR expression was seen in MDA-MB-231BMP8A cells which indicated an 

enhanced EGFR signalling may also occur in MDA-MB-231 cells as a result of BMP8A 

overexpression. Activation of EGFR can promote cell migration and invasion in 

ameloblastoma cells by enhancing MMP2 and MMP9 activity (da Rosa et al., 2014). 

In line with our findings in a previous chapter, BMP8A promoted invasion and 

upregulated MMP2 in MDA-MB-231 cells. It suggests that BMP8A may promote the 

invasiveness of TNBC cells through dual mechanisms including both BMP signalling 

and the regulation of EGFR which are yet to be fully evaluated. Furthermore, increased 

P38 was observed in MDA-MB-231BMP8A cells, together with elevated RANKL 

expression and their implication in BMP8A related activities in bone metastasis 

warrants further investigation since RANKL/P38 signalling pathway is renowned for 

the osteolytic bone metastasis in breast cancer (Lim et al., 2020). 

In addition to the differential expression of BMP receptors in breast cancer, the 

influence of BMP8A on the expression of BMP receptors was also assessed in the 

present study.  In luminal B subtype, increased BMPR1A, BMPR1B, ACVR2A and 

BMPR2 were seen in MDA-MB-361BMP8A, whilst increased BMPR1A and BMPR2 

were found in BT474 cell with high BMP8A expression. In MDA-MB-231BMP8A cells, 

increased ACVR2B and reduced BMPR1A were observed compared to the control cells. 

In Her2 (+) cell lines, upregulated ACVR2B and downregulated BMPR1 and BMPR2 

were seen in SKBR3BMP8A, whilst upregulated ACVR1, BMPR1A and BMPR2 were 

observed in HCC1419BMP8A cells mediating BMP signal transduction. This suggests 

that BMP receptors are altered as a result of BMP8A overexpression although the exact 

regulatory mechanism is yet to be revealed in which both Smad dependent and 

independent pathways might be involved. Certainly, this also adds a challenge and 

difficulty to what are already complicated signal transduction cascades underlying the 

subtype specific role of BMP8A. 

 

Taken together, the subtype specific role of BMP8A was completed by the interaction 

of ER, EGFR and HER2 signalling in breast cancer. Two patterns including Smad 

dependent and Smad independent signalling pathway were transduced in BMP8A 

signalling. Besides phosphorylation of Smad1/5/8, activation of Smad2/3 was also 

found in the Smad dependent BMP8A signalling pathway. Altered Smad independent 
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signalling was also evident in the BMP8A overexpression cell lines. BMP receptors 

will be an area of focus in future studies for dissecting the specific role of BMP8A in 

different subtypes in addition to the influence from ER, EGFR and HER2.  
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Chapter 8 

 

General Discussion 
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      Increasing evidence has revealed the role of BMPs in the development and 

progression  of tumours (Gonzalez and Medici, 2014), especially endocrine related 

tumours, such as breast cancer (Chi et al., 2019) and prostate cancer (Ye et al., 2007b). 

The present study aimed to investigate the role played by BMP8A in breast cancer.   

8.1 Key findings from the current study 

Elevated expression and subtype specific roles of BMP8A in breast cancer 

        In the initial analysis of BMP8A expression in breast cancer and its clinical 

relevance, an upregulated expression of BMP8A was revealed in breast cancers 

compared with that in adjacent tissues. IHC staining showed that BMP8A was mainly 

stained in the cytoplasm of breast cancer cells and was differentially expressed in 

subtypes. The increased expression of BMP8A in luminal B tumours was associated 

with poorer overall survival but appears to be positive marker for the prognosis in 

HER2 (+) tumours. High BMP8A expression was correlated with poorer distant 

metastases free survival in both luminal B and TNBC subtypes. Such findings suggest 

that BMP8A plays different roles, being specific to certain subtype tumours.  

       To further explore the subtype specific role of BMP8A in breast cancer, a panel of 

breast cancer cell lines derived from different subtypes of the disease was employed to 

dissect the cellular and molecular machinery involved in BMP8A’s subtype specific 

roles. Luminal B, HER2 (+) and TNBC were investigated in the present study using a 

range of in vitro cell line models.  Interestingly, enhanced cell invasion was observed 

in all the cell lines with high BMP8A expression, however contrasting impacts on cell 

growth was seen in Her2 (+) cell lines.  

BMP8A promoted invasiveness of luminal B cancer cell lines (BT474 and MDA-MB-

361) 

      Different downstream cascades induced by BMP8A were investigated in the present 

study, although enhanced cell invasion was seen in both BT474BMP8A and MDA-MB-

361BMP8A cells.  Increased expression of Vimentin and MMPs including MMP7, 

MMP11 and MMP14 were seen in BT474BMP8A cells. This suggests that BMP8A 

promotes invasiveness and migration of BT474 cells through the regulation of both 

EMT and MMPs. Subsequent experiments revealed an activation of both Smad1/5/8 

and JNK pathways. BMP signalling can promote invasion and EMT via Smad 
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signalling (Gonzalez and Medici, 2014). EGFR and its downstream MAPK and Akt 

pathways are also able to promote invasion and migration by regulating MMPs and 

EMT (Hardy et al., 2010). Since both EGFR and HER2 are highly expressed in BT474 

cells, the exact role of JNK as a downstream pathway of both EGFR/HER2 and BMP 

Smad independent signalling is yet to fully elucidated in future study.  The other 

luminal B cell line used in the present study, MDA-MB-361 exhibits relatively lower 

expression of EGFR comparing with BT474.  An increased Smad signalling and 

elevated expression of one of its responsive genes, Slug, were evident in the MDA-

MB-361BMP8A cells, indicating a likely involvement in the BMP8A promoted invasion 

(Figure 8.1). Future study will further validate their involvement in BMP8A promoted 

invasion in luminal B cancer cells.  

Influence of BMP8A on cellular functions of Her2 (+) breast cancer cell lines 

(SKBR3 and HCC1419) 

       Opposite effects on cell proliferation were observed in the BMP8A overexpression 

SKBR3 and HCC1419 cells; an increased and decreased cell proliferation were seen in 

SKBR3BMP8A and HCC1419BMP8A cells respectively. Increased expression of c-Myc 

was seen in the SKBR3BMP8A cells but appeared to be decreased in the HCC1419BMP8A 

cells. Both BMP signalling and EGFR/AKT pathway are able to induce c-Myc and 

consequently regulate proliferation of cancer cells (Wang et al., 2018, Yang et al., 2021). 

Increased expression of HER2 was seen in the SKBR3BMP8A cells in which both 

activation of Smad3 and ERK1/2 were evident together with a marginal reduction in 

activation of Smad1/5/8. In comparison with SKBR3, a markedly increased activation 

of Smad1/5/8 and also reduced c-Myc and PCNA were seen in the HCC1419BMP8A cells. 

This suggests that BMP8A elicits opposite regulation of c-Myc and cell proliferation 

through different signalling pathways in which the exact role of Smad3, Smad1/5/8 and 

the MAPK pathways are yet to fully established. Furthermore, different levels of EGFR 

expressed in SKBR3 and HCC1419 cell lines may bear another cause for the contrasting 

effects on both proliferation and signalling. Whether HER2/EGFR or BMP receptors 

mediate the BMP8A induced c-Myc expression and consequent influence on cell 

proliferation are yet to be investigated fully by blocking either EGFR/HER2 or BMP 

receptors with specific inhibitors. In comparison with the contrasting effects on 

proliferation, BMP8A elicited a promotive effect on invasiveness of the two HER2 (+) 

cell lines accompanied with increased expression of both MMPs and EMT markers 
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(Figure 8.1). 

BMP8A regulated cell functions of TNBC cells (MDA-MB-231) and its involvement 

in bone metastasis 

         Enhanced cell invasion and migration were seen in MDA-MB-231BMP8A cells 

together with increased expression of Slug and MMPs including MMP2 and MMP9. 

This suggests that BMP8A promotes invasiveness and migration of MDA-MB-231 

cells through a regulation of both EMT and MMPs. EGFR, being frequently 

upregulated in TNBC tumours, can promote both invasion and EMT through both 

MAPK and Akt pathways (Hardy et al., 2010). EGFR signalling is closely related with 

tumour progression and survival (Masuda et al., 2012). In the present study, 

significantly elevated EGFR expression was also seen in MDA-MB-231BMP8A cells 

as well as upregulated P38 expression and activation of Smad3. It appears that 

upregulated BMP8A in MDA-MB-231 cells is capable of promoting the expression of 

MMPs and EMT, in which the exact role EGFR signalling and Smad 3 signalling play 

is yet to be determined by blocking either EGFR/HER2 or BMP receptors with specific 

inhibitors. 

      Preliminary investigation of BMP8A in the bone metastasis of BC was performed 

in the current study. Following exposure to a mimicked bone environment, significantly 

reduced cell growth and increased invasiveness were observed in MDA-MB-231BMP8A 

cells. Additional research revealed upregulated P38 and RANKL expression in MDA-

MB-231BMP8A cells. BMP signalling was found to upregulate P38 signalling and 

downregulate ERK signalling to induce tumour cell quiescence in the bone 

environment (Sosa et al., 2011), which is in line with the current findings. The 

invasiveness of MDA-MB-231BMP8A cells was further enhanced while they were 

exposed to the in vitro bone environment. Increased RANKL and CDH11 expressions 

were also found in MDA-MB-231BMP8A cells. RANKL-OPG signalling is renowned for 

osteoclastogenesis, activated RANKL-P38/ERK signalling pathway is associated with 

activation of osteoclasts and subsequent bone loss (Zhang et al., 2022), whilst CDH11 

is a key molecule for the activation of osteoblasts, inducing the premetastatic niche for 

bone colonization of breast cancer (Li et al., 2022). This indicates that BMP8A may act 

as an important molecule to mediate the osteolytic bone metastasis and the initiation of 

the osteoblastogenesis in MDA-MB-231 cells through the RANKL/P38 signalling 
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pathway. However, this still needs to be fully investigated to elucidate the exact role of 

BMP8A in the spread of breast cancer cells to the bone and also their subsequent 

colonisation.  

BMP8A signalling transduction and interaction with ER, EGFR, EGFR/HER2 

signalling 

      Different from the other BMPs, BMP8A can induce activation of both BMP specific 

R-Smad1/5/8 and TGF-β specific R-Smad 2/3 signal pathways in spermatogonia 

synchronously (Wu et al., 2017). The former pathway is mediated by receptor 

complexes formed by the type I receptor（BMPR1A or BMPR1B) and type II receptor 

(ACVR2A or BMPR2). Whilst the SMAD2/3 signal pathway is activated through 

receptor complexes formed by the type I receptors (TGFBR1 or ACVR1B) and type II 

receptor (ACVR2A, ACVR2B or TGFBR2). Influenced by ER, EGFR, and 

EGFR/ERBB2 signalling, BMP8A mediated signalling transduction seems to be more 

complex in breast cancer. In the ER (+) luminal B cell lines, Smad dependant and 

independent BMP signalling were activated in the BMP8A overexpression cell lines in 

which the putative role of both BMPR2 and BMPR1A in the signal transduction of 

BMP8A warrants further elucidation in regard to its subtype specific role. Being from 

the luminal B cell lines, EGFR and HER2 signalling tend to be more active in the in 

TNBC and Her2 (+) breast cancer cell lines, respectively being absent from ER. 

Upregulated ACVR2B and downregulated BMPR1 were seen in MDA-MB-231BMP8A, 

whilst reduced ACVR1B, BMPR1B and BMPR2 were detected in SKBR3BMP8A. Key 

receptors mediating the subtype specific signalling of BMP8A are proposed (Figure 

8.1). BMPR1A, BMPR1B and BMPR2 may act as pivotal receptors to deliver the 

BMP8A signalling in luminal B tumours whilst BMPR1A, ACVR1, BMPR2 and 

ACVR2B are the putative receptors in HER2 positive tumours in addition to the 

common phenotype of HER2. Comparing with luminal B and HER2 (+) tumours, 

candidate type I receptors in TNBC are yet to be discovered. Further investigations will 

clarify the exact involvement of these putative receptors in the subtype specific 

signalling of BMP8A in breast cancer. 
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Figure 8.1 Proposed signal transduction and molecular mechanisms for the subtype specific involvement of BMP8A in breast cancer.  
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8.2 Perspectives and future study 

To elucidate the subtype specific roles of BMP8A, the responsive genes for the altered 

cellular functions and the downstream signalling induced by BMP8A in breast cancer 

cells were examined in the present study. The influence of BMP8A on chemoresistance 

in Her2 (+) cancer cells and the involvement of BMP8A in bone metastasis were also 

preliminarily evaluated. However, there are still many questions yet to be answered in 

order to gain a better understanding of the subtype specific roles of BMP8A in breast 

cancer and to tackle clinical challenges encountered to aid disease management.  

Receptors for the BMP8A signalling cascade. 

According to the current study, interacting with ER, EGFR and ERBB2 signalling, 

different downstream signalling cascades were induced by BMP8A in breast cancer. 

However, further investigation is essential for identification of what BMP receptors are 

activated upon binding with BMP8A ligands leading to subtype specific signalling and 

subsequently regulation of responsive genes and alterations of cellular functions.   

Bone metastasis in MDA-MB-231 cells 

BMP8A presents contrasting roles for the bone metastasis in MDA-MB-231 cells. Cell 

growth was significantly suppressed whereas cell invasion was promoted while 

exposed to the bone environment in vitro for MDA-MB-231BMP8A. On the other hand, 

RANKL (osteolytic molecule) and CDH11 (osteoblastic molecule) expression were 

significantly increased in MDA-MB-231BMP8A. More experiments are urged, including 

both in vitro and in vivo metastatic models to shed light on the role of BMP8A in bone 

metastasis. 

Potential of BMP8A in diagnosis and prediction of prognosis 

BMP8A tends to be a good marker to predict the prognosis of breast cancer. Overall，

high BMP8A expression is correlated with a poor prognosis in breast cancer. According 

to the analysis in luminal A subtype, high expression of BMP8A tends to be associated 

with higher recurrence of the disease, which may be caused by the resistance to 

chemotherapeutic drugs in luminal A subtypes. Analyses in luminal B and TNBC 

subtypes indicate that high BMP8A expression is correlated with enhanced tumour 
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invasion and migration, leading to poor prognosis. As one of the most common distant 

metastases, bone metastasis is common in TNBC tumours and presents a correlation 

with elevated BMP8A expression. Although proliferation of migrated cells in the bone 

environment was not that active with high BMP8A expression, it suggests a possible 

role of BMP8A in cell dormancy when the metastatic cancer cells spread to the bone. 

Although high BMP8A expression is associated with better overall survival in patients 

with Her2 positive tumours, the diagnostic value of BMP8A should be further evaluated 

in future study. Upregulated BMP8A expression induces EMT events and secretion of 

MMPs, which facilitate tumour invasion and migration. These warrants further study 

using both in vitro and in vivo models to elucidate its role in distant metastases. The 

contrasting effects of BMP8A on proliferation of the two HER2 positive cell lines, 

together with different expression of both EGFR and BMP receptors observed in those 

two cell lines, requires further investigation and should shed light on EGFR and BMP 

receptor mediated biphasic effects of BMP8A on proliferation.  Furthermore, high 

BMP8A may also act an indicator for enhanced cell sensitivity to some 

chemotherapeutic drugs in EGFR highly expressed cells, however, for the EGFR-low-

expressed cancer cells, high BMP8A may not be a good indication for the use of 

chemotherapy, due to the cell stemness induced by BMP8A which may lead to 

resistance to chemotherapy and targeted therapy. This will be an important area for 

future study. 

Clinical therapeutic value of BMP8A in breast cancer 

As revealed in the present research, BMP8A is an important molecule mediating the 

enhanced cell invasion in luminal B, TNBC and Her2 (+) subtype via EMT and MMPs. 

BMP8A tends to be a potential target to impede tumour invasion and migration in the 

subtypes listed above. In TNBC, BMP8A acts as an important molecule to induce 

osteolytic bone metastasis through RANKL/P38 signalling pathway, which indicates 

that BMP8A is also a possible target for the treatment of bone metastases from TNBC 

tumours. Anti-BMP8A neutralising antibody, small inhibitors targeting BMP8A, or 

BMP receptors and BMP antagonists can be considered for the further exploration.  

 

Taken together, BMP8A is elevated in breast cancer primary tumours comparing to the 

adjacent normal tissues. The increased BMP8A expression is associated with poorer 
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survival of patients with luminal B tumours but is associated with longer survival in 

patients with HER2 positive tumours. Upregulated BMP8A expression is correlated 

with high incidence of distant metastases in luminal B and TNBC subtypes. Signal 

transductions are yet to be fully investigated to shed light on BMP8A promoted 

invasion and its regulation of proliferation in different breast cancer subtypes, which 

warrants further development of better disease management.  
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Specification Sheet (Sortable), tissue IDs are available in exported Excel files.  

Pos.  No.  Age Sex  
  

Organ/Anatomic Site  
Pathology diagnosis  TNM  Grade  Stage  Type  ER  PR  HER2  Image 

A1 1 40 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant + - 3+  

A2 2 45 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant ++ +++ 0  

A3 3 46 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant +++ ++ 0  

A4 4 69 F Breast Invasive carcinoma of no special type T2N1M0 2 IIB Malignant * * *  

A5 5 45 F Breast Invasive carcinoma of no special type T1N0M0 2 IA Malignant ++ ++ 0  

A6 6 44 F Breast Invasive carcinoma of no special type T1N0M0 2 IA Malignant +++ +++ 0  

A7 7 45 F Breast Invasive carcinoma of no special type T2N1M0 2 IIB Malignant ++ - 3+  

A8 8 53 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant - - 0  

A9 9 46 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant +++ +++ 0  

A10 10 41 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant + - 0  

B1 11 43 F Breast Invasive carcinoma of no special type T1N1M0 3 IB Malignant - - 0  

B2 12 45 F Breast Invasive carcinoma of no special type T2N1M0 2 IIB Malignant +++ ++ 3+  

B3 13 37 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant +++ +++ 0  

B4 14 63 F Breast Invasive carcinoma of no special type T2N0M0 1--2 IIA Malignant +++ +++ 0  

B5 15 65 F Breast Invasive carcinoma of no special type T2N0M0 1--2 IIA Malignant +++ - 0  

B6 16 43 F Breast Invasive carcinoma of no special type T1N1M0 2 IB Malignant +++ + 0  

B7 17 44 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant - - 3+  

B8 18 34 F Breast Invasive carcinoma of no special type T4N0M0 2 IIIB Malignant ++ - 0  
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Pos.  No.  Age Sex  
  

Organ/Anatomic Site  
Pathology diagnosis  TNM  Grade  Stage  Type  ER  PR  HER2  Image 

B9 19 48 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant +++ ++ 1+  

B10 20 62 F Breast Invasive carcinoma of no special type T3N1M0 2 IIIA Malignant +++ - 0  

C1 21 44 F Breast Invasive carcinoma of no special type T2N1M0 2 IIB Malignant - - 3+  

C2 22 67 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant +++ ++ 0  

C3 23 55 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant +++ +++ 0  

C4 24 57 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant +++ +++ 3+  

C5 25 63 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant +++ - 0  

C6 26 39 F Breast Invasive carcinoma of no special type T2N1M0 2 IIB Malignant +++ - 3+  

C7 27 42 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant +++ +++ 0  

C8 28 40 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant +++ +++ 0  

C9 29 42 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant + + 0  

C10 30 32 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant - - 0  

D1 31 52 F Breast Invasive carcinoma of no special type T3N0M0 2 IIB Malignant +++ +++ 0  

D2 32 48 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant +++ +++ 0  

D3 33 54 F Breast 
Invasive carcinoma of no special type (s

parse) 
T2N1M0 2 IIB Malignant + - 0  

D4 34 47 F Breast Invasive carcinoma of no special type T3N2M0 2 IIIA Malignant - - 0  

D5 35 46 F Breast Invasive carcinoma of no special type T3N0M0 2 IIB Malignant +++ ++ 3+  

D6 36 68 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant +++ +++ 0  
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Pos.  No.  Age Sex  
  

Organ/Anatomic Site  
Pathology diagnosis  TNM  Grade  Stage  Type  ER  PR  HER2  Image 

D7 37 53 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant - - 0  

D8 38 58 F Breast Invasive carcinoma of no special type T2N1M0 2 IIB Malignant ++ + 0  

D9 39 42 F Breast Invasive carcinoma of no special type T3N0M0 2 IIB Malignant - - 3+  

D10 40 34 F Breast Invasive carcinoma of no special type T3N0M0 2 IIB Malignant +++ + 3+  

E1 41 47 F Breast Invasive carcinoma of no special type T3N0M0 2 IIB Malignant +++ +++ 0  

E2 42 42 F Breast Invasive carcinoma of no special type T3N0M0 2 IIB Malignant - - 3+  

E3 43 48 F Breast Invasive carcinoma of no special type T4N2M0 2 IIIB Malignant ++ ++ 0  

E4 44 32 F Breast Invasive carcinoma of no special type T2N1M0 2 IIB Malignant ++ + 0  

E5 45 52 F Breast Invasive carcinoma of no special type T2N1M0 2 IIB Malignant - - 0  

E6 46 37 F Breast Invasive carcinoma of no special type T2N1M0 3 IIB Malignant - - 0  

E7 47 74 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant * * *  

E8 48 46 F Breast 
Invasive carcinoma of no special type (s

parse) 
T1N0M0 2 IA Malignant + - 0  

E9 49 48 F Breast Invasive carcinoma of no special type T2N1M0 2 IIB Malignant ++ +++ 0  

E10 50 51 F Breast Invasive carcinoma of no special type T3N1M0 3 IIIA Malignant - - 3+  

F1 51 52 F Breast Invasive carcinoma of no special type T2N2M0 2 IIIA Malignant +++ + 2+  

F2 52 51 F Breast Invasive carcinoma of no special type T2N2M0 2 IIIA Malignant - - 0  

F3 53 46 F Breast Invasive carcinoma of no special type T4N2M0 2 IIIB Malignant +++ - 0  

F4 54 49 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant +++ +++ 0  
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Pos.  No.  Age Sex  
  

Organ/Anatomic Site  
Pathology diagnosis  TNM  Grade  Stage  Type  ER  PR  HER2  Image 

F5 55 46 F Breast Invasive carcinoma of no special type T4N0M0 2 IIIB Malignant +++ +++ 0  

F6 56 69 F Breast Invasive carcinoma of no special type T3N0M0 2 IIB Malignant +++ - 0  

F7 57 45 F Breast Invasive carcinoma of no special type T4N1M0 2 IIIB Malignant ++ + 0  

F8 58 50 F Breast Invasive carcinoma of no special type T4N1M0 3 IIIB Malignant - - 0  

F9 59 49 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant * * *  

F10 60 40 F Breast Invasive carcinoma of no special type T1N0M0 2 IA Malignant ++ + 3+  

G1 61 60 F Breast Invasive carcinoma of no special type T1N0M0 2 IA Malignant ++ + 0  

G2 62 49 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant - - 0  

G3 63 50 F Breast Invasive carcinoma of no special type T2N1M0 2 IIB Malignant +++ + 0  

G4 64 64 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant - - 3+  

G5 65 59 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant - - 0  

G6 66 38 F Breast Invasive carcinoma of no special type T3N1M0 2 IIIA Malignant * * *  

G7 67 56 F Breast Invasive carcinoma of no special type T2N1M0 2 IIB Malignant - - 0  

G8 68 45 F Breast Invasive carcinoma of no special type T4N2M0 2 IIIB Malignant +++ +++ 0  

G9 69 58 F Breast Invasive carcinoma of no special type T3N1M0 2 IIIA Malignant ++ - 0  

G10 70 29 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant - - 3+  

H1 71 47 F Breast Invasive carcinoma of no special type T2N1M0 2 IIB Malignant ++ + 0  

H2 72 55 F Breast Invasive carcinoma of no special type T2N0M0 2 IIA Malignant ++ - 3+  

H3 73 45 F Breast Invasive carcinoma of no special type T1N0M0 2 IA Malignant - - 0  
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H4 74 55 F Breast Invasive carcinoma of no special type T3N2M0 2 IIIA Malignant +++ +++ 0  

H5 75 54 F Breast Invasive carcinoma of no special type T2N2M0 2 IIIA Malignant + - 3+  

H6 76 40 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant ++ + 0  

H7 77 53 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant - - 0  

H8 78 46 F Breast 
Invasive carcinoma of no special type 

(breast tissue) 
T2N0M0 * IIA Malignant - - 0  

H9 79 52 F Breast Invasive carcinoma of no special type T4N2M0 3 IIIB Malignant - - 3+  

H10 80 48 F Breast Invasive carcinoma of no special type T4N0M0 2--3 IIIB Malignant +++ +++ 0  

I1 81 27 F Breast Invasive carcinoma of no special type T2N1M0 3 IIB Malignant +++ - 3+  

I2 82 70 F Breast Invasive carcinoma of no special type T2N0M0 2--3 IIA Malignant - - 0  

I3 83 42 F Breast Invasive carcinoma of no special type T2N1M0 3 IIB Malignant - - 0  

I4 84 31 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant - - 3+  

I5 85 47 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant +++ + 0  

I6 86 34 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant - - 0  

I7 87 56 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant +++ - 0  

I8 88 37 F Breast Invasive carcinoma of no special type T2N1M0 3 IIB Malignant - - 2+  

I9 89 43 F Breast Invasive carcinoma of no special type T1N0M0 3 IA Malignant +++ + 0  

I10 90 45 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant - - 0  

J1 91 48 F Breast Invasive carcinoma of no special type T2N1M0 3 IIB Malignant +++ - 0  
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J2 92 38 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant - - 0  

J3 93 47 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant - - 2+  

J4 94 51 F Breast Invasive carcinoma of no special type T3N1M0 3 IIIA Malignant - - 3+  

J5 95 52 F Breast Invasive carcinoma of no special type T3N0M0 3 IIB Malignant - - 3+  

J6 96 43 F Breast Invasive carcinoma of no special type T2N1M0 3 IIB Malignant * * *  

J7 97 68 F Breast Invasive carcinoma of no special type T2N0M0 3 IIA Malignant +++ + 0  

J8 98 30 F Breast Invasive carcinoma of no special type T2N2M0 3 IIIA Malignant - - 3+  

J9 99 46 F Breast Invasive carcinoma of no special type T4N0M0 3 IIIB Malignant - - 0  

J10 100 45 F Breast Invasive carcinoma of no special type T3N1M0 3 IIIA Malignant ++ + 3+  

K1 101 43 F Breast 
Adjacent normal breast tissue 

(fibrofatty tissue) 
- * - NAT + + 0  

K2 102 48 F Breast Adjacent normal breast tissue - - - NAT + + 0  

K3 103 40 F Breast Adjacent normal breast tissue - - - NAT + + 0  

K4 104 41 F Breast 
Adjacent normal breast tissue  

(adenosis) 
- - - NAT + + 0  

K5 105 38 F Breast Adjacent normal breast tissue  - * - NAT + + 0  

K6 106 29 F Breast 
Adjacent normal breast tissue  

(adenosis) 
- - - NAT + + 0  

K7 107 41 F Breast Adjacent normal breast tissue  - * - NAT * * *  
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(fibrofatty tissue) 

K8 108 42 F Breast 
Adjacent normal breast tissue  

(adenosis) 
- * - NAT + + 0  

K9 109 35 F Breast 
Adjacent normal breast tissue  

(adenosis) 
- - - NAT * * *  

K10 110 43 F Breast 
Adjacent normal breast tissue  

(adenosis) 
- - - NAT * * *  

- 0 42 M Adrenal gland 
Pheochromocytoma  

(tissue marker) 
 -  Malignant     

 


